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CIC customer interruption cost 

CML customer minutes lost (in minutes) 

DDF directional distance function 

DSO distribution system operator 

DW direct worth 

ENS energy not supplied 

ES energy supplied to the low voltage customers (in GWh) 

IAM indirect analytical methods 

LP linear programming 

OPEX operational expenses (in euros) 

PV photovoltaics 

SAIDI system average interruption duration index 

SAIFI system average interruption frequency index 

SC share of underground cabling in distribution lines (in %) 

TSO finnish transmission system operator 

VoLL value of lost load 

WTA willingness to accept 

WTP willingness to pay 

 

a number of average income earners per household 

AN annual energy consumption 

b bad outputs 

CICme interruption cost estimation via the macroeconomic approach 

d factor for continuous electric power dependency 

 directional output distance function 



g directional vector 

GW gigawatt 

GWh gigawatt hour 

h hour 

kW kilowatt 

kWh kilowatt hour 

l constant of the quadratic directional distance function 

p desirable output prices  

P(x) production technology 

PP peak power consumption 

q undesirable output prices 

R(x, p, q) revenue function 

t outage duration 

w average hourly earnings 

x inputs 

y good outputs 

 

αn input coefficients 

αmn' quadratic of input coefficients 

βm desirable output coefficients 

βmm' quadratic of desirable output coefficients 

δnm product of the inputs and desirable outputs coefficients 

γj undesirable output coefficients 

γjj' quadratic of undesirable output coefficients 

μmj coefficients of the product of the desirable & undesirable outputs 

ηnj product of the inputs and undesirable outputs coefficients 
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Continuity of electric power supply is a key concern for authorities, Distribution 
System Operators (DSOs) and for the consumers. As each sector, such as fi-
nance, telecommunications, health, entertainment, transportation etc. become 
more and more dependent on electricity, the results of power interruptions be-
come more devastating. There is no surprise that the United States Homeland 
Security defines energy sector as “uniquely critical because it provides an “ena-
bling function” across all critical infrastructure sectors” [1] while [2] emphasiz-
ing the significance of the electric power grid as “the most critical of critical in-
frastructure”. The increasing frequency and the duration of the extreme weather 
events have become a major threat for the electric power security [3]. Conse-
quently, estimation of the costs of power interruptions or the value of lost load 
has become an attractive field for the researchers. Customer surveys, indirect 
analytical methods and case studies are the three major methodologies which 
are commonly used by the research society to assess the customer interruption 
costs (CIC). Each method has certain advantages and disadvantages. Customer 
surveys are the most preferred and extensively used approach. In the customer 
surveys, a questionnaire is prepared and distributed to the electricity customers 
through various means such as one-to-one interviews, telephone calls, e-mails 
or by mail. The questionnaire includes questions about various interruption sce-
narios. For reaching customer specific results, this method is the most popular 
one in the literature [4]. However, doing extensive surveys means too much 
time, effort and money to be spent. Furthermore, dealing with the raw responses 
and censoring outliers from the data sets are other challenges of this methodol-
ogy. The second approach is Indirect Analytical Methods (IAM). The main ad-
vantage of this method is that it is relatively straightforward and easy to apply 
when compared to customer surveys. Electricity prices or tariffs, value added or 
turnover of a customer, gross domestic product of a country, annual energy con-
sumption or the peak power reached during a year of a customer group, region 
or a country are some of the input data for this approach. These data are publicly 
available, objective and easy to reach. The major shortcoming of this methodol-
ogy is that since it uses general and average data, naturally it provides broad and 
average results.  Finally, case studies approach is another method for the CIC 
analysis purposes. The case studies are done after major and significant black-
outs. It is the best way of evaluating both direct and indirect economic costs 
incurred by the power outages. Even though this method provides the most 



accurate and reliable results, since they are done after actual events, they are 
not commonly used. 

Finland is one of the developed countries that heavily depend on services 
which are provided by electricity. By being aware of the crucial impacts of power 
outages, the Finnish network operators have designed and constructed a robust 
electric power transmission and distribution infrastructure despite the harsh 
winter conditions the country is accustomed to experience. Nevertheless, what 
the country has not been used to is the increasing numbers of extreme weather 
conditions such as severe storms and thunderstorms. Nature has been proven 
to be the number one enemy against the supply security of the electricity [3], 
[5], [6]. The Finnish electric power security has been under heavy criticism after 
the summer storms of 2010, as well as winter storms of 2011, 2013 and 2015. 
Sweden is another developed Nordic country, which is struggling with extreme 
weather events and their impacts on the supply security. Therefore, to fully un-
derstand the consequences of power interruptions, it is imperative to study the 
nature events and their impacts on the electric power security. 

Value of continuity of electricity supply and customer interruption costs have 
been a popular area of study since 1980s. Nonetheless, majority of the studies 
reviewed in this dissertation approach the problem from customers’ point of 
view. The main motivation behind this dissertation was the impending necessity 
for an approach that will be utility or Distribution System Operator (DSO) cen-
tric since in case of an interruption event, there are losses incurred by both net-
work operators and the customers. This dissertation aims to achieve; 

 
• Highlighting how nature events are crucial for the supply security by illus-

trating the reliability performance of Finland and Sweden with actual case 
studies, 

• Proposing shadow pricing technique as a DSO centric, analytical, objective 
and easy to apply method for the DSOs to assess their economic losses due 
to interruptions, 

• Using actual DSO historic data from Finland, so that the outcomes could 
be meaningful for the DSOs, 

• Presenting two previously used methods; customer survey and indirect an-
alytical method. 

 
The dissertation is structured by closely following the main motivation and 

aim of the research. Section 1.2 includes state of the art with an extensive liter-
ature review. Section 2 introduces extreme weather events and their impacts of 
the supply security with two case studies from Finland and Sweden. Section 3 is 
the main body of this dissertation and it includes the methodology on estimating 
the value of continuity of electricity supply for the DSOs via shadow pricing ap-
proach. Section 4 makes a conclusion with discussion about the results of this 
dissertation. Finally, Appendix A includes the original data set, whereas 



Appendix B summarizes the detailed results as tables for the 78 DSOs in Fin-
land. Appendix C introduces the Linear Programming script which was used at 
section 3.3 with shadow pricing approach. 

Customer Interruption Cost (CIC) estimation methods can mainly be classified 
as: customer surveys, indirect analytical methods and case studies. Each ap-
proach has its own advantages and drawbacks. Customer Surveys are preferred 
most frequently in literature [7]. They follow Direct Worth (DW), Willingness 
to Pay (WTP) or Willingness to Accept (WTA) approaches. A customer survey is 
prepared and sent to the customers by one-to-one interviews, telephone calls, 
e-mails or by mails. The questionnaires include questions about different power 
interruption scenarios. In DW method, the customers are usually given different 
outage scenarios and they are asked to directly estimate the value of harm and 
losses they would face. In WTP method, the customers are asked how much they 
would be prepared to pay in order to avoid certain predefined outages, whereas 
in WTA they are asked about how much compensation they would require in 
order to accept such outages correspondingly. Getting customer specific results 
is the most significant advantage of customer surveys, since the questionnaires 
can be tailored, and they can target industry, service, commercial, residential 
and agriculture sectors. However, customer surveys demand too much time, la-
bor and money. Moreover, dealing with the subjective responses is another con-
cern. Researchers may end up with high amount of extreme and zero responses 
at analysis process [4]. Numerous examples for customer surveys can be found 
in [8], [9], [10], [11]. Indirect analytical methods are the second most preferred 
CIC estimation approach. Relying on objective data such as electricity prices, 
value added or turnover of a customer or sector, gross domestic product of a 
country or annual energy consumption makes indirect analytical methods more 
favourable if reaching objective results is aimed. They are straightforward, easy 
to apply, less time, money and labor demanding. However, they tend to yield 
broad and average results. The studies [12], [13], [14], [15] are examples for in-
direct analytical methods. Thirdly, case studies can be used to assess CICs. 
These are done after major blackout events. It is regarded as the most reliable 
CIC estimation method since both direct and indirect economic costs incurred 
by the power outages are covered through case studies. Nevertheless, large scale 
blackout events are not seen frequently and carrying out case studies is highly 
costly, hence these methods are not common in the literature. Case studies from 
New York City blackout of 1977 [16] and Storm Gudrun of 2005 in Sweden [17] 
can be named as successful examples for these. A more comprehensive litera-
ture review about the existing studies and a more in-depth assessment of merits 
and weaknesses of each methodology can be found at [18]. More recent studies 
can be found based on country specific data.  The report [19] summarizes the 
value of service reliability for the electricity customers in the United States. An-
other detailed report [20] investigates the value of lost load (VoLL) for electric-
ity customers in Great Britain. The paper [21] presents the worth of energy not 



supplied (ENS) in Scotland. The studies [22] and [23] target the costs of power 
interruptions at residential sector in the European Union and Italy respectively. 
Another paper introduces outage cost estimations for industry sector customers 
from South Korea [24]. Various other generic power interruption assessment 
papers have been published for customers from Germany [25], Lebanon [26]  
and South Africa [27]. These studies make use of customer surveys and indirect 
analytical methods to make the estimations. However, they approach the prob-
lem from customer’s point of view. This dissertation aims to assess the economic 
losses from DSOs’ perspective. 
 
Rather than adopting the conventional methods, this dissertation uses the di-
rectional distance function approach to calculate the shadow pricing of electric-
ity outages. The shadow pricing of a production technology through distance 
function is presented at [28]. The directional distance function is introduced in 
detail at [29]. Shadow pricing of a product has been calculated for many areas 
such as; pollution costs in agriculture production in US [30] and China [31], 
costs of water cuts in Chile [32], price licenses in salmon farming in Norway 
[33], banking inefficiency in Japan [34] and price of CO2, SO2 and NOx in the 
United States coal power industry [35]. On the other hand, [36] adopts para-
metric distance function approach to calculate the value of power outages for 
French DSOs. 
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The future of climate and energy are bound together. Speaking of one without 
mentioning the other is quite difficult. The increasing number of natural disas-
ters such as hurricanes, snow storms, ice storms, thunderstorms, floods and etc. 
pose a significant threat to the electric power supply security [3]. Finland and 
Sweden are developed countries sharing publicly available, accurate and trans-
parent data for research purposes. These facts make these countries proper 
places to study the impacts of natural disasters on electric power reliability. 

To assess the reliability performances, there are two common indices which 
are used by the industry and research society. System Average Interruption Du-
ration Index (SAIDI) is defined as the total duration of sustained interruptions 
in a year divided by the total number of consumers. SAIDI is calculated as: 

 
 . (1) 

 
On the other hand, SAIFI is defined as the total number of sustained interrup-
tions in a year divided by the total number of consumers and it is calculated as: 
 

 . (2) 

 

Finland has adapted its electric power system according to the tough winter 
conditions. Thanks to its robust infrastructure the country had been enjoying a 
high level of reliability until the recent years. However, starting from the year 
2010, the Finnish authorities have begun to realize that the electric power sys-
tem is highly vulnerable against the extreme weather-related natural disasters.  

During late July 2010, the country was hit by severe storms accompanied by 
thunders [37]. The storms caused excessive damage on forests. In addition, the 
thunderstorm activity reached a record high by 170.000 registered ground 
flashes, which was 20% higher than the long-term average. The falling trees on 
the aerial distribution lines and excessive number of the thunders caused 



extensive blackouts throughout the country. From a total of 3.2 million electric-
ity customers, about 481.000 had to experience power interruptions [38]. 

One year after the unusual storms’ activity of 2010, the country was shocked 
by another extreme weather event. During the Christmas time of 2011, the whole 
Baltic region was hit by Cyclone Dagmar. The storm caused devastating impacts 
around the region. In addition to the hazardous outcomes of the storm such as 
accidents, lack of fresh water and heating, interruptions in communication and 
transportation services, Finland experienced unusual long-lasting blackouts [5]. 
About 18% of the whole customers suffered from interruptions which varied 
from minutes to several weeks [5]. The detailed information on the impacts of 
Cyclone Dagmar in Finland can be found at [5]. 

The year 2013 was another difficult year for the distribution system operators 
(DSO). The Storm Eino of October 2013 caused some 110 kV lines to trip and 
resulted in about 250.000 customer-outages [39]. According to Finnish trans-
mission system operator (TSO) Fingrid, some transmission lines were discon-
nected due to the falling trees from the storm and the situation could be fixed 
within 40 minutes [40]. Major damage was seen at the distribution level. The 
DSO Elenia was the most affected company with 92.000 customer-outages [41].  
The year 2015 was another unlucky year for Finland. By autumn, the storm Valio 
hit the country resulting in massive blackouts which left almost 170.000 house-
holds without electricity [42]. The extreme weather continued during winter 
and the snow storm caused long lasting blackouts especially around central-Fin-
land [43]. Figure 1 illustrates the yearly change of SAIDI hours in Finland be-
tween 2007 and 2014 [44]. It also presents the main causes of the outages. 
 

 

  The power interruptions are mainly caused by natural effects such as storms, 
hurricanes, heavy snowfall, thunderstorms etc. The other parameters are tech-
nical reasons, planned outages due to repair and maintenance and other causes.  
The impacts of the 2010, 2011 and 2013 storms on electric power security can 
easily be observed on the Figure 1. When these years are excluded, it is seen that 
the SAIDI outage hours are below 2 hours per year.  This figure clearly shows 
that the main threat against the Finnish electric power security is the natural 
disasters. Figure 2 indicates the distribution of the nature events in the outage 
hours [44]. 
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  Thanks to the increasing number of the natural disasters the time that the 
Finnish electricity customers enjoyed high level of supply security seems to be 
over. An annual average of 2 hours of interruption is regarded to be acceptable 
for the Finnish authorities. However, statistics show that this figure is easily ex-
ceeded in case of severe storms, heavy snowfalls and large thunderstorms. 
 

  Sweden had been enjoying a high level of electric power security until the year 
2005. In January 2005, the storm Gudrun hit northern Europe causing sub-
stantial amount of destruction in Sweden, Denmark, Latvia, Lithuania and Es-
tonia. Sweden was the place that experienced the most severe losses. Around 
730,000 customers experienced long lasting power interruptions [45]. The elec-
tricity was restored within 24 hours for almost half of the customers who lost 
power. Throughout the country, the interruption durations varied by the differ-
ent usage of underground cables. The city areas were the least affected thanks 
to the high degree of underground cabling. The outages in these places lasted 
up to several hours. On the other hand, since the power distribution heavily re-
lies on aerial lines, the outages in rural areas persisted up to 20 days [45]. The 
lines passing through forests were the main places where the damages occurred. 
The falling trees over power lines caused considerable number of interruptions 
for the Swedish customers. Almost 30,000 km of distribution lines were harmed 
by falling trees on the lines and by collapsing poles [46]. Fortunately, the storm 
did not create excessive damages to the transmission lines. The power genera-
tion capacity of Sweden was also not affected to a large extent by the storm [46]. 
Only 20% of the power capacity was lost due to the shutdown of 4 nuclear reac-
tors and to the downregulating of one reactor [46]. 
 
  Figure 3 shows the changes in SAIDI outage hours in Sweden between 2005 
and 2014. The interruptions which were taken account are the whole planned 
and unplanned interruptions lasting more than 3 minutes [47]. 
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  When the characteristics of the outages is investigated, it is seen that the ma-
jority of the events were unexpected (or unplanned) events. Figure 4 illustrates 
the characteristics of the power interruptions in Sweden from 2007 to 2014. 
 

 

  When a closer look is given at the causes for the interruptions at Figure 5, it 
will be seen that during 2005 almost 50% of all outages in Sweden resulted from 
nature events. The parameters for the distribution of causes are chosen as fol-
lows: 

• nature: thunders and other weather conditions 
• human: personnel and vandalism 
• operation: material, overload, reconnection and fuse malfunctioning 
• unknown 
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  When the causes for the interruptions are investigated, it is seen that the Swe-
dish DSOs have overcome the shock of Gudrun and strengthened their supply 
security after the year 2005 [47]. The summary of the distribution of the outage 
causes during 2007 – 2014 is depicted in Figure 6. 
 

 

  One alarming observation is that while the share of nature related events is 
decreasing almost gradually, there is a considerable increase in the outages with 
unknown causes.  When the same reliability performance of Finland is checked 
during the same time span in Figure 7, it is seen that the Finnish power system 
has mainly been suffering from nature events. Whilst the unknown interruption 
reasons are negligible [44]. 
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  This dissertation makes use of three different methodologies for CIC analysis 
and cost estimations. Section 3.1 introduces the first method. This is a typical 
customer survey study conducted in Finland which adopts Direct Worth ap-
proach. This study only highlights the sectoral differences in Customer Inter-
ruption Costs (CICs) in Finland. Section 3.2 presents two indirect analytical 
methods. These are the formula used by the Finnish Energy Market authority 
[48] and the macroeconomic model suggested by Kufeoglu [18]. Finally, Section 
3.3 gives the Shadow Pricing of electric power interruptions for the Finnish 
DSOs. To make solid conclusions, this study targeted 78 Finnish Distribution 
System Operators and used reliability data and financial reports of these com-
panies from the years 2013, 2014, and 2015. 

Direct Worth (DW) estimates of CIC in Finland are based on the large national 
survey conducted in 2005 [49] and the results are updated to the present day by 
using January 2018 Customer Price Index in Finland. Industry, commercial and 
public sector customers are asked to assess their economic losses in case of an 
unexpected interruption that will last 1, 4 or 8 hours. Table 1 summarizes direct 
costing estimates of CIC of small and medium size industrial customers in Fin-
land. Table 2 and 3 present a summary of outage costs in commercial sector and 
public sector obtained by the direct costing method respectively. It can be seen 
from Table 1, 2, and 3 that there can be big differences between mean and me-
dian values inside the same sector. This can be explained with the strategic re-
sponse problems of the customer survey methodologies. These responses often 
include extreme high and zero responses [4]. 



 

 

 
  DW method has been previously used for the Finnish customers before [50], 
[51], [52] and the critical assessment was done in [53], [54], DW is considered 
as a reliable method, although there is always a number of zero and strategic 
answers which need to be filtered away prior to final analysis.  The drawback of 
this method is the large number of customer responses required, which makes 
the method rather costly and labor intensive [18]. Indirect analytical methods 



are less precise, but they are simple to use and easy to apply on large groups of 
customers thus providing area and network specific information about CIC. 
 

  In order to calculate the customer interruption costs experienced in each DSO 
region, two different methodologies can be used. The first one is the formula 
which is used by the Energy Market Authority of Finland (Energiavirasto). It 
aims to estimate the total monetary disadvantages caused by outages according 
to the formula (3) [48]. 
 

Where; 
CICt, k:  monetary worth of the power interruptions to the DSO’s customers in 
year t in the value of money in year k, (euros) 
ODunexp, t: customer’s average annual unexpected outage time weighted by an-
nual energies in the year t, (hours) 
hE, unexp: value of the unexpected outages to the customer in the 2005 value of 
money, (€/kWh) 
OFunexp, t: customer’s average annual unexpected outage number weighted by 
annual energies in the year t, (numbers)  
hW, unexp, t: value of the unexpected outages to the customer in the 2005 value of 
money, (€/kW).  
ODplan, t:  customer’s average annual planned outage time weighted by annual 
energies in the year t, (hours) 
hE, plan: value of the planned outages to the customer in the 2005 value of money, 
(€/kWh) 
OFplan, t: customer’s average annual planned outage number weighted by annual 
energies in the year t, (numbers) 
hW, plan:  value of the planned outages to the customer in the 2005 value of 
money, (€/kW) 
Wt: the customer’s amount of energy consumption in the year t, (kWh) 
Tt: the number of hours in a year (hours)  
CPI: Customer Price Index 
 
  The h values are given by the Energy Market Authority and they are shown in 
Table 4.  
  Furthermore, by assuming the CPI of 2004 and 2005 as 100 in Finland, CPI in 
2016 was 120.7 [55]. 

 



  It can be also noted that formula 3 does not include prosumers who produce 
and consume energy. If the number of Finnish prosumers and the amount of 
energy they produce increase in the future, the Energy Market Authority needs 
to consider this fact and update the formula accordingly. 
 
  The second methodology to assess these costs is the macroeconomic approach 
suggested for the residential customers only [56]. To see the applicability of that 
approach to the whole customer classes which include industry, service (com-
mercial) and residential ones, it was adopted and then the results were com-
pared with the CIC results obtained from formula (3). The theory behind the 
macroeconomic approach is that one outage-hour during the leisure time cor-
responds to one hour of less work during working hours and therefore the value 
of this lost non-working hour is equal to the wage of one hour of work. This 
theory is based on Nobel Prize Winner Becker’s conclusion that one hour of non-
working time is financially equal to the compensation of an individual's hourly 
wage for work [57]. The details of the macroeconomic approach are as follow: 
 

Where; 
CICme: the interruption cost estimation via the macroeconomic approach 
(€/kW)  
t: outage duration (hours) 
w: average hourly earnings (€) 
PP: peak power consumption (kW)  
d: factor for continuous electric power dependency with d  [0,1]. 
 
  Factor d is calculated as: 
 

It defines the % of critical load, which the customers are not willing to postpone 
without sacrificing their comfort. In formula (4) peak power is used as a nor-
malization factor. In this dissertation, another widely accepted normalization 
factor, which is the annual energy consumption, has been adopted. By this way, 
it is possible to compare the results obtained from (3) with the ones from (4). In 
2016, the gross average of total hourly earnings of wage and salary earners was 
19.76 €  in Finland [58]. Moreover, [56] assumes dmax as 1.0 and dmin as 0.62.  
dmax is assumed as 1.0 by implying that the theoretical limit of a customer’s de-
pendency to electric power would be 100%, which means the customer would 
like to use all the electrical appliances without giving consent to a power cut. 
dmin is calculated according to the customer survey conducted in Finland. Details 
regarding to this study could be found at [56]. On the other hand, the factor that 
there might be more than one income earner in one electricity customer should 
be also included. According to the Finnish statistical institution, in average there 
are 1.79 income earners per household in Finland [58]. While using the income 



data, prosumers are neglected due to lack of data shared by the Statistics Fin-
land. Therefore, it should be modified (4) as: 
 

Where,  
a is the number of average income earners per household (€), 
AE is the annual energy consumption (kWh). 
 
  According to the formula (3), CIC and to formula (6), CICme,max and CICme,min 

have been calculated. The necessary statistical data to calculate the CIC for each 
DSO, which include the System Average Interruption Duration Index (SAIDI) 
and the System Average Interruption Frequency Index (SAIFI), as well as the 
data such as number of customers and energy supplied can be found in [59]. 
The CIC results are normalized by the annual energy supply per each DSO and 
then summarized in € cents/kWh in Appendix B. Figure 8 is presented for better 
understanding the comparison of the outcomes of (3) and (4). 

 

From Figure 8 it can be seen that for 78 different DSOs, majority of the results 
of CIC are closer to CICme,min than those of CICme,max. From this observation and 
the deeper analysis regarding this method which has been carried out by 
Küfeoğlu and Lehtonen in 2015 [56], it can be said that instead of following (3) 
which requires extensive data, the novel macroeconomic approach (4) could be 
used to estimate the total costs of direct and indirect impacts of electric power 
outages. As it can be seen that (4) is simpler and more straightforward when 
compared to the methodology used by the Energy Market Authority of Finland. 
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3.2.1 Drawbacks and Regional Differences 

  Both (3) and (4) could be assessed as indirect analytical methods. By these 
methods the customer interruption costs are calculated through publicly avail-
able and objective analytical data such as number of customers, annual energy 
consumption, gross domestic product, average wages, SAIDI and SAIFI. None-
theless, to be able to reach customer specific results via these methods is not 
possible. Extensive customer surveys targeting specific customer groups are 
necessary for that purpose. The macroeconomic model, CICme (4) makes use of 
national averages of wages, rather than regional averages that each DSO is ac-
tive in. Figure 9 shows the income distribution in each Finnish region. Accord-
ing to the income figure from 2016, blue regions are above the national average 
whereas grey ones are below [58]. 

 

 

  One may conclude that since the income level is higher in southern and west-
ern Finland, the customer interruption costs per kWh of annual energy will be 
higher as well. In fact, this is not the case. According to the calculations, CIC is 
higher in northern and eastern parts of Finland and it is the lowest at the south-
ern regions, especially in the Uusimaa region where Helsinki metropolitan area 
is located. Figure 10 illustrates the lowest and highest CIC regions in Finland in 
2016. The share of underground cabling in the distribution network system is 
crucially important in power reliability. Overhead lines are more prone to exter-
nal threats than the underground cables. Storms cause substantial damage to 
the distribution system in Nordic countries. Extreme weather events are the pri-
mary causes of power interruptions in countries like Finland and Sweden [5] 
[60]. When the reliability figures of Finnish DSOs are checked, it can be seen 



that there are more frequent and longer lasting outages in rural regions where 
the distribution distances are longer [59]. 

Figure 9 and Figure 10 tell us that there is an inverse proportion between re-
gional level of income and regional CIC in Finland. Therefore, instead of using 
national average of wages at the macroeconomic model (4), it is imperative to 
use average wages per each DSO region. 

 

 

Major regional differences are an alarming factor for the researchers when they 
use these two customer-centric indirect analytical models. In Section 3.3, 
Shadow Pricing technique is given as a DSO centric, objective and easy to apply 
method for the DSOs. 

  It can be assumed that the electricity supply has two main states: the continuity 
of supply (supplied energy), and the interruptions (energy not supplied). With 
increasing distributed PV generation and increasing number of prosumers, 
these two states could be questionable. However, the prosumers were neglected 
in this dissertation due to lack of data and having too little share on the grid in 
Finland. For instance, as of 2016, the share of prosumers in Helsinki area was 
about 0.1% of all the DSO’s customers connected to the power grid [61]. To es-
timate the worth of the energy not supplied, one can establish an analogy with 
the directional distance function. The directional distance function (DDF) has 
desirable (or good) and undesirable (or bad) outputs [30]. In this study, the de-
sirable output will be energy supplied to the customers (ES), while the undesir-
able output will be the total minutes lost in a year, or customer minutes lost 
(CML). By the aid of the directional distance function, the shadow price tech-
nique to evaluate the costs of power interruptions will be utilized. The shadow 
price of bad outputs is presented at [30]. The methodology assumes that the 
production of good outputs brings along the production of bad outputs. It 



should be noted that, to talk about power interruptions in a region, naturally 
there must be electricity service provided in that region in the first place. On the 
other hand, the shadow price can be obtained via the distance function as well 
[28], [62]. However, the main advantage of the directional distance function 
over the distance function is that it enables the expansion of the good outputs 
and the contraction of the bad outputs simultaneously. For the electricity ser-
vice, both the DSOs and the authorities wish to reduce the frequency and the 
durations of interruptions and increase the total amount of energy supplied to 
the consumers. As a result, it is more convenient to adopt the directional dis-
tance function to estimate the shadow prices of the value of lost load, or as it will 
be presented in this dissertation, the value of one minute of interruption. So, the 
result of the shadow pricing will yield the cost of contraction of one unit of bad 
output (customer minutes lost) and the expansion of one unit of good output 
(energy supplied) simultaneously in terms of operational expenses (OPEX). The 
main features of the directional distance function can be briefed as follows: 
  Let us assume that there are N inputs, M good outputs and J bad outputs, then 
inputs (x), good outputs (y) and bad outputs (b) are denoted respectively by: 

 

  Let P(x) denote the production technology [63], where: 
 

  The directional output distance function serves as the functional representa-
tion of the technology. The production technology P(x) is represented by the 
directional distance function Do [64]. Let g = (gy, gb) be a directional vector and 
β be the maximum expansion of good outputs in the direction of gy and the min-
imum contraction of the bad outputs in the direction of gb, then Do is defined 
as: 
 

  Our aim is to increase the amount of energy supplied to the customers, while 
decreasing the amount of energy not supplied via reducing the CML. The direc-
tional vectors of gy > 0 mean the expansion of desirable output, while gb > 0 
mean the contraction of the undesirable output. The relationship between the 
directional distance function and the revenue function reveals the shadow price 
for the undesirable outputs [30]. Let p indicate the good output prices and q 
indicate the bad output prices. These are represented as: 
 



 
  The revenue function is then introduced to account for the negative revenue 
generated by the bad outputs. The negative revenue due to the undesirable out-
put (CML) is defined by the revenue function as follows: 
 

  The revenue function, R(x, p, q), gives the largest feasible revenue that can be 
obtained from inputs, x, when the production technology, electricity in our case, 
has good output prices, p, and bad output prices, q. The desirable output prices 
(p) and the undesirable output prices (q) can be used to calculate the largest 
feasible revenue in terms of the directional distance function Do as: 
 

  The left-hand side of the equation stands for the maximum revenue, while the 
right-hand side is equal to the actual revenue (py – qb) plus the revenue gain 
from the elimination of technical inefficiency. The gain in revenue from the 
elimination of technical inefficiency has two components: the gain due to an in-
crease in good outputs  and the gain due to a decrease in bad 
outputs , since the cost of bad outputs is subtracted from 
good revenues. Rearranging (16), the directional output distance function and 
the maximal revenue function are related as: 
 

  The directional output distance function given in (11) can also be recovered 
from the revenue function as: 
 

 
  Applying the envelope theorem twice to (18) yields our shadow price model: 
 

  The details of the physical meaning of the shadow pricing technique is ex-
plained in [30] in detail. By assuming that the m-th price of the good output (in 
our case the operational expenses of the DSOs) is known, then the j-th nominal 
bad output price (the price of one minute of interruption) can be calculated as 
[65]: 
 



 
  The references [29] and [66] parameterize the directional distance function 
through a quadratic function. At this point directional vector g has been chosen 
in order to increase the amount of energy provided to the customers and de-
crease the customer interruptions in a year. 1, 0 and -1 within the vector g means 
increase, no change and decrease in the outputs respectively. For example, 
g=(1,0) means expanding the desirable outputs, while keeping the undesirable 
outputs the same. Since the aim is to increase the good outputs and decrease the 
bad outputs simultaneously, the directional vector g = (1, 1) is set. It is assumed 
that there is k = 1, ..., K DSOs, then the quadratic distance function for the k-th 
DSO is shown in equation (22): 
Where, 
l: the constant of the quadratic directional distance function,  
αn: the input coefficients, 
βm: the desirable output coefficients,  
γj: the undesirable output coefficients,  
αmn': the quadratic of input coefficients, 
βmm': the quadratic of desirable output coefficients, 
γjj': the quadratic of undesirable output coefficients, 
δnm: the product of the inputs and desirable outputs coefficients, 
ηnj: the product of the inputs and undesirable outputs coefficients, 
μmj: the coefficients of the product of the desirable and undesirable outputs. 

 
The parameters of (22), l, αn, αmn', βm, βmm', γj, γjj', δnm, ηnj, μmj, are chosen to 

minimize the sum of the deviations of the directional distance function value 
from the frontier technology (in our case the electric power supply). The coeffi-
cients of (22) are calculated via solving (23) with linear programming (LP) by 
adopting the directional vector as g = (1, 1). Equation (24) requires the output–
input vector to be feasible. Equation (25) and (26) impose the monotonicity con-
ditions of (19) and (20). Equation (27) imposes positive monotonicity on the 
inputs for the mean level of input usage. That is, at the mean level of inputs, x¯, 
an increase in input usage holding good and bad outputs constant, causes the 
directional output distance function to increase, implying greater inefficiency. 
Equation (28) is due to the translation property of (12). 

 
 
 

 



 
  Then, an optimization model is established which minimize the sum of the de-
viations of the directional distance function value from the frontier technology 
(in our case the electric power supply), see from (23) to (29). Moreover, the de-
cision variables in the optimization model, which are l, αn, αmn', βm, βmm', γj, γjj', 
δnm, ηnj, μmj , solved with LP and the code has been given in Appendix C. 
 

  Subject to, 
 

 



3.3.1 Empirical Study 

  In this dissertation, 78 Finnish DSOs and their data for the years 2013, 2014, 
2015 have been used. As useful data for the directional distance function, from 
the Finnish Energy Market Authority (Energiavirasto), energy supplied, num-
ber of customers, share of underground cabling, operational expenses and Sys-
tem Average Interruption Duration Index (SAIDI) for each DSO are selected. 
Sum of all customer interruptions in a year can also be defined in terms of cus-
tomer minutes lost (CML) in a year. Therefore, CML is calculated as: 

 . 
(30) 

  Share of underground cabling in distribution lines (SC in %) and the opera-
tional expenses (OPEX in euros) have been chosen as inputs, while energy sup-
plied to the low voltage customers (ES in GWh) and the customer minutes lost 
(CML in minutes) have been designated as desirable and undesirable outputs 
respectively. The descriptive statistics of the input and output variables are 
shown in Table 5 specifying the mean, standard deviation, minimum and max-
imum values of each data set for the years between 2013 and 2015 for the 78 
Finnish DSOs. OPEX and CML are represented in thousand euros and thousand 
minutes respectively. In addition, energy supplied is tabulated in GWh. 

 



3.3.2 Empirical Study Results 

  Within this optimization model, the objective function (23) has been solved 
using constraints (24-29) and the following coefficients have been calculated 
and presented in Table 6. When Linear Programming variables are assigned, 
free "Continuous" form has been selected to get relaxed solution. Number of 
1176 constraints equations have been created for each year with the script using 
(24-29) and they were added to the problem to find the optimal solution. Even 
though this depends on the computer's hardware, it takes around 1-2 minutes 
with a laptop which is a Quad-Core, 8 GB RAM device. Thus, it is quite fast for 
solving the problem. "Pandas" and "PuLP" packages were used in the Python 
script. Basically, the algorithm is as follows: script reads the stored data from 
excel, creates the optimization problem and constraints, and then solves it using 
"CBC" solver. After calculating the coefficients of (22) which are presented in 
Table 6, (21) is solved where p is taken as 5.5 € cents as the average electricity 
distribution price in Finland [67] and the results are summarized in Appendix 
B.  

 
  The shadow price for each DSO stands for the price of one minute of interrup-
tion in terms of operational expenses. Since this dissertation only focuses on 
DSO-Customer interaction, interruptions from the transmission system opera-
tors’ side needs to be evaluated with future studies. At this point, the main idea 



is to increase the desirable output by one unit while decreasing the undesirable 
output by one unit at the same time. The shadow price of electricity outages in 
2015 is shown in Figure 11. As it can be seen from Figure 11, in 2015, Muonion 
Sähköosuuskunta (0.035 €  cents), PKS Sähkönsiirto Oy (0.066 €  cents), 
Valkeakosken Energia Oy (0.108 € cents), and Vetelin Sähkölaitos Oy (0.135 € 
cents) have least shadow prices, while Forssan Verkkopalvelut Oy, LE-
Sähköverkko Oy, Helen Sähköverkko Oy and JE-Siirto Oy have the highest 
shadow prices with a figure of 0.482 € cents/minute each. As a result of the 
analysis, it can be seen that shadow prices of one minute of outage for the ma-
jority of the DSOs change between 0.4 – 0.5 € cents for the years 2013 – 2015. 
In order to evaluate these results per hour instead of minute, methodology and 
the data set need to be prepared accordingly. Due to directional distance func-
tion methodology, the value of the incremental increase of the frontier will in-
crease by each increment. This means that we cannot assess the value of 1 hour 
of outage by simply multiplying the cost figure of 1 minute by 60 due to the fact 
that the cost of next one minute of interruption will be higher than the cost of 
previous one minute-interruption. It should be noted that as CML decreases in-
crementally, the shadow price will increase. Therefore, the findings of this anal-
ysis give the lowest costs incurred due to the interruptions. This is valuable in-
formation since it provides the lowest boundary for the cost estimations for the 
network operators.  

 
At this point, a more up-to-date analysis is needed for the years 2016 and 2017. 

Therefore, we would like to use the same shadow pricing method and run the 
same code. Figures 12 and 13 present shadow pricing of 1 minute of interruption 
for Finnish DSOs for the years 2016 and 2017 respectively. 
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Figure 14 provides a visual representation of the values of the directional dis-
tance function 0(xk, yk, bk; 1, 1) (DDF) by year. The estimate of the directional 
distance function can be used to show inefficiency for each observation (year). 
The estimate of zero for DDF indicates that all DSOs have been operated on the 
frontier of P(x) in a given year. 

 

 

The Figure 14 tells us that inefficiency which is designated by 0 is lower in 
2016 and 2017 than 2013-2015. In other words, the DSOs performed more effi-
ciently in power reliability during 2016 and 2017. As a result, in average the val-
ues of 1 CML are higher during these years than the ones in 2013-2015. Figures 
11, 12 and 13 demonstrate the value of CML among Finnish DSOs. 

3.3.3 Standard Customer Compensation Scheme in Finland 

  In Finland, by law, DSOs are obligated to pay certain customer compensations 
depending on annual customer interruption times [68]. According to this legis-
lation, in case of a single outage event exceeds the allowable limit, the operator 
is supposed to pay the corresponding percentage of the annual electric power 
delivery fee back to the customer. The maximum amount of compensation to be 
paid to a single customer is limited to 1,200 €/year. Table 7 summarizes the 
standard customer compensation scheme applied in Finland. In theory, the 
amount of compensation should not be lower than the bad revenue (in our case 
the cost of power outage) which is calculated by shadow price of undesirable 
output times the undesirable output (CML) as in (31). 

 

0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0
1,1
1,2
1,3
1,4
1,5
1,6
1,7
1,8
1,9
2,0
2,1

2013 2014 2015 2016 2017

D
D

F

Years



To suggest a simpler comparison between the shadow pricing of power inter-
ruptions and standard compensations, let us define compensation price as fol-
lows: 

   
  The compensation cost is calculated in euros per each minute lost as an in-

terruption. The result of the year 2015 is summarized in Figure 15. It can be seen 
that majority of the Finnish DSOs did not pay any compensations at all during 
2015 in accordance with the legislation in Table 7. This table shows the percent-
ages which penalize the DSOs in case of a single outage event lasting longer that 
the allowable limits. If this limit is exceeded, the DSO is supposed to pay a cer-
tain percentage of the annual electricity delivery fee back to the customer. Most 
of the compensation prices range from 0.1€ cent/outage minutes to 1 € 
cent/outage minutes, while for Rantakairan Sähkö Oy compensation price ex-
ceeds 5 € cents. Finally, to see the results better, the comparison between the 
shadow prices and the compensation prices for Finnish DSOs in year 2015 is 
presented in Figure 16. Figure 13 shows us that among 78 Finnish DSOs, only 
35 of those paid compensations during 2015. This observation is directly related 
to the fairness concerns of the customer compensation scheme in Finland. 
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According to the shadow pricing calculations, 17 Finnish DSOs paid more cus-
tomer compensations than the value of the interruptions in 2015. Figure 16 
shows the number and the distribution of DSOs which paid more and less com-
pensations than the value of one minute of interruption. 
 
Customers’ activities are naturally directly related to the cost of one minute of 
interruption. There are numerous types of costs, both direct and indirect, in-
curred after a fault event. To reflect these in the analysis, a customer centric 
study is necessary. Nonetheless, this dissertation approaches the same problem 
from DSO point of view and therefore it reflects the cost of CML in terms of 
OPEX of these DSOs. For a better understanding and critique of the compensa-
tion scheme, this dissertation should be supported by supplementary studies, 
mainly customer surveys. Nevertheless, the supplementary customer surveys 
should pay utmost attention to the strategic responses, which mainly include 
extreme and zero responses. Effective and credible ways need to be devised to 
eliminate these responses  [4]. 
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  Power system reliability is a generic terminology and continuity of supply is 
one of the subtitles of this. A 100% reliable power system ensures power without 
interruption. An availability of 99.9% may sound acceptable at the first instance, 
however it means 8.75 hours without electric service each year, a level of service 
that can be considered dissatisfactory by nearly all electric consumers in devel-
oped countries [69]. Therefore, improving reliability and hence decreasing an-
nual interruption hours is a must for the public authorities and for the DSOs. To 
foster this struggle, it is imperative to understand the true costs of power inter-
ruptions. Different than the majority of the sources in the literature, this disser-
tation aims to evaluate the economic losses from DSOs’ perspective instead of 
approaching the problem from customers’ point of view. Finland has been cho-
sen for the dissertation due to availability of open access, publicly available, 
transparent and reliable data. 
 

Without doubt, increasing frequency and the duration of the extreme weather 
events have become a major threat for the electric power security, as it has been 
pointed out on Publications 1 and 2. Even though Finnish electric power system 
is designed for tough winter conditions, it had been experiencing extraordinary 
weather-related natural disasters during recent years. Finnish electric power 
system was affected tremendously especially from 2010, 2011 and 2013 storms. 
For instance, during Christmas time of 2011, all Baltic region was hit by Cyclone 
Dagmar. Finland experienced unusual long-lasting blackouts. Around 18% of 
the whole customers suffered from interruptions which varied from minutes to 
several weeks. Similar effect of natural events has also been observed in the 
neighboring Nordic country, Sweden. Almost 50% of all outages in Sweden re-
sulted from nature events in 2005. Consequently, the integrity of future of cli-
mate and energy cannot be ignored. Since weather events are quite unpredicta-
ble, there is still imperative risk of long-lasting interruptions in the Nordic 
Countries. That’s why, the public authorities, the companies and the society de-
serve to know the true monetary impacts of electric power interruptions. 

 
Customer surveys, indirect analytical methods and case studies are the main 

methods to estimate Customer Interruption Costs. Each of them has its own ad-
vantages and disadvantages. While customer surveys are mostly preferred in the 
literature, case studies are considered as the most reliable CIC estimation 
method. Customer surveys require relatively more time, labor and money. Case 



studies are conducted after large scale blackout events which are infrequent. On 
the other hand, indirect analytical methods rely on objective data such as elec-
tricity prices, value added or turnover of a customer or sector, gross domestic 
product of a country or annual energy consumption. This makes these methods 
favourable if reaching objective results is aimed. They are straight forward, easy 
to apply, less time, money and labour demanding. Nevertheless, they tend to 
yield broad and average results. In addition to using a previously introduced 
customer survey and a macroeconomic model, this dissertation provides a novel 
contribution to the literature by using directional distance function in the power 
interruption phenomenon. It estimates the shadow pricing of one minute of in-
terruption by using statistical data and financial statements of 78 DSOs in Fin-
land. 

 
As it is explained in Section 3.3 in this dissertation, as well as in Publication 4, 
shadow price for each DSO stands for the price of one minute of interruption in 
terms of operational expenses. Thus, increasing the energy supplied by one unit 
while decreasing the customer minute lost by one unit at the same time is the 
main idea behind the methodology. As a result of the shadow price approach, it 
was seen that shadow price of one minute of interruption for the majority of the 
DSOs vary between 0.4 and 0.5 € cents for the years 2013 – 2015. It was also 
observed that when CML decreases incrementally, the shadow price will in-
crease. For this reason, the findings of this analysis give the lowest costs in-
curred due to the interruptions. This is valuable information for both DSOs and 
for the public authorities in Finland since the DSOs are supposed to pay stand-
ard customer compensations due to interruptions. In the analysis, Figure 16 
shows that the customer compensation scheme, which is summarized in Table 
7, is not properly designed and a fairer plan is needed to support the DSOs in 
their efforts to boost their service reliability.
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