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Abstract 
When the Swedish electricity market was re-regulated in 1996 the trading with electricity 
was exposed to competition and the net service henceforth should be comprised by a 
monopoly comprised by a regulation. The regulation was based on a review of the costs of 
the network companies. No attention were paid to if the network was efficient. The 
following years many of the networks were sold from the municipalities to power 
companies, to increasing merger prices. The increasing prices in the mergers were followed 
by increasing prices to the subscribers of the network services. The regulator tried to stop 
the fast increasing prices, but didn’t succeed. The regulation paradigm couldn’t face the 
new realities and had to be revised.  

In 1998 the author of this thesis was commissioned by the Swedish Regulator to propose a 
new regulation model for the Swedish grid companies. Existing models were reviewed but 
none of them fulfilled the requirements from the regulator; to be self-regulating and give 
incentives to improved efficiency and distribution reliability. Therefore a new approach was 
launched. The new approach was to change perspective from a company focus to a 
consumer focus – a performance-based regulation. 

The solution was to base the regulation of the creation of a standard asset, a Reference 
Network. From this a new model – the Network Performance Assessment Model (NPAM) 
– was defined. The Reference Network is defined by four definitions, concerning the 
elements and topology of a Reference Network, the Subscriber Requirements and the 
Objective Prerequisites. These definitions grants the transparency of the model. 

The model is sharp and is run into operation in 2004. The final test of the model indicated 
that the Swedish network companies are overcharging their subscribers with approximately 
20%. 

This thesis is an explanation of the model and the definitions, and a review of the thoughts 
and research which formed the model. Moreover there is a discussion of some topics 
reported by others in articles  about the model. Finally in the conclusion there are topics of 
simplicity and transparency. 

Key words: Performance Based Regulation, Reference Network, Regulation of electricity 
distribution, Radial networks, Network Performance Assessment Model. 
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1 

Chapter 1 

Introduction 

1 INTRODUCTION 

 

In 1996 the Swedish electricity market was re-regulated. This re-regulation meant that 
trading with electricity was exposed to competition and that the net service henceforth 
should be comprised by a monopoly, with responsibilities as well as privileges, even in the 
future. Among the privileges was to alone be responsible for all electric distribution in a 
geographically well-defined area. Among the responsibilities was to offer all who want a 
connection to have a connection and to set the prices on the net service in a way that there 
were no unreasonable profits. 

At the same time as the re-regulation there was an increase in the acquisition prices of the 
network companies. The re-regulation contributed probably to this periodically relatively 
fast increase in value. Municipalities owned many of the Swedish network companies and 
they saw a possibility to sell their assets. Many of the network companies changed owners. 
The most common buyer was one of the already large companies: Vattenfall, Sydkraft, 
Birka and Graningeverken among others. 

The rapid price increase on network companies also had an impact on the price 
determination. Expensive acquisitions of companies with mediocre profitability are started 
with an opinion of the buyer that the product prices can be increased and/or the internal 
costs can be decreased.  

Within the electricity trade market the energy was sold in competition. This led to a price 
reduction, at least as an introduction. Thus, to defend the expensive acquisitions the profits 
must be collected somewhere else. 

When it concerns the costs an extensive rationalization has been done. Large companies 
give the possibility to terms of scale in operation and maintenance. Internal activities have 
been put under rationalization pressure and have sometimes been purchased. The result of 
this has also been lower operation costs, on the whole. 

Concerning price determination the price on the part put under competition – electricity 
trading – decreased, at least in the beginning. For the net service, however, the net price 
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increased faster than the factor price index. All things considered, it can be stated that the 
net service prices increased considerably faster than the inflation. 

The difficulty to get the price formation on the net service under control had its origin in 
the obsolete and indistinct regulation. The regulation of the net service was based on the 
fact that the grid companies had the right to get a fair income from invested capital. On the 
other hand, there were no real restrictions concerning the costs. As long as the costs were 
considered to be fair they could also be transferred to the customer. The necessity of a cost 
or investment was not examined, only if the specific cost could be considered reasonable. 

In connection with the re-regulation there was a prescription in the law that electricity 
trading and the net part must be in separate companies. This meant that the assets were 
shared between the part exposed to competition and the monopoly part. The price should, 
among other things, be based on that part on the assets that was not yet depreciated. 
According to the regulation paradigm this was valid for the monopoly. Thus, the owner of 
the assets was secured a reasonable yield from the book value. With that, there was an 
incentive for the grid part to take a larger part of the assets than was motivated by the 
business. 

Since, historically, the assets have been depreciated faster than the economic length of life, 
almost all power companies had a real asset that widely exceeded the book asset. The low 
book values implied a price pressure. Since the price should be based on the book value 
among other things, there were incentives to appreciate the book value of the assets. This 
has also been done in different ways to a great extent. One way has been to sell the 
business. Then the buyer has been able to book the acquisition price as assets which have 
been much higher than the originally book value. Another way has been for the 
municipalities in connection with formation of companies for the business to appreciate 
the assets. A third way has been with an indirect appreciation of the assets by internal 
leasing agreements – by letting a parent company own the assets and then let a subsidiary 
company – which is a grid company – rent the installation at a cost that is considerably 
higher than the legal yield of the book value. Thereby a capital cost has turned into a 
working cost. Another point with this proceeding is that the profits arise in the parent 
company instead of the subsidiary company. Thereafter the parent company will be able to 
integrate this profit with other activities. Correctly designed the profit could not be related 
to the network operation. Taken together, the book value has then played a great – maybe 
decisive – role for the price formation on the net service. 

Seen from a company perspective the low asset values were a problem, not only with 
respect to that they gave too low profits, seen from the owner’s point of view. Commonly 
speaking it is difficult to maintain an appropriate administration of assets whose book value 
strongly differs from the real values. One example of this is that insufficient resources are 
generated for new investments through depreciations. The investment funds must be 
generated through profits and the law limited this possibility. Another example is that the 
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internal goals for operation and maintenance often are related to book values of the assets, 
which in this case only has a weak connection to the real assets. 

There has also been some uncertainty regarding which part of the company that will bear 
the costs for different activities. Since the net service was guaranteed the right of 
compensation for all its costs it has also been tempting to let the net grid carry costs 
belonging to other activities. Several attempts were made to stop this – with limited results. 

Consequently there was a justified interest from the companies to get more reasonable 
values of the assets. From a consumer’s point of view the appreciation is considerably 
more questionable. The old regulation paradigm meant that the customer paid for the 
depreciations. When an installation was depreciated it was also to full extent paid by the 
customers. To appreciate the installation assets means that the assets will be paid once 
again by the costumers. It is an obvious injustice for the customer that this could be done 
in a monopoly. The consequence of this was numerous reactions from the customers, 
however considerably gentler than what could be expected with respect to the injustice that 
affected the customers.  

In relation to the re-regulation 1996 a new authority was established, the Swedish Energy 
Agency, in order to supervise the possessors of the monopolies. By way of introduction the 
authority’s approach was to use the existing regulation and by precedent give rise to a 
practice for the price formation. The regulation authority made several attempts to prevent 
the increasing prices. Among other measures was a price freezing. The reported costs were 
reviewed and questioned. In spite of this the measures did not give the expected result. The 
prices continued to rise. Since there is an asymmetry in the information the companies had 
a great advantage in the review. The companies could mostly give likely explanations to the 
increasing costs. In those cases where the authority was not convinced by the companies’ 
explanations the authority decided on direction. The companies appealed the authority’s 
decision to court to a great extent and then further to higher court. In this way it took a 
long time to get a precedent. In practice, there have not been any precedents. The many 
company acquisitions and fast appreciations of assets created further difficulties for the 
authority to establish an appropriate regulation within the limits of the old regulation 
paradigm. 

Reality run away from the regulation paradigm. 

The Regulation authority was more or less without real power to stop the fast increasing 
prices.  Therefore there was an urgent need to find another or a new regulation paradigm, 
which in one way or another took the necessary appreciations of the assets as well as the 
customer’s legitimate demand not to pay an investment several times into consideration. 

In 1998 the author of this thesis was commissioned by the Swedish Regulator to propose a 
new regulation model for the Swedish grid companies. 
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The commission was: 

- The regulation shall be based on self-regulation. Then the regulation authority can 
concentrate on those companies that cannot take their responsibility. 

- ·Give incentives to efficiency in the network service. 

- ·Give incentives to good reliability. 

- ·Give incentives to structural rationalization. 

- ·Give incentives to technical development 

- ·The model has to be accepted by the customers, the companies and the owners. 

- ·The model has to prevent high monopoly profits. Efficient run networks shall be 
allowed to have higher profits than inefficient companies. 

- ·Grant a fair return on invested capital to efficient companies 

- ·The model has to be revisable 

The first approach was to pick one of the existing models and adapt it to the Swedish 
conditions. However, all models were found to have serious drawbacks and the decision 
was to develop a new model with - in some ways - a virgin approach. One of the values 
that was regarded as necessary was a correct value of the assets. The primary drawback of 
the existing model was that they were based on the existing networks. There were no 
considerations taken regarding the network efficiency. Moreover it was impossible to use 
the book values of the assets because of the previous mentioned inflation, merger and 
acquisitions.  

The new approach was to change perspective from a company focus to a consumer focus – 
a kind of performance-based regulation. The former paradigm was to review the reported 
costs in the company books. The consumer perspective is to evaluate the benefit to the 
consumer rather than to evaluate a proper cost to build and maintain an existing network. 

The result from this development is a new model that evaluates the benefits to the 
consumer from an artificial network, a network that could have been built but has no 
excess capacity – the Network Performance Assessment Model, NPAM. In parallel to the 
development of the model the legislation needed to be changed to adopt the new 
consumer perspective. As a result is an adjusted legislative act. 

The NPAM model is developed by the author of this thesis and has been supported by a 
number of persons within the Swedish Energy Agency and within the network companies. 
The model has been reported in brief terms in a number of articles and reports. 
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1.1 OUTLINE OF THE THESIS 
In this thesis a new framework of regulating the electricity network companies is described 
and discussed. Moreover ongoing research concerning the research field of the framework 
is described.   

In chapter 1 the background (1.2) of the need for a change in the Swedish regulation of the 
electricity distribution companies is depicted. The objectives of this thesis (1.3) are to 
create a standard asset, a reference network. The related works (1.4) are the ongoing 
research concerning so called performance based regulation, especially the creation of 
reference networks. The main research contributions of the thesis (1.5) are a set of 
definitions of subscriber requirements and objective prerequisites, a network topology and 
a set of parameters. The research method (1.6) is primarily based on an initial vision of the 
final result and then a number of failures as well as successes. 

In chapter 2 the new framework – the Network Performance Assessment Model (NPAM) 
– is described. In chapter 3 the analysis of the need of spare capacity is reported. In chapter 
4 is the definition of the reference network – the core of the NPAM. In chapter 5 the 
performed tests are depicted. In chapter 6 the result of the tests and the related research are 
discussed. In chapter 7, finally, the conclusions of the thesis can be found. In appendix a 
deep description and definition of the topology of the reference network and a table of the 
values of the parameters used in the tests are added. 

 

1.2 RESEARCH OUTLINE  
The challenge of developing a new regulation model is to find a model that on one hand 
gives a fair price and enough quality to the consumer and on the other hand gives the 
investor a decent return on invested capital. If the price is too low there will be a lack of 
investors willing to invest in networks. If the price is to high there will be losses in 
consumer welfare. To establish a decent price is therefore a heavy task. 

The first thing to investigate was which factors influenced the price determination. The 
price determination framework within the grid companies has some important limitations, 
differing the price from a market price: 

- The same price for all customers, irrespective of location, but depending on the 
demanded capacity (the price may differ when the connection is established) 

- The sale is comprised of a monopoly, no one else is permitted to supply a connection 

- No duty for the customers to connect 

- The monopolist has a duty to supply a connection to everyone that demands within a 
given area, i.e. the monopolist cannot create a shortage situation 
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- The benefit to a subscriber is not known but can be considered to be higher than the 
price 

- It is a natural monopoly 

- The connections are inhomogeneous, i.e. differences in both distances and reliability 

The price is set somewhere between a price cap and a price floor.  

The Price cap is set by the subscriber benefit. As long as the regulating authority doesn’t 
set any obstacles the price can be increased to the level of  the subscribers benefit. This is 
valid as long as the connection is voluntary, which is common to electricity grids. For other 
operations, however, there are a duty to connect, for example in water supply and waste 
collection. Then, not even the benefit is a limit. 

The Price floor is set by the variable production cost. In this case the monopolist will be 
compensated for the variable costs only. This means that the monopolist doesn’t get any 
compensation for fixed costs, and has no incentives for investment and renewal. In the 
long run it will be impossible to maintain the distribution. 

1.2.1 FACTORS DETERMINING THE PRICE IN LOCAL 
ELECTRICITY DISTRIBUTION 

The price in a monopoly is set between the benefit to the customer and the variable 
production cost. This can be a large interval and therefore there is a great scope for the 
price determination. In this interval there are a number of factors influencing the price [28]. 

The Profit is normally the main force influencing the price. In Sweden there is a mixed 
ownership among governmental, communities, privately owned and cooperatively owned 
grids. The focus on profit differs among these operators. Earlier the governmental owned 
operator, Vattenfall, had a price determining role. Vattenfall´s price determination was 
based on average costs, combined with a reasonable profit. This view has more or less been 
replaced with profit optimization, i.e. a profit maximization with tactical considerations. 
The same counts for the community owned grids. The privately owned are profit 
optimizing. The cooperatively owned are more ore less without profit interests, except to 
guarantee reinvestments. 

The main interest for the governmental regulation has traditionally been the cost 
perspective, or in reality a profit perspective. None or very little attention has been paid to 
the grid efficiency. The grid has normally never been questioned. The monopolist has been 
granted the right to be paid for all of it’s costs, as long as the cost calculation in one way or 
another is reasonable. The regulation has been focused on profit, in order to limit the 
profits. However, the costs have not been questioned to any great extent. 
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Low asset values and internal transactions The regulation has given rise to some 
undesired effects. Profit maximization has been replaced by profit optimization. The asset 
values has historically been depreciated in the books to much lower values than the real 
values. Low asset values gives high profit ratios. Low asset values are problematic also in 
another way, they don’t return enough money from depreciation to reinvestment. There 
has been incentives to adjust the book values to higher, more reasonable, values. This has 
been realized through mergers and acquisitions and internal transactions. On the contrary 
to the appreciation of book values stands the customers’ saving in the assets. The former 
depreciation of the asset values has been paid by the customers. There is an obvious risk – 
due to the appreciation of asset values - that they will have to pay the asset value once 
again. 

A competitive market claims a high productivity and, furthermore, an increasing 
productivity. Those who can’t pass this demand will be excluded. Monopoly doesn’t have 
an inherent demand of productivity. The most important incentive for a high productivity 
is to make profit. According to the governmental regulation there has been a cap for 
profits but none or little focus on costs. The result is obviously lower productivity than in a 
competitive market. Another consideration that can be made is that the technology renewal 
is slower than in a competitive market. During recent years there has been a shift in the 
Regulator focus. The authority has set an informal price cap, with existing prices as the 
starting point. The shift is probably based on an observation that the prices has increased 
more than the factor price index. The reasons for the authority to limit the price are quite 
obvious. According to this the focus of the grid companies has been more oriented 
towards productivity. There are no recent measurements of the development in grid 
productivity but the acting from the corporate management indicates a rising productivity. 

Subscriber density is probably the most important factor for price determination. It is a 
fact that it is more expensive – measured as cost/meter cable – to supply cables in a town 
than in the countryside. On the other hand a rural subscriber demands longer cables than 
an urban subscriber. Thus the subscriber density – measured as meter cable/subscriber – 
plays a significant role in the price determination.  

Price determination within other companies  One very important factor is how other 
companies set their prices. According to the previous discussion of price optimization and 
maximization no company wants to stand out with high prices. Vattenfall has through it’s 
governmental ownership played a central role in the price determination. Historically, 
Vattenfall has owned rural grids. They have higher distribution cost than city grids. 
Therefore their prices have been higher. The community owned grid – which mainly 
resides in population centers - has looked upon Vattenfall’s prices. Their prices can appear 
as low compared to Vattenfall’s, depending on their lower distribution cost. Although their 
prices might still be high, compared to their lower distribution costs. This phenomenon is 
indicated in the tests of the Network Performance Assessment Model. 
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The consumer-consciousness is by tradition low in Sweden. Some consumer 
organizations and news media have in some different ways paid attention to the grid prices, 
but the reactions from the consumers have failed. This can be understood in different 
ways. The first way is that Sweden has an efficient price determination and that the 
regulation is efficient. The second way is that the grid benefit for the customer is very 
much higher than the price so the price level is not important. A third way is that the weak 
consumer-consciousness is caused by the Swedish habit to rely on welfare organizations 
and authorities so no one really cares. Although there is an increasing consumer focus on 
price levels. In addition to this it can be considered that the grid companies have avoided 
consumer reactions by several but small steps when increasing the price.  

The inflation has eroded the asset values. A great part of the Swedish networks are 
built during the 1970s and 1980s. The inflation in Sweden since 1980 has been nearly 
300%. A result from this is that the asset values in the books are not a good measurement 
of the remaining value of the grids.  

Merger and acquisitions. During the last decade many companies have been sold by the 
communities to companies, who have merged them into other companies. All those merger 
and acquisitions have also distorted the book values. Further on some grids are leased 
within a company group which means that the grid company has no asset value at all. 

Excess and under capacity There are reasons to consider that the existing grids have 
some lack of efficiency. In some cases they have been a monopoly for more than a 
hundred years, with weak incentives for productivity. However, there is normally no need 
to question the function of the grids. Within almost every grid they are functioning 
properly. This has also been a main focus for the companies. But there are reasons to 
question the efficiency. The demands for a properly functioning grid, low interest on the 
costs from the Regulator and granted pay back on investments are a sound base for poor 
productivity. To this discussion it can be added that a grid with a poor productivity adds no 
extra values. From a customer point of view there are no values added in an inefficient 
grid, even though there are more cables and transformers. On the contrary, an inefficient 
grid might subtract values, because all extra cables and transformers can cause extra failures 
and thus a less function to the grid. It is therefore preferable if the price level can be set 
from an artificial grid – a Reference Network - with a reasonable efficiency. This grid must 
be well defined and solve the basic demand from the subscriber – to be connected. 
Thereafter, based on this Reference Network, a calculation of the cost can be done. 

How much does the customer accept to pay, how high is the customer value? 
According to the previous discussion about the price, the price can be determined within 
the price floor and price cap. Within this interval - and within the formal and informal 
framework - the price is set by the monopolist. A common principle is that the customer 
shall bear the costs equally, independent of connection order. However, the price can be 
differenced by the demanded capacity and by cost to establish the connection. The price is 
at least equal to the average cost for a connection. This is also considered to be the 
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customer value for the service in the Network Performance Assessment Model. The 
customer accept to pay the average cost, because no other operator could connect to a 
lower price. But this is valid with one important condition. The customer expects an 
efficient grid. The customer doesn’t accept to pay average costs for an inefficient grid with 
excess capacity. 

Historical cost or  reinvestment cost? The last question to deal with is if the average 
costs shall be based on historical costs or on a reinvestment performed today. In one way 
the historical cost would be attractive. The investor would be granted exactly the return on 
his investment, in condition that the grid once built is efficient. However, accounting on 
historical values would give rise to an exorbitant numerical calculation. The regulating 
authority would be forced to keep oneself posted with price and cost levels for the last 30 
years, which is not reasonable. The conclusion is that it sounds more reasonable to base the 
price level on the cost for a grid built today rather than on historical costs. However this is 
not an obvious opinion. The former depreciation of the asset values has been paid by the 
customers. There is an obvious risk that they will have to pay for the asset once again if the 
economic depreciation has been faster than the technical depreciation. The advantage is the 
simplicity in the rules and a decent calculation and this has outweighed the disadvantages. 

As a summary the asset values are misleading. The asset values cause two important 
problems. The first is that the book values – due to inflation and mergers – are not correct. 
The second problem is that there are no opinion if the assets are effectively built or if they 
include excess capacity. A result from this lack of asset perspective is that companies with 
effectively built assets are compared on equal requirements to those with excess capacity. 
Or described in terms according to benchmarking – a ”stick made of rubber” is used, i.e. 
when measuring the length of grid a stick that has a different length depending on the asset 
conditions is used. Then an efficiently built grid will apparently have the same length as an 
inefficient grid. Seen from a customer’s point of view the excess capacity does not add any 
extra values and a regulation model without an asset perspective is therefore not correct. 
The conclusion is that the investigated model needs an extra dimension, an asset 
perspective, reflecting whether the assets are effectively built or not, in order to be fair and 
justice. An efficient benchmark and regulation therefore need an asset perspective. An 
efficient regulation demands a fair and justice understanding of the value of the company’s 
grid. Normally this is described in the asset value in the balance sheet. The asset value is the 
normal way in many regulations to value the company’s grid.  

1.2.2 COMMON REGULATION MODELS 

There were several regulation models reviewed. Well known models are for example profit 
regulation, profit sharing, price cap and benchmark competition. The perspective in those 
models are in one way or another in the first hand a cost perspective. There are several 
ways to separate the models. One common description of the models is to separate them 
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into ex-ante and ex-post regulation models (Lantz [22] ). Ex-ante models concerns a 
regulation before the price is set and ex-post a regulation that reviews already applied 
prices. The ex-ante and the ex-post definitions include several models. The common 
models are: 

Ex-ante: Marginal based regulation, Average based regulation and Subsidy regulation 

Ex-post: Subsidy regulation, Profit regulation, Benchmark regulation, Price cap regulation, 
Revenue cap regulation. 

All models are fairly well described in the literature and will not be discussed here in more 
than one aspect, none of the models explicitly faces the problem with the misleading asset 
values. 

1.2.3 PERFORMANCE BASED REGULATION 

In many countries where retail and generation are separated from transmission and 
distribution, regulation of the distribution grid owners is in a major transformation (Solver 
& Söder  [46]).  Traditional cost based regulation such as Rate-of-return (ROR) and Cost-
Plus  regulation is replaced by the more competitive regulation concept known as 
Performance Based Rating (PBR) (Heden [17], Rivier & Gomez [38]). Introducing PBR is 
usually the regulators’ way to increase the cost efficiency of the regulated grid companies 
and to safeguard the customers’ distribution quality. However the stronger the cost 
efficiency incentives are the greater is the need for quality regulation. For example when 
Argentina introduced PBR without quality regulation in 1991 the quality of supply was 
strongly degraded. 

However, some of the previously mentioned models involve implicit attempts to take the 
grid efficiency into account. With a profit sharing model or a price cap model there will be 
incentives to increase the grid efficiency and this will thus indirectly give some focus to the 
grid efficiency, such as the UK price cap model (Rudnick & Donso 2000 [40]). In a 
benchmarking model it is possible to measure the grid efficiency in terms of cable length in 
relation to the population density and thus a bit more explicit to put some focus on the 
grid efficiency. Chile  has implemented a form of yardstick regulation including a model 
company that utilities are compared to (Rudnick & Donso 2000 [40]). In Spain a revenue 
cap regulation is used which employs a reference network in the regulation (Roman, 
Gomez, Munoz & Peco [39]). This last model is the only one that in an explicit way takes 
the grid efficiency into account. 

One trend that can be perceptible is from the real cost models towards standard cost 
models, i.e. instead of  reviewing the real costs in a company, the company will be reviewed 
from standard costs, equal to all companies.  Thus there is a trend from real costs to 
standard costs and there might also be a discern trend from real networks to standard 
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networks. The  objective of the NPAM is to realize a model that is completely based on a 
standard network and reviewed with standard cost. The trends can be sketched in a 
diagram: 

Real
Costs

Standard
Costs

Profit
Regulation

Profit Sharing

Price
Cap

Benchmark
Competition

Real
Assets

Standard
Assets

The Chilean Model
Comapny

The Swedish Network
Performance Assessment Model,

The Spanish
Reference Net Model

 

Figure 1. Trends in regulation 

1.2.4 THE MISSION OF THE NETWORK PERFORMANCE 
ASSESSMENT MODEL 

As mentioned previously the price determination within local electricity grids are far from 
an obvious process. The price has developed differently – though always between the price 
floor and price cap. Two companies with similar conditions might have a price which 
differs significantly. The values to the customers that is created by the companies have no 
obvious relation to the price paid by the customers.  

From a customer point of view it is obvious that this is unacceptable. This is also the basic 
problem that the Network Performance Assessment Model solves. The model reflects the 
different distribution conditions among different grid companies and equalizes them in a 
comparison. The comparison is a comparison between companies as well as a static 
comparison to a reasonable price level. 
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The mission of the Network Performance Assessment Model is thus to evaluate the networks 
from a costumer’s point of view and establish a fair price level. In order to do that the 
performance of the operator must be evaluated. The performance is assessed in 
correspondence to a price level that the consumer is considered to accept, can agree to as 
fair and is prepared to pay.  

This price level is considered to be based on an average cost, based on the cost for an 
efficient grid that will be built today, with already known technology.  

The starting point is to look upon the companies from a customer’s point of view. The 
factors that can’t be influenced by the companies are evaluated by fixed rules, valid to all 
companies. The rules reflect the differences. The cost for a connection is evaluated from 
the actual facts, i.e. the distances between the subscribers and the demanded capacity by 
the subscriber. This is done by the creation of a Reference Network, with a capacity to 
fulfill the demand from the subscriber. The companies’ existing grid are without 
importance. 

These factors which the company can influence, for example connection reliability, are 
evaluated from a customer perspective by measuring the actual reliability, measured as the 
number and length of the interruption. 

The Network Performance Assessment Model is implemented to the Swedish regulation and is a 
shift in the regulating paradigm: 

- The former paradigm stated that the monopolist was granted compensation for all 
investments, efficient as well as inefficient, 

- The new paradigm grants compensation based on the performance to the customer 

1.3 RESEARCH OBJECTIVES 
The research objectives of this thesis are to create a Standard Asset, a Reference Network. 
This is performed by a Reference Network model: 

- Based on given requirements, i.e. required customer performances, and the objective 
prerequisites, i.e. factors that cannot be influenced by the grid companies. 

- That is stable over time, i.e. time-independent of cost parameters, 

- Has the same essential electrical properties like a real grid. 

- No considerations to the ”real” grid taken into account. 

- Through empirical full scale tests verify that this Reference Network can be used as a 
model of real grids. 

Furthermore, one research objective is to – by full scale tests - show that the created 
Reference Network can be used as a Reference Network, i.e. is simulating a network 
without reproducing it.  
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In addition to this the Network Performance Assessment Model is reported in brief terms and 
the result from the review of the Swedish network companies is outlined. 

1.4 RELATED WORKS 
The related work concerns two areas. The first area concerns so called normative models, 
i.e. models using standard assets in some way. The second area concerns papers and 
reports concerning the NPAM.  

1.4.1 NORM MODELS 

The idea to the NPAM originates back to 1998. The first official report was published at 
1999 (Larsson [25]) where the basic ideas was outlined and a first prototype was 
demonstrated. In summary, all these ideas has been implemented in the final model, except 
one issue. In the first prototype there were no attempts to solve the reliability problem. 
This was implemented one year later. However, the first implementation of the reliability 
wasn’t good enough so it was replaced with a new model in 2003.  

Related works to this thesis are so called Norm Models, i.e. a technical normative model 
(Agrell & Bogetoft [2]) that prescribe the costs for services without basing these on input-
data for the regulated firms, enabling both incentive-compatible yardsticks in high-powered 
regimes and learning in enforced self regulation. Theoretically the advantages are numerous 
and the possibilities plentiful.  

1.4.1.1 THE CHILEAN MODEL 

Chile was one of the forerunners (Rudnick [40]) in deregulation in the early 1980s, creating 
a fairly ambitious and solid legislation for the unbundling industry, the regulatory 
institutions and the gradual establishment of contestable markets. The distribution is 
organized in 39 concession areas allocated to 23 utilities of various size, 3,000 subscribers 
up to one million subscribers. 

The regulation model of electricity distribution companies in Chile is from the early 1980s’. 
The Chilean Value Added of Distribution (Agrell & Bogetoft [2] ) is a periodic review of an 
ideal model firm for each typical service zone, based on an existing firm. The results are 
used as yardsticks for the firms operating under the same conditions as the relevant zone. 

The connection charges are based on the concept of Value Added of Distribution (VAD), 
which is defined from a normative yardstick model. By creating an exogenous yardstick for 
distribution costs, firms are incentivized to operating efficiency.  
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The crucial element in the VAD procedure is the determination of the efficient model firm. 
Rather than opting for a theoretical and general approach the lawmaker has ensured 
feasibility by requiring the optimization of a real firm, operating under specific scope and 
load conditions that pertain to each zone. In this manner, the heterogeneous firms are 
compared with an ideal firm that does exist, but which is based on an optimized real 
network. The detailed optimization is made by independent consultants, who are the only 
to need full insight into the cost structure of the specific firm chosen as yardstick. The 
provision of an industry-selected study leverages any inappropriate bias by the regulator’s 
study. 

The optimization of the model firm basically follows four stages : 

- The costs of the real firm are assessed and validated. A rough allocation is made of 
costs on categories of voltage level and connection (independent of power and energy). 

- The model firm is dimensioned with respect to actual output measures, expected load 
and growth. Starting from the grid configuration and assets, the optimization 
progresses to maintenance, operation and management. All work is anchored in the 
operating characteristics of the specific firm and zone defined by the Regulator 

- The variable and fixed costs of the Model firm are estimated using best industrial 
practice and current prices. Costs are allocated. 

- Based on the cost allocation in (3), tariff formulas are specified for the use of facilities 
(cost per MW peak and off-peak), energy transfer (cost of losses per MWh) and 
customer service (cost per customer).  

Due to the highly detailed analysis of the reference firms, the studies are not public. 

A distribution zone is defined as an area of a standardized and distinctive distribution 
density, to capture heterogeneous technical and economical conditions in the country. The 
number of zones has varied according to the intended fit and feedback from industry; the 
most recent review in 2000 employed six zones. The number of zones is the result of a 
compromise between the intention to fully capture the cost structure in a network area and 
the difficulties in finding the relevant information. Since many concessions are comprised 
of several zones, it is increasingly difficult to achieve good cost allocation for the model 
firm as the number of zones increase. 

The loose definition of the ideal network left to consultants lends itself to obvious conflicts 
of interests. Industry eager to protect rents, and the Regulator, trying to lower tariffs, 
explicitly or implicitly favor consultants that bias their investments in the desired direction. 
The outcome of the 1992 review was appealed by industry in courts up to the Supreme 
Court, but the appeal was turned down. The conflicts have been aggravated with the listing 
of the distributors´ stock on the stock exchange, since the periodic reviews have become 
public interest due to their impact on pension funds etc. The Regulator has two means to 
counter the conflicts. Firstly they make diverging consultants ineligible for the VAD 
process. However, such action is likely to be challenged in competition courts. Secondly 
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they may intervene more actively in the optimization process by providing information 
regarding forecasted demand and technical standards and by aligning estimates before they 
are finalized.  

The information requirement in the VAD model is extensive with regards to the reference 
firms, but the exercise is only repeated every four years and handled by technical experts. 
The distribution firms have responded positively to the yardstick regime in Chile. Delivery 
quality, grid expansion and labor productivity have increased steadily in the distribution 
sector. 

The methodology has been complex to apply (Rudnick [40]), with bitter disputes among 
parties involved. 

1.4.1.2 THE SPANISH REFERENCE NET MODEL 

Independent from the development in Sweden there was a similar model developed in 
Spain at the same time. The first proposal was presented in 1999. In the article, the basic 
concepts for establishing the global remuneration of a distribution utility was presented. A 
remuneration scheme which recognizes adequate investment and operation costs, 
promotes loss reduction and incentives the control of the quality of service level was 
proposed. In the paper the distribution costs assessment is recognized to be a two step 
problem. The first step is to determine the number and types of network installations that 
are optimally needed in order to supply the demand in the area of service. The second step 
is to apply to these installations the corresponding unitary annual investment, operation 
and maintenance coefficient cost to calculate the total efficient annual distribution costs. 
The distribution cost assessment is a difficult problem having a non-symmetric information 
between the Regulator and the utilities. Two types of models were proposed. These two 
models determine the optimal installations of the distribution network that are needed to 
meet the quality’s demand in its area of service. Both models determine the size of an 
optimized network. In the first model an network is built with a strategic planning model. In 
the second model the size of a network is estimated with regression models. In absolute 
terms, strategic planning models generally estimate lower number of installations than 
regression models, because the former ones are based on ideal planning conditions while 
the latter ones consider the utility declarations of current distribution installations. If you 
compare one utility with another, both types of models have shown the similar results.  

The Electricity Law (Rivier & Gomez [38]) established  that the method to determine the 
remuneration of regulated distribution activities should be based on objective, non-
discriminatory and transparent criteria. The method should also consider the geographic 
and market characteristics of the different distribution areas. Regarding  reliability there are 
individual continuity indices (both number and duration of interruptions longer than 3 
minutes) that are controlled. The regulation establishes a limit of number of interruptions 
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and total duration of interruptions suffered by each individual customer, depending on the 
supply area and the network voltage level. Individual limits are shown below 

 

Table  2.  Individual indices limits for LV and MV customers for a year (Rivier & 
Gomez [38]) 

But not all the interruptions are taken into account to calculate such individual indices. 
Company programmed interruptions and interruptions due to major causes or to third 
party intervention are not considered in that calculation. If one of these indices for an 
individual customer exceeds the limits, the distribution company has to compensate 
him/her an amount equivalent to 5 times the price of the estimated energy not supplied. 

The Spanish distribution models are (Agrell & Bogetoft [2] ) template based grid planning 
models corrected for geographical, climate and topological conditions. The model results 
are the basis for the proportional allocation of the total distribution revenues among firms 
for the country, negotiated at governmental level. The Spanish regulation emphasizes that 
the payment to the companies should take into account the costs of investments, operation 
and maintenance of the facilities, distributed energy, a model that characterizes the zones 
of distribution, and the quality of the provision, taking in consideration the following 
elements: 

- Cost of investment, operation and maintenance of the facilities. 

- Distributed energy. 

- A model that characterizes the zones of distribution, a benchmarking or reference 
network, referred to as the “Red de Referencia”. The reference network should connect 
the network with the final consumers of electricity represented by its geographic 
location, its peak load and voltage levels. The methodology to determine the reference 
network shall consider criteria of the network planning in the local markets. 

- Incentives for the quality provision and the reduction of losses. 

- Other costs necessary to develop the distribution activity, including the costs of 
commercial management. 

The reference network has been primarily used to establish the relative costs of distribution 
electricity in the different regions. The relative costs are used to allocate the total 
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reimbursement among the Spanish regions. In other words, the model is used to capture 
the relative costs and not necessarily the absolute cost levels. The absolute levels are 
determined by the total amount that the state and industry agrees that the consumers 
should pay for the distribution. 

In brief, the ideal distribution network considers the structure of demand as being 
exogeneously determined and defined by location, peak demand and type of voltage 
required. On this basis it proposes an ideal network configuration.  

The data used to construct the ideal network include: 

- Nodes of the transport network 

- Clients: Geographical position, Contracted power,Voltage 

- Standardized equipment types 

- Unit Costs: Investments, Maintenance, Operation, Differentials (effects of other 
factors) 

To develop the network several standardizations of the equipment and network outline was 
used: 

- Standardized conductors 

- Standardized transformers 

- Standardized wire types 

- Standardized voltages 

- Standardized network structure depending on type of the region or “market”:  

- Urban and industrial regions: Template for low and medium voltage 

- Rural: Radial network 

- High voltage: Template network and N-1 criterion 

Unit costs were assigned to the different types of equipment to account for investments, 
maintenance  (preventive and corrective), and operation (provided that the necessary 
quality levels can be sustained) 

For the different operations, maintenance and investment cost, the model makes a series of 
corrections to account for regional differences: Corrections are introduced for such factors 
as ice, salt level, precipitation, altitude, indemnifications, right of way and land access, staff 
costs, city size.  The impact of city size is to lower investment costs in small cities with 10% 
and to increase it in large cities with 10%. 

The construction of the network uses different algorithms (traveling salesman, Prim, 
iterative trial procedures) and heuristics to determine the location of lines, transformers, 
connection, points etc. The basic approach and the topology of the net depend on the type 
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of region (urban, industrial, rural). Furthermore, the topology is constructed as to take into 
account quality levels. 

An apparent critique [2] to the model is the high number of correction factors and 
parameters that make the model highly non-transparent. Another issue is the high 
investment in the model. 

Relating to the strategic planning models ([13], [14], [39]) the algorithm takes into account 
the allocation of the distribution supply points, that is, HV substations in the transmission 
network, and from scratch finds the network which connects the transmission supply 
points with the customer demand supply points. 

The solution algorithm involves the following steps: 

- Form a reasonable initial solution for the location of MV/LV transformers. These transformers 
are located uniformly within the settlement using heuristics and simplified data such as 
power density and area of each settlement. 

- Locating and sizing of HV/MV substations. A genetic algorithm deals with the whole 
province and calculates the optimal number and location of these substations. The 
fitness function evaluates the investment costs of simplified subtransmission and MV 
networks and the costs of the corresponding substations. These networks connect the 
HV/MV substations to the HV substations and to the MV/LV transformers. 

- Locating and sizing of MV/LV distribution transformers. A heuristic algorithm deals with 
only one settlement at a time and calculates the optimal number and location of these 
transformers. The procedure minimizes the operation and investment costs of 
simplified MV and LV networks and the costs of the MV/LV transformers. 

- Repeat step 2 and 3 until convergence is reached. One or two iterations are usually 
needed.  

- Subtransmission network design. The problem is formulated as an investment plus 
operation costs minimization. For this purpose, a decomposition method is used, in 
which the investment plans are proposed by a genetic algorithm and the operation 
problem is a DC power flow with losses that considers different contingency scenarios. 
Operation costs and dual variables are returned to the investment modules to guide the 
genetic algorithm search. 

- MV network design. A heuristic algorithm that considers only one change at a time 
improves an initial feasible network gradually. In the first step voltage drops, line 
capacity constraints and line investments costs are considered. In a second step, a 
quality of service analysis is done in order to decide the installation of switching devices 
and reinforcements. 

- LV network design. A heuristic algorithm that considers only one change at a time 
improves an initial feasible network gradually. Voltage drops, line capacity constraints 
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and line investment costs are also considered. A quality of service analysis is done in 
order to check whether the minimum levels of quality are satisfied. 

1.4.1.3 PERFORMANCE REGULATION OF DISTRIBUTION SYSTEMS 

In Strbac & Allan [48] a Performance regulation of distribution systems using reference 
networks is proposed. Considerable interest is shown worldwide about moving from asset-
based regulation to performance-based regulation. Two primary developments are needed 
for comparing the optimum improvement and operation policies that any given 
distribution operator can achieve and secondly a measure is needed to quantify the benefit 
that customers derive from these improvements. The first can be achieved using the 
concept of “reference network” and the second using “reliability worth assessments”. The 
reference network is identical topologically to the real one but has optimal network 
capacities, reliability, parameters etc. Relating to traditional regulating benchmark 
philosophies it claims that it is difficult, if not impossible, to establish a reliable, consistent 
and level playing field for measuring and comparing performance across companies. This is 
because the cost and performance are influenced by many factors such as geography and 
topography of the area, the number, nature and density of customers, the lengths and types 
of distribution circuits, weather conditions, asset replacement cycles etc. It can be argued 
that the benchmark approach therefore lacks consistency and could lead to higher long-
term changes. In this context the reference network approach clearly offers a viable 
alternative. In the paper a set of strategic parameters are proposed, mainly oriented towards 
the reliability issue. 

1.4.2 RELATED WORK CONCERNING THE NETWORK 
PERFORMANCE ASSESSMENT MODEL 

The NPAM model itself has been reported in brief and detailed terms, discussed and 
analyzed, in a number of articles and reports. [2],[6], [8], [9],  [10], [11], [17], [22], [23],  [24], 
[25], [26], [27], [28], [29], [30], [32], [36], [42], [45], [46], [47], [49],  [50], [51], [52], [53], [54], 
[55] 

In Agrell & Bogetoft [2] NPAM is set into a normative regulation perspective and is 
compared to the normative regulations in Spain and Chile. In Dreber, Lundkvist & 
Kollberg [6] a critical review of the economical parameter values in NPAM is performed. 
New values to some of the parameters were proposed. 

In Gammelgård [8] , [10] and Gammelgård & Larsson [9] NPAM is described and the 
implications to the network business is discussed. One of these aspects is a new way to set 
the tariffs: 
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Figure  3.  Illustration of the changed fundamental principles for the regulation of 
distribution utilities (Gammelgård) 

The implications relates both to the allowed incomes, the costs and assessments of 
investments under the NPAM. When the NPAM is the main regulatory tool, the way to 
increase the allowed incomes is through influencing the input data. Although the 
possibilities are limited the outage statistics provides the most obvious way. Costs, on the 
other hand, are external to the NPAM. However, by its construction the model emphasizes 
managing costs since the limited ways to influence the allowed incomes implies that the 
profit maximizing utility need to manage cost efficiently. In Gammelgård & Solver [11], the 
NPAM objectives to create a situation resembling a competitive market and self-regulation 
are highlighted. The conclusion is that there is a risk that the model will further separate 
the quality in high density grids from rural grids and a risk that companies with a poor 
quality will not have enough incentives to raise the quality. 

In Heden [17] NPAM is set into a context of Performance based regulation. Heden is the 
head of the Swedish Regulator (Statens Energimyndighet). He formulates the challenges 
when creating the sufficient regulation: 

- Find a theoretical base for the price regulation that gives incentives for efficient 
network companies, high quality services and reasonable tariffs for the customers. 

- Find a practical method to calculate the price or income level for each individual 
network company (there are more than 200 in Sweden). 

- Convince the customers, the network companies and the judicial system of the 
justification of the method used. 

In Sweden this has to be done with a staff of approximately 0.95 staff/company. The core 
idea for the new regulation regime is to copy a competitive pricing regime to as high a 
degree as possible. Some fundamental characteristics of pricing in a well-functioning 
competitive market are: 

- The companies operating on the market are price takers. 

- The only way a company can increase the price level is by improving the quality of 
services. 

- If a company can produce the services to a lower cost than general price level they earn 
money, if not they lose money. 
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In addition to the new regulation regime the Regulator will provide Conduct Codes. The 
companies will have access to the model so that they can make “shadow calculations” 
before they effectuate any tariff adjustment. The results calculated by the Regulator will be 
published annually so that the consumers and other interested parties can view the result. It 
will be easy for everyone to evaluate which companies that are keeping the tariffs low or 
which are overcharging its customers. One of the Conduct Codes stipulates how fast a 
company with high income ratio is expected to return to an acceptable level. The  main 
purpose of the Conduct Code is to make the Regulator’s views known ex ante.  In the 
regulation Sweden will keep its ex post regulation. 

The expected results from NPAM is increased efficiency in the network business and 
increased focus on quality aspects. 

With the new regulatory regime outlined in [17] “one may dare to say that Sweden is 
turning away from the present light-handed regulation to a more firm price-regulation. The 
last seven years of experience have taught us that it is wiser to think things through 
beforehand rather than to try to make up the rules along the way, as has partly been done 
in the past. To do this you need among other things, a transparent method to decide what 
the right tariff level is for an individual distribution company.” 

In Lantz [22], [23], [24] a critical review of the regulation principle in NPAM is reported, 
with focus on short and long term efficiency.  

In Larsson [25] the NPAM was originally proposed. In Larsson ([26], [27], [28], [29], [30] 
the research and development of the NPAM is described, from the early stages until the 
final model documentation. 

In Lindqvist [32] a company perspective to NPAM is added and the incentives to invest in 
more robust networks is discussed. Especially simultaneously errors in more than one 
component is highlighted. The conclusion is that it is uncertain if the incentives in NPAM 
are enough to guarantee robust networks. In [36] the official investigation commissioned 
by the Swedish government can be found. This investigation based many of its proposals 
on the ongoing development work with NPAM. The new regulation regime was a blue 
copy of the thoughts within NPAM – but formulated in a more stringent and judicial way. 
The regulation shall be based on so called objective requisites. In Sand & Nordgård [42] a 
comparison is performed between benchmarking methods. The article is primarily focused 
on Data Envelopment Analysis.  

In Solver & Söder [45] the Optimal Distribution Tariffs are related to the presence of 
NPAM and questions the balance between flexible and fixed costs in NPAM and the 
tariffs. In Solver & Söder [46] a comparison of incentives for distribution system reliability 
in a performance based regulation is carried out. One interesting conclusion is the 
relationship between the incentives for cost efficiency and the need for quality regulation.  
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Figure 4. Basic overview of regulation methods (Solver &Söder [46]) 

 

In [49] the trade association Swedenergy reports a customer survey of outage cost 
experienced by its customers. In [50], [51], [52], [53], [54] and [55] the Regulator reports the 
progress in the development and the tests of the NPAM. 

 

1.5 MAIN RESEARCH CONTRIBUTIONS 
 

The main research contributions are: 

- A set of definitions of the Requirements (required performances) and Objective 
Prerequisites when creating a Standard Asset (the Reference Network)  

- A Network topology of a Reference Network defined by a set of definitions of a 
Reference Network, based on the Requirements and Objective Prerequisites 

- A set of parameters to guide the creation of the Reference Network 

- Empirical full-scale comparison of the theoretical network with real networks 

1.6 RESEARCH METHODS 
This thesis started as a two weeks consulting assignment in 1998 with the commission to 
draw a rough sketch for a new regulation model. The assigner was the Swedish Energy 
Agency. Thus, it did not start as a research work. 

The first rough sketch contained the basic idea of NPAM. This idea was to look at the net 
business with the eyes of the customers. The customers don’t see a net grid. The only thing 
they are interested in is that there is a connection and that there is an undertaking on 
certain quality of delivery in this connection. For this they are willing to pay a fee. This fee 
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should, in one way or another, be connected with the added value the net company has 
performed to its customers. This added value is not the same as the benefit the customer 
has of the connection – the benefit is usually far larger than the net fee itself. Later on the 
added value was formulated as the lowest cost anyone could supply a power connection 
with a certain quality for.  

This first idea also aroused enthusiasm at the authority that thought the idea was worth 
developing. The idea also gained approval in the industry through a reference group that 
had been tied to the project at that time. Even the industry thought the idea was worth to 
develop. 

One of the explicit demands given was that a possible new regulation model should be able 
to use in court. This demand in itself leads to an increasing demand on the commission. 
Therefore, during the work, large efforts have been made to secure that the achieved 
results really are correct. This control has been done through source code control as well as 
alternative rough estimates.  

Thus, from the beginning this research work has been ruled by a vision. The vision was to 
create a model where the added value produced by the net companies would be compared 
with the tariffs. Furthermore, the vision was also to give possibilities of self-regulation. The 
net companies should be able to perform all calculations by themselves and to use the 
results of the calculations at the internal tariff decisions. Thereafter with this vision as a 
base the development work has taken place with constant new goals, goals starting from a 
constantly increased ambition level.  

The first goal was to identify the added values the companies create to their customers. 
These added values were early set to 1) connection of the subscriber 2) supply a delivery 
security 3) distribute energy 4) be responsible for the net administration. All these added 
values are required if the final product will be able to satisfy the customers. 

Concerning the first added value – connection – there were some alternative ideas. It was 
clear early that the added valued created is in one way or another related to customer 
density. To calculate this some different approaches were tested. The first approach was to 
measure the customer density as a certain number of subscribers per area unit. The second 
approach was to create a fictitious – artificial – grid, to measure the density indirectly. The 
third approach was to use the existing grid to get the density. 

The third approach – to use the existing grid – was fairly immediately rejected. By using 
existing grids an existing inefficiency was built in the new regulation. This was 
unacceptable. The first approach fell on the fact that it is difficult to directly turn a 
customer density into an added value. There is no intuitive relation. The choice fell on the 
second approach, to build a fictious grid. This has later on got the name reference grid.  
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Next goal was to make a prototype as quickly as possible to show that with the relatively 
sparse information about every customer – position and load – it is possible to build a 
reference grid that imitates but not reproduces a real grid. 

To be able to create a reference grid there was a need of a set of algorithms. The most 
important task for these algorithms were to cluster subscribers to groups, which in their 
turn form areas of local grids. This step was associated with a great deal of work. It is not 
so difficult to cluster points to groups. The difficult part was to do it in a way that imitates 
the creation of real grids. In this context it was also tested if the reference grid should be an 
optimized grid. Of several reasons the decision was to not look for an optimized solution. 
One of the reasons was that it should be too heavy for an ordinary office computer. 
Another reason was a hesitation whether it existed an optimized grid at all. All optimization 
occur towards certain fixed goals, and these vary depending on topography, load, operating 
philosophy etc. To be able to get a basis for the decision on continuation of the project as 
quickly as possible this development was done in an environment that gives a quick result, 
MATLAB, which is a matrix-oriented software. 

After development of the first prototype a first prototype test was done that included 12 
companies with 4,000 – 30,000 subscribers. The result confirmed that it was possible to 
create a reference grid on the basis of the sparse information given, only position and load. 

Thereafter a decision state followed. The assessment done from the authority and the 
industry was that it looked promising. It was accompanied by an order to develop a model 
for a full-scale test. 

It was also in this context that the fundamental approach for the NPAM was formulated 
“Not to estimate the resources a company has had to be able to manage the distribution 
but to estimate what added value the companies have created to their customers”. 

The authority conducted a dialogue with the government that also thought this 
fundamental approach was interesting. For that reason the government appointed a 
commission with assignment to propose the changes in the electricity legislation act that 
would be demanded by the NPAM – or rather by the new approach. 

During the work with the first prototype the environment– MATLAB – was sufficient. 
However, before the continuation it was assessed as insufficient.  An inventory was made 
of different environments, Java and C++ above all. Java was the main candidate but was 
dropped since there are several time critical applications. To manage this the so-called 
reference handling in C++ was needed, among other things. For that reason the choice 
was to develop in C++. 

In relation to the next step in the process an entirely new basic architecture for the 
software was created to start with. Above all, an object orienteering was performed. 
Furthermore, a class hierarchy was created so that the functionality among the different 



INTRODUCTION 

 25 

objects could be inherited to other objects. In all essential this basic architecture has been 
enough for all new characteristics that are being built in.  

Once the basic architecture was in place it was important to, as quickly as possible, get a 
functioning software again. This was constructed with the same prerequisites as the first 
prototype but in another environment to secure that both the calculation models gave the 
same results, which they did.  

In parallel with the development of the final software was progressing at full speed the 
industry contributed with competence. The goal was that the largest network at that time, 
Stockholm, should be calculated within less than one hour on a standard PC. It was a joint 
assessment that special testing on powerful computers were unacceptable. One of the main 
things with the model was the possibility to self-regulation. Then the software should be 
able to be run on an ordinary computer at the companies. This demand have since then 
been useful but limiting. It has led to some extra demands on the algorithms developed. 

When the first full scale software was ready it was tested among others on Stockholm’s net. 
It was shown that the model described ordinary nets in a rather good way but it was worse 
when it came to Stockholm. For this reason some elementary adaptations were made that 
gave a satisfactory picture of the Stockholm grid as well. In connection to this the 
development of the part of the model that assesses the distribution security started. With 
this software a first full-scale test was done that comprised 48 companies. The result was 
satisfactory. 

The handling of the proposition from the Commission of Inquiry was ongoing in the 
Government Offices in parallel with the development work. It was shown in a short time 
that it was not possible to introduce the model with the speed we had in mind. The 
legislative work would delay the introduction of the model with at least one year. 

Since it now was a delay in the project there was a possibility to change the elementary 
adaptations to a more logic performance. The change that was done in the first place was 
to extend the model to be able to manage an arbitrary number of voltage levels instead of 
only two – 0.4 kV and 10 kV. By that the grid could simulate the reality that is valid for the 
larger companies in a better way. This development work was followed by another two 
full-scale tests, the latter with 119 companies (of 259 in total) and the majority of all 
subscribers. 

To be able to manage an arbitrary number of net levels it was obvious that the model has 
to be built up in layers, one layer per voltage level. This gave also birth to the idea to make 
all levels identical in model and architecture. The only thing that will divide the levels is 
different choices of parameters for the different layers. This was not at all a matter of 
course but it was shown that it worked. Afterwards it could be stated that in this way much 
maintenance work has been simplified. All codes are in one place, not in one place per 
layer. 
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When those results were analyzed there was a lot of criticism in the first place against how 
the delivery quality was judged in the model. It was felt as too rough. This led to some 
basic research and a new development assignment to renew this part, which also led to a 
completely new model for judging the distribution quality, which is shown in this thesis. 
There was also criticism against how the grid was built up in the densest areas. 

In parallel with the development of the model the authority brought up a completely new 
process for administration of the relatively large flow of information. The base of this flow 
is an XML specification for all pieces of information. Then this specification has been 
implemented in the software. 

The development work was then ready and the model is in a sharp mode from spring 2004. 
The companies have sent in their databases containing information about all their 
subscribers. The model has been used for a first review of the Swedish Network companies 
in autumn 2004 and by Christmas time 2004 the first decision of direction – concerning 40 
companies – were taken. 

When it comes to experiences from this long research and development project it is three 
circumstances that ought to be mentioned in the first place. The first circumstance is about 
legal experts and the legislation. The time it takes to change a regulation was 
underestimated. The second circumstance is about the national security. To collect the 
large amount of information needed for the model was not unproblematic in relation to the 
national security. This has caused difficulties in the development work, difficulties to be 
able to use “sharp data”. The third circumstance is about attitude. A fundamental approach 
in the model is the focus on the customer. The model shall watch the customers’ interests. 
It has been difficult to get the grid companies to understand as well as to accept this. When 
it comes to the development work this has off and on been difficult and has taken time, 
but it has been under full control all the time. 

Finally, when it comes to the choice of method it is hardly possible to use ordinary 
development methodology for such a project. The work has represented a lot of research. 
There was a very clear vision from the start of the project. This is often a prerequisite for 
success. Without a vision or hypothesis you don’t know where to go. Then it is all about a 
periodically rather difficult search for roads leading to the goal. During the project there 
has been a number of dead ends, especially concerning the distribution security. If the clear 
vision had not existed it is uncertain if the commission had succeeded. 
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Chapter 2 
 

The Network Performance 
Assessment Model 

2 THE NETWORK PERFORMANCE ASSESSMENT 
MODEL 

A company operating in a competitive market produces customer values. It is these values 
that the customer is prepared to pay for. If the company produces values with no indirect 
or direct customer benefit it will not be able to – in the long run – get paid for these values. 
The reason for this is that there will be another company that can produce and sell the 
same product without the undesired values, to a lower price. Thus the competition grants 
that there will be no excess values in the product. 

The fundamental starting point of the Network Performance Assessment Model is the 
same as if it would had been in a competitive market. The goal is to calculate the customer 
values produced by the network companies and sold to the subscribers. The company will 
be allowed to – within the monopoly framework – get paid for these customer values. If  
the companies produces excess values, it will be prevented to get paid for these excess 
values. 

The customer values are the services produced by the grid company and demanded by 
the customer. This production is accounted in Customer Values. These values are 
considered to be based on an average cost, based on the cost for an efficient grid that will 
be built today, with already known technology. Furthermore, these values are what can be 
created by someone but can’t be created better by someone else.  

When deciding what customer values that shall be included in the model the approach was 
to look upon the companies’ commitment to the customer. The commitment is to  

- connect the subscriber to a superior grid  

- at a voltage level demanded by the subscriber  

- with a reasonably high reliability.  
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- Furthermore the commitment includes to distribute and measure the energy 
consumption on commission by an energy-selling company and  

- to bill the subscriber. 

These commitments has been altered to the following Customer values: 

- Connection,  

- Reliability,  

- Delivery and  

- Grid Administration 

Moreover those Customer Values can be illustrated in a Value Chain: 

Connection Connection Reliability Delivery Grid Administration

 

Figure  5. The Customer Value Chain 

The Customer Value Connection is the subscription at a distinct location with the 
demanded power supply. In common this subscription is valid at all days and times of the 
day. 

Customer Value Connection Reliability is the measured reliability at the connection. 
The existing spare capacity is unimportant. Only the measured reliability is of interest. 

Customer Value Delivery is the actual delivery of energy. Losses are unavoidable but can 
be influenced by the grid company. Therefore losses in the Reference Network are 
calculated and evaluated. Actual losses are disregarded. 

Customer Value Grid Administration is the value created to the customer through a fair 
measurement of energy, delivery of energy to the customer, to inform the company who 
delivered the energy, to bill the customer for the connection and reliability.  

2.1 THE NETWORK PERFORMANCE ASSESSMENT 
MODEL 

Network Performance Assessment (NPA) is the sum of the Customer Values and thus 
the Network Performance Assessment Model is the model to assess these customer values. 

The steps in the model are: 

- Clarify the starting point and separate the Customer Values 
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- Configure a Reference Network, which gives basic data for an econometric evaluation 

- Settle an econometric evaluation, i.e. calculate the asset values in the Reference 
Network, which gives basic data for calculating the Customer Values 

- Calculate the Customer Values, mainly as annual costs calculated from the investments 
and from standard costs. 

- Calculate the Network Performance Assessment, as the sum of the Customer Values 

- Compare the Network Performance Assessment to the Customer Values, i.e. the 
payment from the subscribers 

 

Objective
prerequisites

Creation of the
Reference Network,

without spare
capacity

Connection

Customer Values

Network Performance Assessment

Reliability

Expected outage frequency in
the Reference Network with

spare capacity

Subscriber
requirements

Delivery

Standard costs Market prize

Measured delivery
of energy

Losses in the radial
Reference Network

Administration

Measure

Billing

Legal
administrative

cost

Standard costs

Technical
assessment

Starting
point

Econometric
assessment

Calculation of
Customer

Values

Reading

Outage costs

Adding Spare capacity to the
Reference Network

 

Figure  6. Steps in the NPAM 
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The perspective of the Network Performance Assessment Model is the customers’ view. 
This implies that it is only what the customer can see and/or judge that is basic data to the 
model. Only such things that are visible or obvious to the customer are recognized as basic 
data.  

2.1.1 INPUT DATA 

The input data to the model from the utility are: 

- Geographical position, actual energy consumption and revenues generated to the utility 
for each customer, including the domestic customers. 

- The geographical positions of connections to other networks along with energy 
delivered to the network and voltage levels. 

- Average outage frequency and duration separated into announced and unannounced 
outages. 

2.2 CUSTOMER VALUES 

2.2.1  CUSTOMER VALUE CONNECTION 

All circumstances that the grid company can’t influence are named Objective 
prerequisites. Different subscribers have different conditions according to the location 
and capacity demand. Some subscribers are easy to connect, they might be located in a 
town and many subscribers can share the same cable. Other subscribers might be located in 
the countryside. To be connected they will demand long cables, that can’t be shared with 
other subscribers. The power demand differs and is variable throughout the day. This 
implies that the conditions between different customers – and therefore between different 
companies – differs. According to the conditions for the grid company they are obeyed to 
supply all demanded power at an arbitrary location within their concession area. 

The most important Objective prerequisites are: 

- the location of the subscriber 

- maximum power demand 

- consumer pattern, the power demand throughout the day 

It is normally impossible to exclude the excess capacity from a real grid. Because of this the 
method is to configure a Reference Network. Due to the normal circumstances in an 
existing grid – a radial grid – the Network Performance Assessment Model configures this 
Reference Network radial as well. The Reference Network is configured from the 
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Objective prerequisites, i.e. from the knowledge about the subscribers location and power 
demand, and is a reasonable efficient grid. 

The Reference Network is initially created as a pure radial network. Then some 
adjustments are performed to the network. Among these adjustments is to add spare 
capacity in a reasonable amount to the radial grid. The amount of the spare capacity is 
depending on the preferences by the subscriber. If they are prepared to pay for a high 
reliability then there will be a great amount of spare capacity. If the will to pay is poor then 
there will be less spare capacity. 

The result is a Reference Network with spare capacity in accordance to the reliability 
expected by the customer.  

2.2.1.1 COMPUTER BASED CREATION 

The Reference Network is configured and evaluated in a computer. There are no maximum 
limits in the number of subscribers. Tests have been performed of single grids with more 
than one million subscribers. There are a number of evaluations performed together with 
the configuration. As one output from the computer calculations are picture files showing 
the configured grid. 
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Figure  7. A Reference Network 

The creation of the Reference Network is explained in details in the next chapter. 

2.2.1.2 THE ECONOMETRIC EVALUATION OF THE REFERENCE 
NETWORK 

Starting in this configured Reference Network an econometric evaluation can be 
performed. The Reference Network gives information about each part in the grid, i.e. each 
cable and each transformer, on each voltage level. The asset value for every single part in 
the system is calculated from a standard cost function. For example when dimensioning a 
cable, experiences have shown a strong relationship between the investment and the 
subscriber density, expressed in cable length/subscriber. 
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Investment

Density (lines meter/subscriber
 

Figure  8. The primary function used for simulation in the NPAM- a modification 
of Tanh(x) 

The basic mathematical function that has been used to model the cost function is Tanh(x), 
which has favourable properties for this the purpose. 

From this and other similar functions the asset values and the annual costs for each cable 
and transformer are calculated. A standard cost for service and maintenance is added.   

In addition to the assessment of the Reference Network is the cost from the superior grid. 
These are not questioned in the model. They are “transported” straight to the Network 
Performance Assessment. 

A detailed description of the creation of the Reference Network is presented in a later 
chapter. 

2.2.2 CUSTOMER VALUE CONNECTION RELIABILITY  

If the real reliability is less than the Expected Reliability then there will be a discount in the 
assessment of the customer benefit. The starting point is thus an Expected Reliability. This 
is compared to the Attained Reliability. Then the Network Performance Assessment Model 
will reduce the assessment if the Attained Reliability is lower than the expected. 

The assessment of the Attained Reliability and the Expected Reliability is in close relation 
to the assessment of how much spare capacity that has to be added to the radial network. 
The description of the research method and result follows in a later chapter. 
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2.2.3  CUSTOMER VALUE DELIVERY 

In Sweden the purchase of energy is performed by others than the grid company. 
Therefore the Customer Value Delivery only contains the losses in the grid caused by the 
energy delivery. The distribution of energy can’t be done without losses from a strictly 
physical perspective. Because of that it’s fair to evaluate the losses as an Customer Value. 
However, the losses can be influenced by the company. According to this and analogous to 
the previous discussion the losses are calculated in the Reference Network and evaluated 
according to a market price for electricity. (So far the losses are calculated from a template 
curve, but this will be replaced with a correct physical calculation). 

2.2.4 CUSTOMER VALUE GRID ADMINISTRATION 

According to the law the energy delivery and in many cases even the power must be 
measured, read and billed. In connection to the grid configuration an electricity meter is 
associated to every subscriber. The asset value and the annual cost for this meter are 
calculated. A standard cost for reading and billing is added. 

2.3 THE SET OF PARAMETERS 
The utility configuration and the econometric evaluation are monitored through a set of 
parameters. These parameters are equal to all companies and are an important part of the 
rules guiding the Network Performance Assessment Model. The parameters include: 

- Limitations in the configuration regarding transformer size, cable length, voltage drops 
and cable currents. 

- Physical data regarding cables and transformers 

- Data regarding aggregation of power among subscribers 

- Economic values for investments in cables and transformers 

- Loss function 

- Depreciation times for system parts 

- Market price for electricity 

- Rates regarding risk and interest 

- Failure costs 

2.4 SUMMARY OF THE RESULTS OF THE FULL-SCALE 
TEST OF THE ASSESSMENT MODEL 

The Network Performance Assessment Model has been tested in small and full scale 
several times. The total amount of companies in Sweden is 259 with approx 5.3 million 
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subscribers. The first test was performed in 1999 and included 12 companies and less than 
100,000 subscribers. The next test was in 2001 and included 49 companies and 1.7 million 
subscribers. Then it was tested in 2002 on 114 companies and 2.7 million subscribers. The 
final test was performed in 2003 on 193 companies and approx 4.3 million subscribers. 

The following results are an outline of the result from the test performed at the database 
from the 2002-test, i.e. 114 companies and 2.7 million subscribers. The figures below are 
per subscriber. 

 
 

Result per 
subscriber 

% of Network 
Performance 
Assessment 

Customer Value Connection, radial network SEK 1,297 46% 
Customer Value Connection, spare capacity SEK 336 12% 
Customer Value reliability SEK -129 -5% 
Customer Value Delivery SEK 170 6% 
Customer Value Administration SEK 341 12% 
Services from superior grid SEK 826 29% 

Network Performance Assessment = SEK 2,841 100% 

Revenue SEK 3,389 119% 

Debiting rate = Revenue / Network Performance 
Assessment 

1.19  

Debiting rate, first quartile 1.01  

Debiting rate, median 1.12  

Debiting rate, third quartile 1.21  

Subscriber density, median 83 m/subscriber 

Table 9. The result from the final test of the NPAM 
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Chapter 3 

Spare capacity and outage costs in the 
Reference Network 

3 SPARE CAPACITY AND OUTAGE COSTS IN THE 
REFERENCE NETWORK 

With a certain probability all technical components will come to pieces some time. When 
these components are parts in technical systems error conditions may cause devastating 
consequences if there are not any reserves in the system. For an electrical grid with 
completely radially input, for example, all units downstream a failing unit will be knocked 
out. For this reason there are spare components in the radial grids so that different error 
conditions can be handled with no or little effect for the customers when a component 
fails. The amount of spare capacity that exists is formulated in different practice and 
technical standards. Ultimately it is the customer’s will of payment that should direct the 
extension of the spare capacity. Strictly theoretical the grid should be extended with more 
spare capacity as long as the cost for building the spare capacity is less than the customer’s 
estimated cost for an interruption. However, it is a great challenge to find methods on how 
to extend the spare capacity in the best way as well as how much spare capacity that will be 
built.  

Even a reference grid needs spare capacity. In the reference grid this has been implemented 
in two steps. The first step comprised a comprehensive analysis of the grids included in the 
tests. This analysis included extensive calculations and compilation of relations. First of all 
these relations amounted to relate the need for spare capacity in the grid to the grid’s 
subscriber density. The relations were transformed with the help of mathematical 
functions.     

The second step was to use these identified relations – template functions – on the radial 
grid. For example the template function for the spare capacity mentions how many spare 
lines a certain grid should have, taken the environment of the subscriber density into 
consideration. Thus the template functions are functions that every component in the 
radial grid should be factored by. The result of this operation is in the following somewhat 
improper called a spare network. It is not a real grid, it is not connected as a grid, but solely 
an assembly of lines and transformers whose number and size, nevertheless, is a reasonable 
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assumption of the need for spare capacity. This has been considered enough since the 
reference grid is used to estimate how large costs that can be related to a grid. Then it is 
enough to know the number of extra lines and transformers. There is no need of 
information about their reciprocal relation to the switched grid.  

 

3.1 HOW MUCH SPARE CAPACITY IS ENOUGH? 
A low outage cost in a grid is mainly achieved in two parallel ways. First of all it demands 
qualification and experience of the grid operators. The outage cost is directly dependent on 
a well-functioning maintenance of the utilities and a fast emergency organization that, at a 
grid failure, can be able to isolate the damages as well as repair the grid failure – without 
unnecessary time-delay. Lack of competence can cause far-reaching damages on the 
company’s as well as the customers’ utilities. However, it is impossible to take those 
necessary qualifications into consideration when building a reference grid. 

Of equal importance as qualification and experience is the access to spare capacity in the 
grid. It is impossible to avoid errors in principle. First of all, the remaining system must be 
able to switch off the load in a safe way. Thereafter a switching in the grid must be done in 
a way that minimizes the interruption time. Many times it could take comparatively long 
time to repair an error. Then the feeding to the grid must occur in an alternative way. This 
can be modeled into the reference grid. 

Spare capacity is implemented in different ways. Transformers can be duplicated. Lines can 
be doubled and the net can be meshed, i.e. contain lines that not follows the radial 
structure but run between branches.  

It is not reasonable to at any price build spare capacity to avoid all errors. The benefit of 
building spare capacity must all the time be weighed against the damage that occurs if 
errors are being accepted. In the end it is the customer’s estimated cost of an error that 
should be weighed in at the dimensioning of the spare capacity. 

Thus the theoretical approach is that the spare capacity should be extended as long as the 
cost for this capacity is lower than the cost of an error estimated by the customer. This 
leads to the following consideration: the spare capacity should be extended as long as the customers 
are willing to pay for the benefit generated from the spare capacity.  

In a complete radial grid all nodes have only one feeding grid element, line or transformer. 
This means that all outlet points downstream a node are dependent on the absence of 
interruption of the grid element that transmit electricity to the node. If the node feeding 
grid element is affected with an interruption all outlet points downstream the node are 
affected. This interruption lasts as long as the interruption of the grid element lasts. This 
condition applies for the entire radial grid.   
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If the statement above should be valid all outlet lines in the entire radial grid must be 
provided with an interrupter function on the outlet line after the transformer. On that 
occasion only the defective part of the entire grid will be affected with an interruption 
when there is an error on a grid element. Without this assumption the entire radial grid will 
be affected with a complete interruption at every occurred error on any of the entire grid’s 
all grid elements, which would be completely unreasonable. 

In that connection it could be motivated that those switchyards of output cells that become 
the result downstream every transformer are provided with a switching function. This takes 
effect at errors or maintenance on any of the ordinary line switches in the switchyard. 
Furthermore, many types of errors or maintenance measures on a line demand that the line 
is disconnected for a long time. With the help of switching equipment the defective line 
can be isolated from the remaining grid during the defective time. At that, the damage to 
the customers who are downstream the defective line is limited. Customers upstream the 
defective line can get back the feeding when the defective line has been disconnected. 

To every node in the radial grid there is only one grid element with incoming feeding. All 
customers downstream the node are dependent on the incoming feeding. At errors on the 
feeding all customers downstream are affected with interruption. If there is a spare feeding 
it has a value that corresponds to the outage cost for all customers downstream the node 
that can be avoided through connection of the spare feeding. Thus the failure cost avoided 
is calculated with the help of 1) the customers’ outage assessment, 2) estimated failure 
frequency and estimated failure time for the radial net. The frequency and failure time are 
divided into planned interruptions and disturbances in the supplying grid element. 

To nodes that are feeded by a transformer there is only one way to establish a reserve to 
regular feeding of the node and it is by putting in a spare transformer. To nodes that are 
feeded by a line there are many different alternatives to establish a reserve for the regular 
line to the node. Such spare line can be built from any of the other nodes at the same 
voltage level that are not downstream the current node. Of all accepted alternatives there is 
one alternative that represents the lowest additional annual expenditure. If a spare feeding 
will be established it is this alternative, the most inexpensive one that ought to be 
implemented. 

The eliminated outage cost achieved at the establishment of a spare feeding should be 
compared with the annual expenditure of the most inexpensive alternative for realizing the 
spare feeding. At that occasion the default of failure cost must be higher than the 
additional annual expenditure for the spare feeding to be established. 

All nodes in the entire radial grid can be calculated in the described way. For every grid 
element a outage cost could be calculated. The calculation starts from the outage 
assessment, for all customers downstream the node that are affected with interruption 
when there is an error on the incoming feeding to the node. For every node the most 
inexpensive accepted way to establish a reserve for the regular feeding can be calculated. 
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When all nodes in the radial grid have been calculated in the described way there is a long 
succession of motivated spare feedings that ought to be established. What previously has 
been said is a strictly theoretical reflection however. In the concrete calculation work it 
turns out that when a decision has been made concerning a certain spare feeding the 
profitability of the other spare feedings will be affected. 

The valued outage cost in a radial grid (without spare capacity) can be calculated and 
expressed in the same chart as the annual network cost for the grid.  

It is shown by point A in the following chart: 
A

nnual investm
ent cost

Outage cost

A B

C

Expected
Reliability

a b

 

Figure  10. Outage cost vs. annual network costs 

If such a grid is computed with respect to find all motivated spare feedings, and the 
measure that has the best profitability is realized in the grid, the annual network cost and 
the expected outage cost in the network are changed. It gives a new point B in the chart. 

Thereafter, if all profitable spare feedings gradually realizes in the grid in order of 
preference for profitability, the relation between the annual network cost and the expected 
outage cost gradually change from point B to point C in the chart.  

Every profitable measure put into practice has a lower annual cost for the network owner 
than the value of the decreasing outage cost for the customer. In a grid with low quality 
inexpensive measures (low additional annual cost) have great influence on expected outage 
cost. The better quality it gets in the grid the lower profitability it gets for additional 
measures to decrease the valued lack of quality. The least profitable of the spare feedings 
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are those that have the same annual cost as the decreased outage cost. Those are the 
measures found close to point C in the previous chart. Point C is the point where the 
network can perform Expected Quality. Ideally, every company should have a network 
that performs Expected Quality. 

To the right of point C in the chart further measures for improved quality in the network 
ought not to be done. Such measures have a higher annual cost than the value of the 
improved quality and cannot be motivated to the customers. The marked difference 
between point A and point C in the chart represents the spare grid calculated by the model. 
The slope of this function is 45 degrees in the point C for Expected Quality because there 
the costs for improving the quality measures and the customers’ outage assessment of 
improved quality coincide.   

The relation between increased annual costs in a network and decreased outage cost is a 
matter of principle for all networks. The difference between different networks is the radial 
grid’s own inherent quality function. This also results in a variation in the extent of 
redundancy adjustment with respect to the grid density as well as the number of grid levels 
in different networks. This, in turn, results in a variation of the expected outage cost 
between different networks with respect to the density. 

3.2 THE QUALITY FUNCTION OF THE NPAM 
The outage cost has an essential assignment in the NPAM and that is to estimate how well 
the network companies have been able to live up to the demand the customers have the 
reason to put on the companies. In this context this applies to the outage cost measured by 
a valuation of the number of interruptions and the length of the interruptions first of all. 

The starting point for the model is on one hand the customers’ will to pay for spare 
capacity in the network and on the other hand an estimation of how well the network 
companies have been able to live up to the customers’ demand for low outage costs. 

The fundamental approach is that spare capacity should be built as long as the customers 
are willing to pay for this. This spare capacity is calculated as a supplement to the so-called 
network performance calculated in the NPAM.  

It is not reasonable to demand the network companies that the grids should be free from 
interruptions. Given the spare capacity built in the grid there will inevitably come up 
interruptions, despite the spare capacity, since there is a certain probability that all system 
components will break and must be maintained. In the model this is called Expected 
Outage Costs. These costs are compared with an estimation of the costs for the 
interruptions the network companies have reported. These costs are called Attained 
Outage Costs.  

The functionality of the mains supply consists of two main parts. At first the customers are 
connected. This is done through a completely radial grid, which requires enough capacity of 
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the electric network for the customers’ power requirement and for transference of energy 
to the customers. The connection is done with a certain quality that requires that the 
transportation of electricity is done with a certain quality for the customers. 

Thereafter all customers must have an economically reasonable delivery quality. For every 
component in a technical system there is a statistical risk that the component will break and 
must be repaired or changed. There is also a need of preventive maintenance at a certain 
periodicity of every component, to minimize the risk for errors. This is also valid for an 
electricity network. Somewhat simplified the components in an electricity network can be 
said to consist of lines between nodes on the same voltage level in the grid and 
transformers between nodes on different voltage levels. For every line and transformer an 
outage frequency and failure time at occurred interruptions can be expressed. With 
advantage the interruptions ought to be divided into scheduled and unscheduled 
interruptions at that occasion. 

To start with, the Reference Network grid is a complete radial grid without improving 
quality measures. A complete radial grid can provide a rather high but often not sufficient 
or acceptable quality.   

In order for the model to measure the network companies’ entire performance in a correct 
way it is not enough to measure and value the connection function of the network. The 
model must be completed with a function that measures and values the additional effort 
required to satisfy the quality function of the network. This additional effort consists of the 
spare lines and spare transformers that, on the basis of the customers’ outage assessment, 
can be motivated for limiting the customers’ failure cost at occurred interruptions in the 
radial grid. This is called the spare grid. Such function increases the ability of the network 
to perform quality, from a low quality level up to a desired quality. The radial grid and the 
spare grid together form the reference grid. 

It is essential to understand that it is not the spare grid alone that vouches for the ability of 
the network to perform desired quality. It is the radial grid and the spare grid taken 
together that vouch for the quality function of the grid. The radial grid and the spare grid 
are technical constructions in the model to reproduce the complete functionality in the real 
network. In the real network it is not possible to identify what is the radial delivery and 
what is the improving quality measures. It is the complete network taken together that 
vouch for the radial delivery as well as a quality function. 

To be theoretically correct the network owner should minimize the sum of costs in its own 
grid and the customers’ failure costs for insufficient quality. Ideally this means that each 
company should act as if they were forced to pay compensation at every occurred 
interruption. This is valid irrespective of the quality level of the company, i.e. regardless if 
the company has a significantly worse quality than expected quality or a better quality than 
expected quality. Then it is the company’s possibility to minimize the total cost through 
measures taken in their own network that reduces the outage cost more than they increase 
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the costs in the own network. Since insufficient quality in small numbers is not profitable 
to take care of (and 100 % quality is not possible to achieve), it shows that a certain outage 
cost must occur in every network. In every individual case it is the network company’s 
possibility to choose between to pay compensation or take measures in its own network. 

The economical cost of insufficient quality is shown in the customers’ outage assessment 
applied on the measures for deficient quality that are being used. On that occasion it is 
necessary that the outage assessment used at the valuation of deficient quality is the same 
as the one underlying the calculation of spare capacity.  

The estimated annual cost of a redundancy adjusted radial grid is the cost needed to obtain 
the two function requirements of the network activity, transport of electricity to an 
acceptable quality. The goal for the transport function is achieved by the fact that a line is 
constructed to every customer. Every company achieves that. However, there is a great 
variation in the achieved quality between the different companies. All companies have 
some quality scarcity. Far from all reaches the goal of acceptable quality. To motivate an 
income that amounts to the annual cost of a Reference grid the companies should be able 
to show that reached quality is at the same level as desired or acceptable quality. For 
companies not reaching the desired quality the estimated annual cost for a Reference grid 
must be reduced in proportion to how far from desired quality the company is. For that 
reason the model must be complemented with an additional function that measures and 
values the company’s quality scarcity and make a deduction from the estimated grid cost in 
an appropriate way.    

By this discussion the function for deduction with respect to reached quality scarcities a 
freestanding function separated from the redundancy adjustment. 

The quality scarcity is a valuation of the damage to the customers due to an interruption. 
The companies can compensate the customers for occurred interruptions by paying 
compensation according to some system. Such payment reduces the total economic 
inconvenience for the customers. When you speak about valued outage cost you have to 
refer to the valued quality scarcity reduced by paid compensations. 

The quality in a network consists of several different parts, the outage cost that describes 
the availability of the electric grid, and the electricity quality that describes the quality of the 
electricity that are transmitted (of which the voltage quality is an important part) and 
administrative quality that describes the quality of concepts as for example customer 
service and the process of changing of suppliers. Here the discussion is limited to the 
outage cost. 
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3.2.1.1 EVALUATION OF ATTAINED OUTAGE COST 

The economical cost of deficient quality will be expressed in the outage assessment of the 
measures for quality scarcity that are being used. The cost for deficient quality can be 
illustrated in the following chart: 
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Figure  11. Principles of regulation from outage costs 

A reproduction in a model technical way of this theoretically correct approach means that 
the cost for the redundancy adjusted grid should be reduced with the value of the deficient 
quality according to this diagram. The reduction should be done no matter the size of the 
quality scarcity. 

3.2.1.2 REGULATION LIMITS 

The NPAM is created in order to valuate the performance a company does to its 
customers, and to describe “normal” discrepancies of a normal performance. 

When a network company differ substantially from what is considered as normal the model 
will not with certainty give a correct description.  

For example, when it is a matter of the customer’s valuation of interruption, this starts 
from a normal incidence of failures. The valuation of these interruptions is fairly high. But 
on the margin this is not a correct valuation. The customer has a considerably higher 
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damage assessment on an interruption that lasts one hour than an interruption that 
increases from 250 hours to 251 hours. On the margin the customer’s valuation will be 
non-linear. It could even contain discontinuations. One could be that at a certain level the 
customer in addition to the cost for the interruption he has to install his own replacement 
power. 

In a similar way it is not without value for the customer with a quality that is higher than 
expected. Also this “super quality” has a value. 

Of that reason it is important that the damage assessment is used with sense. It could not 
be stretched to be valid for conditions outside the normal. 

This is also shown in the damage assessment done by individual companies. When the 
customer valuation is applied on the reported values from certain companies a deduction 
function – applied without adjustment – would cause the company to spend a net payment 
to the customer. Despite the fact that the customer might have had a functioning grid 95 % 
of the year. 

All in all, this leads to the fact that the model has to be surrounded by a regulation limit. 
When the real-life conditions indicate that the evaluation ends up outside this regulation 
limit other principles must enter. 

The NPAM should not be used on a company with a bad network to force the company to 
a premium reduction. The net benefit is not of any interest in this context. If anything, the 
company should have an immediate direction to strongly improve their outage cost. If this 
is not fulfilled the concession ought to be reviewed. However, this is not uncomplicated in 
relation to present legislation. 

In the chart above it is possible to conduct a discussion about what should be valid in the 
area I-IV.  

In the point C everything is normal. The company has built its spare capacity according to 
the customer valuation and runs the grid in a way that the customer gets the quality he asks 
for. 

In area III the companies that fail to deliver Expected quality gets a deduction based on 
the customer valuations. The deduction can be that large that in the end the company does 
not get any compensation for its spare capacity. At that time the company is at point D.  

If the quality is even worse than at point D (area II) the deductions continue so that the 
company slips down along the line to the left of point D at the line D-E. Somewhere a 
condition occurs when the deduction could not be considered as linear and continuous 
deductions to the same extent should be obviously unreasonable. If it has not happen 
before it will happen when the deduction equals the Network Performance Assessment 
from the radial grid. Continuous deductions would lead to that the company became in 
debt to the customer. Then we are far outside the model’s regulation area. It is obvious that 
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some kind of action must be taken in area II. Either it should be a deduction or the 
authority must come with a direction about improvement of the quality. 

If there is not any action taken in area II (deduction or direction) these companies will not 
have any incentive to improve their quality. Improvements don’t give any extra payment, 
unless they lead to the company ending up to the right of point D.  

In area I we are outside the model’s regulation limit and other actions than deductions 
must be considered, for example direction.  

In area IV it is not obvious what should be done. Even a quality that is better than the 
expected is of value to the customer. The subscribers will benefit from this improved 
quality, but the marginal improvement is less than the cost to produce it. Consequently the 
improvement has to be valued lower than the improvement at point C. An easy approach is 
to accept the improvement to be within the regulation limit but give a lower marginal 
assessment. 

3.3 THE ANALYZE-MODEL 
Thus, there is a relation between the spare capacity in a grid and the outage cost 
experienced by the customers. To calculate the need of spare capacity is a very extensive 
and complex task. In principle this means to look for an optimal composition of lines and 
transformers. To find this optimal solution all conceivable alternatives must be calculated. 
This leads to an extremely large number of alternatives. In different ways the problem must 
be simplified and a “smarter” search path must be found. 

The model of choice is Monte Carlo simulation. This means that the radial reference grid is 
“bombarded” with errors in the different system components. When an error occurs in a 
system component this will cause consequential errors in all components downstream this 
component. At last – at the furthest distance in the grid – this will cause an interruption at 
the customers that are downstream the component. This error can be measured by its 
length, like not delivered power and energy. Through knowledge about the customers’ 
experienced outage cost this values can in their turn be turned into a total outage cost. The 
“bombardment” of errors done against the grid has a distribution that fit in with the 
probability of how real errors appears.  

An analysis of real errors has been done together with the network companies. Errors refer 
to direct errors as well as the need of switching off parts of the system to be able to do a 
reasonable maintenance. The incidence of maintenance and errors in the model has been 
described with the help of frequencies and length. These have then been transcribed to a 
Weibull distribution, which is a statistical way to describe the probability for an error 
occurring after a certain time.  

Furthermore, a restriction has been added to the model. The time between two 
maintenances has been limited in a way that it could never be larger than the depreciation 
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period. This is due to the values in the following table where for example short lines can 
give rise to maintenance times of a couple of hundred years which is not reasonable. When 
it concerns errors on lines these have been assumed to be length dependent. This is a 
correct assumption when applied on wires but is more doubtful when applied on cables. In 
the model the lines have been assumed to be cables. Reasonably no maintenance can be 
done on a dug cable but only on connections and joints. This suggests a fixed maintenance 
time that is not length dependent. Wires are dominating on Net level 3 and 4 (40kV and 
110kV). On Net level 1 and 2 (0.4kV and 10 kV) cables represents a bigger and bigger 
proportion on the other hand. Despite this – of simplification reasons in the first place – 
until further notice length dependence in the maintenance frequency have been assumed 
even on Net level 1 and 2. 

Lines
Net Level 1 

(0.4kV)
Net Level 2 

(6-20 kV)
Net Level 3 
(20-50 kV)

Net Level 4 
(70-130kV)

Probable time between errors 
(years) 218.95 10.94 1.53 1.46

Probable duration between errors 
(minutes) 197 240 124 44

Probable time between 
maintenance (years) 256.42 20.18 4.58 3.34

Probable duration between 
maintenance  (minutes) 145 173 1588 1992

Transformers
Probable time between errors 

(years) 80.00 20.92 20.92
Probable duration between errors 

(minutes) 230 1681 3044
Probable time between 

maintenance (years) 28.99 2.29 2.31
Probable duration between 

maintenance  (minutes) 131 427 435.5

Subscriber assets
Probable time between errors 

(years) 100000 100000 100000 100000
Probable duration between errors 

(minutes) 60 60 60 60
Probable time between 

maintenance (years) 9 9 9 9
Probable duration between 

maintenance  (minutes) 8 8 8 8  

Table.  12. Maintenance and error times in the reference network 

In the software a sequence of events have been created on the basis of the probable 
distribution of an error. When an error is generated in the network outage costs come up at 
respective customer. These outage costs are accumulated. With the help of the customer 
valuation there is a basis to examine the profitability in the possible spare switching 
available. All switch points in the grid are gradually searched and the cost for connecting to 
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another part of the grid – without a simultaneous error – are examined. If it is a profitable 
alternative it is compared with all other alternatives in this point. In this way all 
uninteresting alternatives will be rejected immediately and not burden the calculations 
further. Because the other point that the spare feeding is connected to usually also has a 
benefit from a spare feeding from the first point, all alternatives in the receiving point must 
be valuated. If there is such a profitable spare feeding this is connected. Thereafter all 
accumulated outage costs are set to zero in the nodes that are dependent on this spare 
capacity and the calculation proceeds through the generation of new errors. 

All in all, this leads to a very complex decision situation. To be able to carry out 
calculations and analyses a number of simplifications must be done in the conditions 

To find the optimal composition of spare capacity will probably be impossible for a grid of 
ordinary size. The decision situation is too complex. However, through simplifications it is 
possible to find a fairly good production of spare capacity.  

3.3.1 SIMPLIFICATIONS 

No spare capacity of a malfunctioning transformer in the subordinate grid  

When an error occurs in a transformer there is often a spare feeding through the spare lines 
the subordinate grid has to other grids. In the calculations this possibility is ignored 
however. 

Sectioning and switching equipment 

Since in the nature of the reference grid there are no switching off and sectioning 
equipment, an error in a certain system component will not only turn off the network 
downstream this component but also all components upstream. Thus, every error will turn 
off the complete network. It is patently absurd that the customers will accept such a 
network. Thus, the first step when it concerns the spare capacity is to make sure there is 
sectioning and switching off equipment – in the form of breakers and disconnectors – in a 
sufficient extent for the grid to be sectioned when an error occurs. Such equipment – 
disconnectors in the first place – is in relation to the other system components inexpensive. 
Therefore no separate analysis of the need of this equipment has been performed. It has 
been assumed as a prerequisite for the calculations that there is enough of such equipment. 
It is possible to do this calculation but it is considered not to bring anything extra to the 
analysis. 

In this way a simplification of the calculations has been done. An error in a certain system 
component is considered to propagate downstream only. Upstream the error it is 
considered to be equipment that instantaneously switches off the failing system component 
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and the grid downstream this component. Breaker and disconnector can be of more or less 
complicated nature. The most elementary are common fuses that releases when the current 
through the fuse becomes too high.  

Thus this simplification leads to an increase of the network cost. It has turned out to be 
easier to take this into consideration in the so-called cost functions for the reference grid 
that exists as parameters in the NPAM than to add this costs separately in the calculation 
of the spare capacity. 

Transformer breakers 

Another simplification is about breakers in a transformer. All transformers on net level 3 
and 4 have at outgoing transformer cells assumed to be provided with a spare breaker. 
Further it is assumed to be breakers on the incoming line to the transformer, so that an 
error on a transformer only leads to a disconnection of the transformer and the 
subordinate grid. On the other hand it does not lead to errors downstream the primary side 
of the transformer. 

Three component states 

The components are assumed to be in either of three states: operating, in service or failure. 
After an interruption the component is assumed “as new”. 

The same outage cost through out the day 

Occurred errors are assumed to have the same outage cost whenever occurred (the cost is 
not higher during daytime than during the night). 

No simultaneous errors 

In a real grid two or more independent errors to a certain probability occur at the same 
time. Often this probability is so small that this case can be ignored. But certain errors can 
with a not negligible probability occur simultaneously. These errors are also dimensioning 
for the grid. In the model of analysis developed these simultaneous errors are not included 
however. All errors are assumed to appear solitary. 

Error and maintenance frequencies 

Error and maintenance frequencies on a line are supposed to be linearly dependent of the 
length of the line. This works well as a simplification. In reality the relation are probably 
not complete linear. Since all lines have a given switch equipment in the ends it can be 
assumed that this switch equipment are not dependent of the length of the line. In the 



THE NETWORK PERFORMANCE ASSESSMENT MODEL - A NEW FRAMEWORK OF REGULATING THE ELECTRICITY NETWORK 

COMPANIES 

  50

model ground cables are used consistently on Net level 1 and 2. The maintenance 
frequencies are not length dependent for these switchers. In spite of this a length-
dependence has been assumed in the model wherefore the spare capacity calculated in the 
following for net level 1 and 2 probably are too high. 

No cable dimensioning 

For the spare lines that are calculated in the model even a dimensioning of the lines should 
be done at an ordinary planning. This includes investigating if the voltage drop on the line 
lies within allowed limits, that the current not exceeds given values etc. Such dimensioning 
is done for the lines included in the radial grid. 

The majority of the placed spare lines are placed within the same grid station. Then this is 
no problem. If the line runs to another grid station area it can, however, be an undersized 
line and the transformer in the other grid station is not dimensioned to take care of the 
extra load. Thus, this can be a problem but not in the ordinary cases. The lines calculated in 
the reference grid are dimensioned to manage the highest load over the year. So, a 
considerable simplification has been to leave the dimensioning of the lines out of 
consideration when calculating the spare capacity. 

Consequences of the simplifications 

All simplifications have consequences for the calculations. The first and most important 
consequence is – as mentioned previously – that the calculations get viable at all. Another 
consequence is that the calculations are affected by some over- and underestimation. The 
assumption that there are not any simultaneous errors is an important simplification that 
however, in individual cases, can lead to a certain underestimation of the need for spare 
capacity. The same applies for the absent dimensioning of lines. On the other hand the 
assumption that errors and maintenance on lines are linear dependent of the line length 
leads to some overestimation of the need for spare capacity. All in all it has been assumed 
that even if there is some over- or underestimation those errors are not of any significant 
importance. 

3.3.2 THE STEPS IN THE ANALYSIS 

The analysis model has a timeline. The calculations start at year zero. After that the grid is 
“alive” under a certain time period. When performing an error log a hundred years is 
considered sufficient length of time. During hundred years the majority of probable errors 
had appeared at least one time. 

The reference grid has been calculated in five steps. 
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Each step has been performed on a grid level at the time with the beginning on grid level 4. 

In the first step the, of the network company reported, outage statistics has turned into an 
outage cost for the complete customer collective.  

In the second step the reference grid has been bombarded with errors – based on error- 
and maintenance data. This continues in about 100 years and all interruptions at the 
customers are logged and recalculated to an outage cost. Thus, in this way an idea of the 
connection quality of a grid without spare capacity are obtained. Note that sufficient 
amount of switching off equipment is presupposed in the reference grid.  

In the third step the outage cost is measured for all interruptions. At the same time as the 
measurement of outage costs an investigation is done about which spare feeding 
alternatives there are. The alternatives checked are those estimated to have a chance to 
profitability. Thus, it is a closure rule in this selecting. When all alternatives are checked for 
the failing node the receiving node must be checked also. This node, too, has a benefit of 
the spare feeding when there is an error in the failing node. Finally there is a list of 
alternatives. From this list are chosen the ones with profitability to start with, i.e. the 
alternatives where the summarized outage costs are higher than the annual cost for spare 
feeding.  

When a spare feeding has been installed the calculation conditions in this grid part has been 
completely changed and all other ongoing calculations must be set to zero. 

By the chosen methodology it is the alternative that most quick leads to profitability that 
wins. One cannot exclude that other alternatives could be more profitable. It is not 
possible – as mentioned in the beginning – to check all those alternatives. The calculation 
methodology of choice is a technical simplification of a very complex calculation problem.  

In the fourth step all transformers are bombarded with errors. Also this continuous for 
approximately 100 years. With knowledge about the outage cost these errors give rise to it 
is rather easy to perform a profitability calculation whether a spare transformer should be 
installed in the grid, in parallel with the ordinary transformer. If the spare transformer is 
profitable it is installed in the grid.  

Finally, in the fifth step all spare capacity has been calculated and installed. Then a 
renewed logging is done during approx. 100 years to see which outage costs occur when 
the error- and maintenance statistics are used again, at the same time as the switching on of 
spare capacity take place at error conditions. In this way an Expected Outage Cost can be 
calculated. 
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3.3.3 CUSTOMER OUTAGE COSTS 

An idea of the customers’ valuation of their cost of an interruption is a condition for the 
possibility of using the above-mentioned methodology to perform a calculation of the need 
of spare capacity. One such customer valuation has been done by the Swedish trade 
association Swedenergy in 2003[6]. The results of the survey are put together in the chart 
below:  

Outage costs from a customer view
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Figure 13. The outage cost expressed by the customers in a customer survey 

It is not obvious how this customer valuation should be interpreted and utilized. It is clear 
from the prerequisites of the survey that: 

- The outage costs for the individual customer categories are maximum values not valid 
on all times of the day and year. 

- If the outage costs are applied on maximum power the cost for interruptions with 
maximal inconvenience are achieved, i.e. usually the interruptions occurred during 
daytime. 

- For interruptions occurred at random the values should be reduced either by an 
appropriate reduction factor (which has to be estimated in every individual case) or by 
the application of the interruption values on the mean power (annual energy 
consumption per subscriber/8760 h). 
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- The spread within respective customer category is very high so the values should not be 
used for a separate customer in an uncritical way. 

- At interruptions that last longer than 4 hours problems and social disturbances occur 
that give essentially higher costs. The values in the tables could not be used uncritically 
at long-lasting electricity interruptions. 
 

The approach chosen is to use the maximum values that are in the survey but using them 
on the mean power. This power has been calculated as the quotient between supplied 
energy to the customer and the number of hours in a year. This is not completely correct 
but it is the best available approximation of the customer’s valuation of the outage cost and 
is regarded as an adequate simplification.  

3.4 THE ANALYSIS 

3.4.1 THE NEED OF SPARE CAPACITY IN THE REFERENCE 
NETWORK 

To secure reasonably low outage costs in the grid, reserves for lines as well as transformers 
are required. 

3.4.1.1 THE NEED FOR SPARE TRANSFORMERS 

The need of spare transformers has been analyzed.  

At the check for the need of spare transformers there has been an assumption that the sub 
ordinate grid has no spare capacity. If there is spare capacity, which is the normal for a Net 
level 4- and often for a Net level 3-transformer, the need for a spare transformer is 
decreased. It can be questioned if this underlying spare capacity really can serve as a reserve 
for a transformer. A change of transformer takes so long time to carry out that it probably 
will be a too high load on the spare capacity in the sub ordinate grid. Of this reason the 
underlying spare capacity in the subordinate grid is disregarded. 

The following results have been achieved for respective net level: 
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Spare transformers, Net Level 2 (6-20 kV)
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Figure 14. Comparison of the annual cost for a spare transformer on net level 2 and 
the outage cost at errors and interruptions in the transformer, as a function of the 
power 

For transformers on net level 2 (transforming from 10kV to 0.4 kV) it is rather clear that 
spare transformers almost never can be profitable if the line of the average result of outage 
cost is compared with the annual cost of a transformer. As a result of the distribution that 
follows from the Monte Carlo simulation there are a few occasions when the outage cost is 
higher than the annual cost for the transformer, which is shown in the diagram. At the 
formation of the mean values (the line) it is clear that one cannot get any profitability in a 
spare transformer on net level 2. Only in exceptional cases a transformer is profitable. 
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Spare transformers, Net Level 3 (20-50 kV)
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Figure 15. Comparison of the annual cost for a spare transformer on net level 3 and 
the loss of welfare of errors and interruptions in the transformer 

Even for the transformers on net level 3 (transforming from 20kV to 10kV) the picture is 
clear. All transformers except for some of the smallest are profitable, in contrast to net 
level 2. This corresponds well with the experiences from the industry. Thus all 
transformers on net level 3 should be doubled. However, it can be assumed that in a real 
grid transformers are sometimes put together. For example when two net level 3 
transformers that are put together they have a common transformer. This should not cause 
any action in the model.  
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Spare transformers, Net Level 4 (70-130 kV)
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Figure 16. Comparison of the annual cost for a spare transformer on net level 4 and 
the loss of welfare of errors and interruptions in the transformer 

Finally, for transformers on net level 4 (transforming from 130kV to 40kV) the picture is 
also clear. All spare transformers are profitable. Small transformers (less than approx 8 
MVA) are not profitable but normally they are not created.  

3.4.1.2 THE NEED OF SPARE LINES 

The need of spare lines has been calculated as a part of the total number of lines at this net 
level. It is not obvious how the need of spare lines will be judged and, above all, how this 
requirement should be described. The first intuitive relation is a density-dependence. In the 
more dense grids the nodes are closer and it is cheaper to build spare lines. This supports a 
higher proportion of spare lines in the dense grids. On the other hand a spare line could be 
utilized in many more nodes, which speaks in favor of the need of fewer spare lines at 
increasing number of nodes.  

In the calculations done there is a clear connection between the proportion of spare lines 
and density for net level 1-2. For net level 3 and 4 it looks a bit different, which is clear 
from the following figures. In general, the further down in net level the calculation is done 
the stronger the relation with the density becomes. 

The analysis on Net level 1 has been done in special artificial grids. The analysis on Net 
level 2, 3 and 4 has been done in the test databases of the real grids.  

The reason for running Net level 1 on special databases is practical. There are very long 
calculation times for the Net level 1 calculations and it has been assessed suitable to 
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perform those outside the environment of the Energy Agency. Of security reasons the real 
databases could not be handled outside the Energy Agency. Of that reason the need for 
spare lines in Net level 1 are analyzed with special databases. 

The proportion of spare lines has a clear connection with density. The dense grids have 
profitable alternatives for spare lines but this drops with reduced customer density 
(increased line length per subscriber). 

Estimated Spare Line Demand, Net Level  1 (0.4 kV)
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Figure 17. The proportion of spare lines on net level 1 
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Estimated Spare Line Demand, Net Level 2 (6-20 kV)
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Figure 18. The proportion of spare lines on net level 2 

The connection is clear for Net level 2 as well. The proportion drops from approx. 20% 
for the densest grids down to approx. 12% in the sparsest grids.  

Estimated Spare Line Demand, Net Level 3 (20-50 kV)
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Figure 19. The proportion of spare lines on net level 3 

On net level 3 there is a visible connection between the proportion of spare lines and the 
density. The proportion drops from 50% to approx. 40%. 
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On net level 4 the basic data are to small to draw any conclusions. Many of the lines has 
become without spare feeding, which, in the first place, probably are a consequence of the 
model of choice. There must be many lines enough to get the Monte Carlo simulation to 
function, which are not the case among the pilot companies on net level 4.   

The posing of the problem on net level 4 is somewhat special. A basic principle is that all 
loads on this net level should be able to be feeded from two independent directions, so that 
at least one error condition can be taken care of. Often there is a requirement that to some 
loads several independent errors should be able to occur simultaneously. By that a 
dimensioning of the spare feeding on this level becomes a combinatory problem rather 
than a profitability problem. The spare feedings are often profitable; the question is how 
they can be chosen to be of greatest value.  

A common condition is that the local grids that have lines on this net level not have so 
many lines. Since there are not so many lines there are not that many possibilities either. 
For example, if there is only one line from a border point to a transformer inside the area 
the only alternative that exists is to build a double line. The spare line proportion then 
equals 1. The more nodes the greater are the possibilities to co-utilize lines for spare 
feeding to more points. This suggests that the proportion of spare lines must decrease with 
the number of nodes. 

All in all this speaks in favor of the assumption that the spare line proportion is dependent 
of the number of nodes in the grid.  Presumably it is more reasonable to set the 
dependence as a constant factor.  A general assessment of information from a Swedish 
regional network company indicates a ratio of 1.57 between the number of lines and nodes 
in the grid, i.e. a spare line proportion of 57%. It can be assumed that a local network has 
worse conditions than a regional network to build effective spare lines in its grid so the 
value probably should be higher than 57%. 

3.4.2 CALCULATED OUTAGE COSTS IN THE REFERENCE 
NETWORK 

For testing the model approximately 100 databases has been computed. The databases 
comprise a couple of thousands up to half a million subscribers. Since there are very long 
calculation times in some cases some of the tests, mainly on net level 1, has been 
performed on constructed test databases with 10.000 subscribers. 

The results from the tests in the five different calculation steps are presented in the 
following. The most important results are the calculation of outage costs. These are 
presented with the dimension öre/kWh, which should be read as the ratio between the 
accumulated outage cost and the overall delivered energy. 
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The subscribers are described through a density-dependence in the first hand. This is 
calculated as line length/subscriber. 

To begin with the Reported Interruptions are calculated, which are an addition – 
subscriber for subscriber – of the average reported values for announced and unannounced 
interruptions multiplied with the cost of an interruption for a customer with its specific 
surrounding density.  

After that the Radial Interruptions are calculated, which are an addition – subscriber for 
subscriber – of the interruptions the customers in the radial grid get due to the 
“bombardment” of maintenance and errors occurred according to the error- and 
maintenance statistics, multiplied with the cost of an interruption for a customer with its 
specific surrounding density. 

The spare capacity calculated in the Reference grid is calculated as a share, for example the 
number of spare feedings/the number of nodes in the grid and the number of spare 
transformers/the number of ordinary transformers respectively. These figures are called 
Spare Cable Share and Spare Transformer Share respectively. 

Finally the Expected Interruptions are calculated, which are an addition – subscriber for 
subscriber – of the interruptions the subscribers in the Reference Network with a totally 
built spare capacity get due to the “bombardment” of maintenance and errors occurred 
according to the error- and maintenance statistics, multiplied with the cost of an 
interruption for a customer with its specific surrounding density. 

The calculated median values are shown in the following table: 

 Lower quartile 
Outage cost 
(öre/supplied 
kWh) 

Median 
Outage cost 
(öre/supplied 
kWh) 

Upper quartile 
Outage cost 
(öre/supplied 
kWh) 

Reported Outage Cost to all 
Net Levels (öre/kWh) 

0.87 öre/kWh 1.57 öre/kWh 3.39öre/kWh 

Radial Outage Cost, to all Net 
Levels (öre/kWh) 

3.16 öre/kWh 5.48 öre/kWh 9.59 öre/kWh 

Expected Outage Cost to all 
Net Levels (öre/kWh) 

0.51 öre/kWh 0.62 öre/kWh 0.83 öre/kWh    

Table 20. Results from the analysis 

 Several observations and comments can be done: 

- The numbers of interruptions reported to the Energy Agency include interruptions 
caused by the own grid as well as interruptions cause by the regional grid. For the 
comparison to be completely fair the Reported Outage costs ought to be withdrawn 
from the interruptions caused by the regional grid. A rough estimation indicates that 
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these interruptions stand for 5-10% in size of the total interruptions, with noticeable 
individual discrepancies. 

- For the dense grids the Reported Outage cost is of the same size as the Expected 
Outage cost and moreover, for a majority of grids even lower. In that case this should 
indicate a too high quality in the densest grids. 

- For the sparser grids the Reported Outage cost becomes of the same size – and often 
higher – as a reference grid without spare capacity. These grids appear to be undersized 
when it comes to spare capacity.  

- For the sparsest grids the Reported Outage cost is even higher than a grid without 
spare capacity, which indicates an under sizing not only of the spare capacity but also in 
the pure radial grid.  

There are several explanations to that the sparser grids deviate from the calculated loss of 
welfare to a higher and higher extent. 

The first explanation is a sheer under sizing. This in turn can be due to several 
circumstances. The price setting in dense grids has had completely different conditions 
than in the sparser grids. The aiming point for the price setting has been its own costs. 
However, it can be assumed that also a surrounding rural network – that has longer lines 
and with that higher costs for its activity – have to serve as a aiming point for the price 
setting. The denser grids have appeared as inexpensive compared with the sparser grids. In 
fact they might have had higher prices – in relation to its grid – than the sparser grids. This 
in turn has given a better room for investments in spare capacity, among others. In other 
words, all investments in sparser grids that are profitable measured with a welfare 
measurement are not performed. 

One interesting question is what will happen now when the network companies – 
according to the political ambitions commented – are consolidated to larger and larger 
units. Dense grids consolidate with sparser grids. The political ambition is to achieve an 
equalization of the tariffs between town and countryside and that it should be a better 
room for investments for a better spare capacity in the sparser grids. The question is if not 
the reverse will happen. When the larger units are created town and countryside will be in 
the same network. The NPAM will sharpen the economical demands on the company. 
Since there will be an increased focus on quality matters the network companies will direct 
their investments towards the best net benefit. Reasonably this will lead to that a greater 
and greater amount of the investments are used to maintain and improve the quality in the 
denser grids and the quality in the countryside will be suffering. To counteract this it is 
necessary with some kind of individual measurement of the outage cost in the grid. This is 
of no need to be done at every customer but can be established with, for example, 
statistical methodology and/or third-party measurement. If this measurement is not 
performed it is doubtless that the outage cost will increase in the sparser parts of these new 
larger grids. 
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A second explanation of the differences between town and countryside might be the 
exposure to weather and wind. In the model it has been assumed that all line sections are 
cabled. In reality there are a large amount of overhead lines, which are more exposed to 
weather and wind.  

At errors it is obvious that the operating staff has a shorter way to the error-place in the 
denser grids. With that the grid can be sectioned faster and the damages are limited for the 
customers upstream.  

In the denser grids it can be assumed that the constructions in a higher extent are 
connected to an operating center. It gives better and, above all, quicker possibilities to limit 
the damages of an error in the grid. 

3.4.2.1 RECALCULATION TO INTERRUPTION TIME 

It is not possible to translate these outage costs to outage minutes just like that. The reason 
is that outage costs are composed of the cost for the interruption itself and the cost for 
non-delivered energy. Added to this comes the division of the outage costs into announced 
and unannounced costs. To give a rough picture of it anyway, one can calculate what it 
should imply if one assumes that it always is one interruption per customer and year and 
that this interruption is unannounced. 

The following is valid for an average customer in the test databases: 

The average density of a company is 55m/customer. The outage costs according to the 
customer valuation of an interruption for a customer with a surrounding density of 55 
meters/subscriber is 19 kr/kW and 86 kr/kWh. 

An average customer receives 13,689 kWh per year. This gives an annual average power of 
(13,689 kWh/8768h=) 1.56 kW. Recalculated on the average customer this gives a 
Reported Outage cost of (1.57 öre/kWh * 13,689 kWh/100 öre= ) 214 kr per year. The 
corresponding Expected Outage cost becomes (0.62 öre/kWh * 13,689 kWh/100 öre= ) 
85 kr/year. The Radial Outage cost is 750 kr/year. 

Of these outage costs the interruption itself costs (19 kr/kW * 1.56 kW= ) approx. 30 kr. 
The rest is the cost for non-delivered energy, i.e. 185 kr for Reported errors, 55 kr for 
Expected errors and 720 kr for Radial errors.  

Recalculated to minutes this gives for the average customer the Reported Outage time (185 
kr / 86 kr/kWh / 1.56 kW * 60 min= ) 82 min.  

The Expected Outage time ( 55 kr / 86 kr/kWh / 1.56 kW * 60 min= ) 25 minutes per 
customer and year. 
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In this context it can also be worth mentioning that the Radial Outage time is ( 720 kr / 86 
kr/kWh / 1.56 kW * 60 min= ) 322 minutes per customer and year. 

As a comparison it can be mentioned that if the outage cost had been 1 öre/kW the 
Outage cost had been 137 kr, of which 30 kr is the cost for an interruption and 107 kr for 
non-delivered energy. It would have given the interruption time ( 107 kr / 86 kr/kWh / 
1.56 kW * 60 min= ) 48 minutes. 

Taken together the calculations imply that if all customers in an average grid have one and 
only one unannounced interruption per year this is 82 minutes long today. If the grid does 
not have any redundancy at all one should expect an outage time of 322 minutes per 
customer and year. If the grid is extended with the redundancy calculated in the model one 
should expect an outage time of 25 minutes per customer and year. 

However, this varies strongly with the density of respective customer and company. 
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Chapter 4 

The Reference Network 

4 THE REFERENCE NETWORK 

The objective of this thesis is to describe a network based on the requirements of the 
subscribers and the conditions ruling the building and maintenance of an arbitrary electrical 
distribution network. The network is aimed to be a normative network and thus a 
definition of the network is required, the Reference Network definition. The requirements of 
the subscribers are defined by the Subscriber Requirement definition and the conditions ruling 
the building and maintenance are defined by the Objective Prerequisite definition. Moreover the 
Reference Network requires rules and Parameters to build the network. These are defined by 
eleven Network Definitions. These Network Definitions are described in the thesis but the 
complete definitions can be found in the appendix. 

When the Reference Network is constructed there are some basic approaches and 
considerations:  

- The Reference Network shall meet the same Subscriber Requirements from the 
customers as the company will meet. This includes a network with a sufficient amount 
of spare capacity, in accordance to the customers will to pay for a certain reliability but 
without any excess capacity. 

- The Reference Network shall be based on the same Objective Requirements as the grid 
company will meet. 

- The Reference Network must have physical and electrical properties in order to make it 
possible to operate. 

The objective is to create a Reference Network that is completely defined by: 

- The location, load and quality requirements of the subscribers 

- The location and supply from Border feed points 

- A set of Parameters guiding the creation of the network 

- A set of definitions of the Reference Network 

To get a more stringent definition of the network one common way (Holmgren [18], 
Jenelius [19]) is to use graph theory from discrete mathematics. A graph (Johnsonbaugh 
[20]), or undirected graph, G consists of a set V of vertices (or nodes) and a set E of Edges (or 
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arcs) such that each edge e∈E is associated with an unordered pair of vertices. If there is a 
unique edge e associated with vertices v and w , we write e=(v,w) or e=(w,v). In this context 
(v,w) denotes an edge between v and w in an undirected graph and not an ordered pair. A 
directed graph (or digraph) G consists of a set V of vertices (or nodes) and a set E of edges (or 
arcs) such that each edge e∈E is associated with an ordered pair of vertices. If there is a 
unique edge associated with the ordered pair (v,w) of vertices, we write e=(v,w), which 
denotes an edge from v to w. An edge e in a graph (undirected or directed) that is associated 
with the pair of vertices v and w is said to be incident on e and to be adjacent vertices. If G 
is a graph (undirected or directed) with vertices V and edges E, we write G = (V,E). A 
graph with numbers on the edges is called a weighted graph. 

In the following context the network will be described in Nodes instead of vertices and 
Links instead of arcs. From this the first step towards the complete definition can be 
formulated: 

The Reference Network definition:  

Definition 1 A Reference Network is a set of Nodes and Links such as: 

- the Nodes are Input Nodes, Output Nodes or Internal Nodes, 
- the Nodes are connected by Links, 
- all Input and Output Nodes are defined by  the Objective Prerequisites, 
- the Links and the Internal Nodes are defined by a set of Network Definitions, 
- the Network Definitions are a set of Rules and a set of Parameters, 
- the values of the Parameters are defined by the Subscriber Requirements, 
A consequence from the definition is that the Subscribers and the Border feed points are 
completely defined by the Objective Prerequisites and the values of the parameters are 
completely defined by the Subscriber Requirements. Moreover the internal Nodes and the 
Links are completely defined by the Network Definitions and the set of parameters. In this 
way there is a definition of all parts of the Reference Network and the origin of all Nodes 
and Links are defined. 

4.1 THE REQUIREMENTS OF THE REFERENCE 
NETWORK 

The next step is to define the Subscriber Requirements. 

The requirements by the subscribers is to get a connection, with an optimum reliability, 
with minimum losses and a fair billing. These requirements has governed the development 
of the NPAM. The term optimum reliability is different from maximum reliability. The 
overall approach is to build a reference network with as good properties as possible as long 
as the subscribers are willing to pay for it. This is also the basic of the definition of the 
Subscriber requirements: 
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The Subscriber Requirement definition 

Definition 2 A Subscriber Requirement is a property demanded by a subscriber 
that can be implemented by someone to a cost lesser than or equal to the 
subscriber’s will to pay for the implementation 

The phrase someone alludes that there exists someone who can implement it. In the 
NPAM this is not equal to the network company. It might be someone else who can 
implement it. As soon as there is anyone who can implement the property to a certain cost, 
then the lowest cost of all who can implement it will be the Subscriber Requirement. Thus 
it refers to “by known technology”.  

The primary requirements from the customers are of four kinds: 

1) Connection between the subscriber and a superior grid 

2) The Reliability of the network is given by the cost to build spare capacity. Spare 
capacity should be implemented as long as the shortage cost is higher than the 
spare cost 

3) Minimum losses 

4) A fair billing 

The first requirements constitutes a simple connection network, a radial network with a 
border feed point in the center. This can also be described as a tree structure with the 
border feed point as the root and the subscribers as leaves. This network has only a basic 
reliability. In most cases this reliability is too poor.  

A real network can be described as: 

1) a radial network  

2) with spare and  

3) extra capacity.  

The radial network is responsible for the basic mission – the connection between the 
subscriber and the superior grid. The reliability of a radial network is normally unacceptable 
and therefore extra capacity – spare capacity – is added to the radial network. Moreover, 
real grids normally has excess capacity in various amounts. However, it is normally hard or 
impossible to pick a certain cable and transformer in a real net and according to the 
requirements describe it as, for example, a spare cable or excess transformer. This is 
especially valid in a meshed grid. When the requirements are applied to an electrical grid 
there are normally no way to exclude excess capacity from the assets. Instead of using a real 
network an artificial network is therefore created. 
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The subscribers have a will to pay for a higher reliability. Because of this there are spare 
capacity in addition to the radial network. This spare capacity is added as long as the 
subscribers have a will to pay. In other words, spare capacity will be added as long as the cost of 
adding a spare line or transformer is lower than the cost of a failure in the network, due to a missing spare 
capacity. 

4.2 THE OBJECTIVE PREREQUISITES 
All circumstances that the grid company can’t influence are named Objective 
prerequisites. Different subscribers have different conditions according to the location 
and the capacity demanded. Some subscribers are easy to connect, they might be located in 
a town and many subscribers can share the same cable. Other subscribers might be located 
in the countryside. To be connected they will demand long cables, that can’t be shared with 
other subscribers. The power demand differs and is variable throughout the day. This 
implies that the conditions between different customers – and therefore between different 
companies – differs. According to the conditions for the grid company they are obeyed to 
supply all demanded power at an arbitrary location within their concession area. 

The definition of the Objective Prerequisites are based on the pretreatments ([36], [37]) of 
the Swedish law ([31]): The law states that: “The Objective Prerequisites concerns such 
network considerations which the proprietor of a distribution concession can’t influence 
and determines the need for lines, switchyards, transformers, measurement, accounting and 
billing. Examples of such Objective Prerequisites are the number of customers and the 
distribution of the subscribers in various categories, their geographic position, distributed 
energy and power, considering the distribution of the hours of the day, climate and the 
geographic position of the distribution concession, and the cost to the superior network.” 

The Objective Prerequisites definition 

From this the definition of the Objective Prerequisites is given as: 

Definition 3 The Objective Prerequisites of a Node are:  

- The geographical position  
- Maximum load to or from the node 
- The time distribution of the load  
- The nominal voltage level required  
The real networks have gradually been built during the last century. This means that the 
company couldn’t foresee the growth in the society and the future demand from the 
subscribers when they started to build the networks. Therefore it has been an approach 
when the Reference Network was created to simulate the incremental growth in the real 
networks. This gives an extra requirement of the algorithms used for the creation. This 
incremental growth is used in the creation of the network instead of an optimizing 
algorithm. 
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4.3 THE NETWORK DEFINITION  
The Reference Network was originally created as a computer program written in C++ and 
is all the way object oriented. This means that the basic building stones in the program are 
objects, which are elements in a space with certain properties. When documenting the 
principles from which the network is built there are three main ways to describe the 
network. The first way is to give a full program documentation, which tends to be quite 
voluminous. The second way is to describe the algorithms which build the net. This 
description is normally performed in a pseudo-program code and describes the steps 
towards a configured network. The third way is to give definitions of the characteristics of a 
configured network. Then the configuration steps are left out. This is best done by 
mathematical definitions. Then there are mixtures of these three ways. No way is more 
correct than the other. In this thesis the third way is chosen, through mathematical 
definitions, mostly because it is of more common value to see the properties of a 
configured network rather than to see the algorithms configuring the network. The 
Reference Network is defined by a set of  Network Definitions. The “language” of these 
definitions is the language of discrete mathematics. However, the aim of this thesis is to 
show a way to define a Reference Network rather than to prove all mathematical properties 
of such a network. Thus there are no proofs of the basic features, such as it is an 
unambiguous network. The “proof” for this is rather the computer program that was the 
forerunner of this thesis. This program has been tested with networks including from a 
thousand subscribers up to a million subscribers without problem. 

The thesis consists of background, explanation and discussion that leads to the Network 
Definitions. The definitions themselves can be found in the appendix.  

The Reference Network is defined by a set of Network Definitions, with a definition from 
the objective prerequisites, i.e. the position and load of the subscribers and the border feed 
points.  

The Network Definitions are not unique. There are other ways to create a Reference 
Network. The Spanish Reference Network is one example of this (Roman, Gonzalez & 
Peco [39]). The Spanish network has many similarities but also many differences to the 
Reference Network created in the NPAM, as will be discussed later. 

Definition 4 The set of Network Definitions of the Network Performance 
Assessment Model are time independent and defined by: 

- The spaces and distances in the Reference Network (Network Definition 1).  
- The Network Objects of the Reference Network (Network Definition 2)  
- The Network Levels of the Reference Network (Network Definition 2)  
- The Topology of the Reference Network (Network Definition 3)  
- The amount of spare capacity to each internal node and each link of the Reference Network (Network 

Definition 4)  
- The function ModTanh(x) (Network Definition 5) 
- The environment of each node and line of the Reference Network  (Network Definition 6)  
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- The simultaneity conditions of the Reference Network (Network Definition 7) 
- The Electrical Properties of the Reference Network  (Network Definition 8)  
- The Configuration of the Reference Network (Network Definition 9 and Network Definition 10)  
- The definition of the network in the Reference Network (Network Definition 11) 
 

4.3.1 THE SPACES AND DISTANCES IN THE REFERENCE 
NETWORK (NETWORK DEFINITION 1). 

The definitions starts from a basic point, by defining the environment - the spaces in which 
the Reference Network resides, the metric space and a so called ID-space. In order to make 
the Reference Network unambiguous there must be clear rules in which order nodes are 
connected to each other. The primary form for establishing a connection is to compare the 
distance from one point to other points. When two distances are equal there will be an 
undefined condition and something else is needed to add to the comparison. For this 
purpose the identification, or label,  of the element is used and therefore an extended form 
of the distance need to be defined. The distance measurement thus need to be extended. 
To do this a unique identification of each object is required. Thus rules will be needed that 
allows an enumeration of the objects. 

In this way the distance measurement is extended to a so called IDistance. The IDistance is 
never defined as a value, only as a relation. The relation is always defined. When the metric 
distance is < or > the metric distance will guide the comparison. When the metric distances 
are equal the string distance will judge the comparison. It is worthwhile to note that the 
only time two IDistances for a grid-element can be equal is when an object is compared to 
itself, because according to the definition of a grid element they must have a unique id.   

4.3.2 THE NETWORK OBJECTS OF THE REFERENCE 
NETWORK (NETWORK DEFINITION 2) 

A real network is built from network elements. The same goes for the Reference Network 
– it is built from Network Objects. These objects have a correspondence to the networks 
elements in a real network, such as subscribers, border points, transformers and cables. 
The Network Objects are the building stones of the Reference Network. A real network 
has many different system parts. It would be possible to build the Reference Network from 
the same elements – implemented as objects.  

In the following text the term  Elements will concern the real network and the term Objects 
will concern the Reference Network, 

The decision of how many objects to implement in the Reference Network has to be in 
respect of the complexity. There is a balance between complexity and readability, between 
correctness and simplicity. This is a delicate task. However, it is important to bear in mind 



THE REFERENCE NETWORK 

 71 

that the purpose of the Reference Network is not to reproduce an image of a real network. 
The purpose of the Reference Network is to get a network that can be assessed in an 
econometric measurement. The assessment is done through a set of so called investment 
functions applied to objects in the Reference Networks. Some properties of less 
importance can be included in these functions, such as a disconnector. Moreover, the task of 
the Reference Network is to establish a Network that can be used of the assessment of  all 
local networks. All those local Networks have a different history and different investment 
decisions has been a result of different operating opinions. Therefore it will by  necessity be 
a very complex model if the goal is to reproduce every aspect in a local grid. 

The building stones of the Reference Network are components that has an equivalence in a 
real network. Those building stones are subscribers, border points, transformers and 
cables. In the Reference Network these are objects and named Clients Nodes, Source 
Nodes, Transformer Nodes and Links. When modeling in an object oriented language 
there is a possibility to inherit properties. Thus  basic features of an object can be described 
as a basic object. Then other objects can be created from this object  and inherit the 
features of the basic object and add some new features. When described in a mathematical 
way the equivalence is a Set and Subsets of this basic Set.  

In the Reference Network the basic object is called Network Object, which has all the basic 
properties common to all objects in the Reference Network. Then all the other objects are 
created from either the Network object itself or from a subset created from the Network 
Object. The Network Object has no equivalence in a real net. It is only the objects created 
from these basic objects that have an equivalence. The relation between the network 
objects, and the inheritance, can be found in appendix. 

The establishment of the Reference Network has been preceded by many trials and tests. 
The set of network objects – simulating the network elements – is the result of the balance 
between complexity and readability.: 

Network objects in the 
Reference Network 

Network elements in a real 
network 

Comment 

Network Object  This is the basic object that 
all objects in the Reference 
Network is created from 

Client Nodes Subscribers  
Source Nodes Border feed  points  
Links Cables  and Lines  
Transformer Nodes Transformers  
The Reference Network = 
Client Nodes + Source 
Nodes + Links + 
Transformers 

The Real Network 
Subscribers + Border feed 
points + Cables  and Lines + 
Transformers + many other 
network elements 

Thus the Reference 
Network comprises of the 
set of objects. The real 
network has many other 
elements in addition to the 
elements implemented in 
the Reference Network. 
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Table  21. The Objects in the Reference Network 

4.3.2.1.1 THE OBJECT ATTRIBUTES  
All network objects have a set of parameters common to all members of the same kind. 
For example all Client Nodes have the parameters Load and Position (and some other 
parameters) The parameters are denoted Object Attributes.  

4.3.3 THE NETWORK LEVELS OF THE REFERENCE 
NETWORK (NETWORK DEFINITION 2) 

All objects in the network are ordered into levels. In a real network these levels 
corresponds to nominal operating voltage level. In every level there are partitions. One 
partition is a set of one kind of objects in one Level.  
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Figure  22. Network Levels corresponding to voltage levels 
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4.3.3.1.1 THE NETWORK LEVEL ATTRIBUTES 
The Reference Network is configured from the Objective Prerequisites, i.e. from the 
knowledge about the subscriber location and the power demanded, and is a reasonable 
efficient grid. In order to do this configuration a set of fixed rules has been set up. These 
rules are implemented in the same way for all subscribers and all companies and at all 
Network Levels. From this set of rules the Reference Network can be configured in one 
but one way, given the set of subscriber locations and power demands.  

This fixed set of rules is guided by a set of parameters. Within one Level these parameters 
limits the creation of the network. These parameters are denoted Level Attributes. They are 
for example: 

- Maximum cable lengths 

- Maximum transformer capacities 

- Maximum cable voltage drop  

- Maximum cable current 

- Power aggregation for subscribers on the same cable and subscribers connected to the 
same transformer. 

4.3.4 THE TOPOLOGY OF THE REFERENCE NETWORK 
(NETWORK DEFINITION 3) 

The topology of the network is a well defined and established shape, the radial network. In 
topology terms it is a Tree that is rooted, directed and unambiguous (Johnsonbaugh [20]), with 
vertices and edges.  Source Nodes, Transformer Nodes and Client Nodes are vertices in the 
Tree and the Links that connects the nodes are edges. The tree can span over more than 
one Network Level. At every Network Level there can be more than one sub tree, that are 
rooted, directed and unambiguously defined. The topology is defined through object 
attributes in each nodes, keeping an address to the Link to the next node. 

Within this Tree a number of conceptions are defined, such as a Linked Sequence, an 
Anchor Node, a Serial Node, a Tree node, a Balance Node, a Nearest Node and a Farthest 
Node. These conceptions are used in the configuration of the Reference Network. 

4.3.5 THE AMOUNT OF SPARE CAPACITY TO EACH 
INTERNAL NODE AND EACH LINK OF THE 
REFERENCE NETWORK (NETWORK DEFINITION 4) 

The Reference Network is configured as a radial network. It is a well known fact that a 
radius network has a pure quality and high shortage cost. Therefore a real network is often 
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extended with spare parts, such as extra lines and transformers, connected as a web or as 
double lines and transformers. 

In order to add quality to the Reference Network an investigation has been performed in 
order to establish a relation between system parts and the surrounding density. It has been 
found that there is such a relationship and that the amount of extra lines and transformers 
can be estimated with the function ModTanh(density, spare constants), as reported in a 
previous chapter. 

The result from the research is template functions that is implemented to the model. The 
template functions give a share of a spare capacity that is added to each component in the 
radial network. 

4.3.6 THE FUNCTION MODTANH(X) (NETWORK 
DEFINITION 5) 

Many features in the network are related in accordance to the Network Density. This is 
defined through a modified tanh(x) function. One of the basic goals in model-construction 
is to describe a phenomenon in real life in structures of mathematical relationships. One of 
the tools is normally to use a mathematical function with well known properties and to 
simplify the problem so it can be described with this mathematical function. It is desirable 
that this function on the one hand can describe the properties in a reasonable way but on 
the other hand isn’t to complex and hard to understand. This is a balance act between 
accuracy and simplicity. 

The most common relationship in the Reference Network is related to the subscriber 
density, i.e. the number of subscribers per square unit.  

When describing the relationship between the density and some other property, for 
example the cost to build a line, there are several candidates to this model function. Some 
basic properties are desirable such as that the function needs to be defined at every point, 
the difference between two points must be defined (continuously differentiable). More over 
one requirement is that the function not only is defined at every point but gives a fairly 
good value. In addition the functions need to behave properly at the extreme points, i.e. at 
zero and infinity.  

A function that has proven good quality to fulfill the requirements is a modified tanh(x). 
This function has been extended such as it has been equipped with five constants, c0, c1, c2, 
c3, c4, c5.  In the following this function is called ModTanh(x), ModTanh(x) = (c1 +  c2 * 
tanh(c3* (x-c4)))c0 with the following appearance:  
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ModTanh(x)

(x)

 

Figure  23. The ModTanh(x) function 

This function is used for various purposes within the model. For example  the adjustment 
of the line length from straight distances between nodes to a curvature length is performed 
with the ModTanh(Nominal Density). 

4.3.7 THE ENVIRONMENT OF EACH NODE AND LINE OF 
THE REFERENCE NETWORK  (NETWORK DEFINITION 
6) 

In the creation of the Reference Network one basic feature that the network must be able 
to simulate is the great difference in subscriber density. The investment and operating 
conditions differ greatly between the companies with a sparse population and a city. In 
terms of the normal way to measure the subscriber density, i.e. cable length/subscriber, it 
differs among the Swedish companies from approx 10 meter/subscriber (city) to 300 
meter/subscriber (rural). The investment in a low voltage cable differs from approx 700 
SEK/meter (city) to 70 SEK/meter (rural). Therefore it is obvious that  an assessment of 
the network must consider the subscriber density. 

One of the basic features of the Reference Network is therefore the ability to measure the 
density of clients at each node in the grid. The dimension is meter/client. This is measured 
as length of line per subscriber. In one way this is an odd definition because the density of 
clients is a two-dimensional measure and is normally measured as clients/m2. In this case 
it’s measured with values in one dimension. Moreover, the measure is a measure of how 
sparse the subscribers are rather than how dense they are. Any way it is a common way to 
measure the subscriber density and therefore it is used in the model.  
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The density is the quota between the total length of the cables and the number of 
subscribers. This is measured in three different ways, the Nominal Density, the Curvature 
Density and the Network Density. 

The so called Nominal Density is the quota of the total length of the straight lines between 
the nodes and the number of subscribers.  

The Nominal Density needs to be extended to a Curvature Density because the Nominal 
Density is not a proper estimate of the density. In the literature the curvature is length is  
mentioned Manhattan distance [7]. In urban areas the cables can’t be drawn as straight 
lines. Therefore the line length needs to be modified in order to take the settlement into 
account. The links in the network are straight links between two points. Normally, it’s 
impossible to draw straight cables and wires in a real electricity network. There are houses 
blocking the way. The higher the client density is the more likely it is that a house will block 
the way. In order to calculate a more fair line length, one of two ways is possible.  

The first way is to import geographical information like town maps, to figure out which 
way would be appropriate to draw the lines. However, this method has some important 
drawbacks. First we need to import a lot of information from a geographical system, which 
is a hard job. The second is that we need to develop special algorithms to find the best way 
to draw the lines between the houses. 

The other way is  to calculate an adjusted distance from a density depending function. 
From empirical investigations within this research project it has been found that the 
adjusted line length can be a fairly good estimated from an density depending adjustment 
function. The curvature length is an adjustment of the straight distance between two 
points, depending of the Nominal Density surrounding the points. Thus the Curvature 
Density is the quota between the total curvature length and total number of subscribers.  

Even the Curvature Density  needs to be extended to get the Network Density. This third 
density takes the necessity of  spare parts in the network into account. Thus the Network 
Density is the quota between the sum of the curvature length and spare line length divided 
with the total number of subscribers. 

In order to measure the densities three total line lengths need to be known. This is 
accomplished with a measure of the tree-length in the Reference Network. First the 
Nominal Tree Length, which is the accumulated length of straight forward distances 
between the nodes. Then the curvature length measures the tree length of an adjusted 
nominal length. Finally the Spare-Tree-Length measures the length of the spare net. 
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4.3.8 THE SIMULTANEITY CONDITIONS OF THE 
REFERENCE NETWORK (NETWORK DEFINITION 7) 

When power is delivered to one Client the cable has to be dimensioned to handle the 
clients expected peak power. When two or more clients is partly or completely supplied 
through the same cable it would be unwise, and expensive, to dimension the cable from the 
sum of the peak loads by each client. It is unlikely that the clients will have their peak load 
at the same time. The more clients who are supplied through the same cable the more 
unlikely it is that they will have their peak load at the same time. This is an old and well 
established fact to all who have dimensioned an electrical grid.   

If we assume that all clients have the same value of their peak loads but they are using their 
peak load at an arbitrary time within a timeframe it has been empirically shown (Larsson 
[27]) that the resulting load in the cable fairly well – under given considerations - can be 
approximated as 

Simultaneity Power = f(Number of clients, Peak load power) = 

=  Sum of each client peak load power * Number of clientsk; 0 < k ≤ 1) 

The constant k has to be set from empirical studies and the function in the following text is 
called Simultaneity function. When k=1 there are no simultaneity, which means that the 
grid has to be dimensioned to take the sum of each client’s peak load. The constant k is 
depending of the kind of load and the behavior of the client, i.e. the consumption pattern 
within a timeframe. For example a town with many clients having housewarming from 
electricity will give a higher k than else even if the peak-loads are identical. 

The previous empirical function is valid if different clients have about the same peak load. 
If the peak loads among the clients differ, which normally is the case, the average power 
will be used. The more differences there are in peak loads the less good approximation will 
the function give. 

4.3.9 THE ELECTRICAL PROPERTIES OF THE REFERENCE 
NETWORK  (NETWORK DEFINITION 8) 

The definitions of the electrical properties are not possible to solve with a straight 
calculation. To calculate the current in a Link the potentials at the beginning and the end 
need to be known but to calculate the potentials the current need to be known. In the 
computer program this is solved through an iterative method. This method is not described 
here but can be found in [29].  

The calculated electrical properties are the current through a Link and the voltage drop 
over the same link. The starting point of the calculation is the subscriber loads, given by 
the Objective Prerequisites and the electrical properties of the Link, specified as Level 
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Attributes, such as Link resistance and reactance and the reactive power production in the 
loads. 

4.3.10 THE CONFIGURATION OF THE REFERENCE 
NETWORK (NETWORK DEFINITION 9 AND NETWORK 
DEFINITION 10) 

When the configuration starts there are a lot of tests that has to be done. This is performed 
by a cluster scheme. The clustering starts with one node and then new nodes is added 
successively to the cluster. After each addition a set of tests are performed. If all tests are 
positive another node is added. This will continue until one of the tests no longer is 
positive. Then the process is interrupted and the creation of a new cluster starts.  These 
tests are named Cluster Conditions.  

The conditions originates from a lot of empirical tests. The following set of conditions 
(Network Definition 9) has proved good quality to be enough conditions to create the 
clusters in the Reference Network: 

- The first condition regards the current in a line (the Current Condition), which has to 
be below a certain level.  

- The next condition regards the power at a transformer (the Power Condition), which 
cannot exceed a certain level.  

- The third condition is a limitation of the longest distance between a node and its 
supplying transformer (the Distance Condition).  

- The final condition regards the maximum potential-drop within a local network (the 
Potential-drop Condition). This value is set according to legislation and standards. 

A conclusion from the tests that were performed was that in the close area to a transformer 
the real grids are not constructed as pure radial grids. When the voltage drop or the current 
of a cable is limiting the creation of the grid in a real grid, a new cable from the transformer 
is created rather than to install an additional one. Thus the voltage drop calculation and the 
current calculation is prevented within a certain close area to the transformer. In this area 
the cluster process is limited by the maximum power at the transformer. 

The creation of clusters is performed among the Client Nodes and Transformer Nodes. 
The creation of clusters is completely performed  at one Network Level before the creation 
of clusters in the next Network Level starts, starting with the low-voltage level (Network 
Level 1). After the creation of clusters at one level a transformer is created at each cluster. 
Then a grid is created within each cluster, with transformer as the root-node. The grid 
consists of Links connecting the Client Nodes and Transformer Nodes. The transformer 
will be a node in the superior Network Level, and will thus be included in the creation of 
clusters in the superior Network Level.  



THE REFERENCE NETWORK 

 79 

If there is a Source Node in the close area to the cluster this Source Node will replace the 
transformer. 

In this way a tree is created with Client Nodes and Transformers as vertices and Links as 
edges. The root node will always be a Border feed point and the tree can include Nodes 
and Links  from one to all Network Levels. 

The definition is written such as it gives the conditions to all objects in a Network Level, 
which they must obey. When this is fulfilled the set of nodes are said to be a Complete 
Network Level Partition (Network Definition 10). 

4.3.11 THE DEFINITION OF THE NETWORK IN THE 
REFERENCE NETWORK (NETWORK DEFINITION 11) 

Then finally, the remaining definition is the definition of the Reference Network itself.   
The hard “definition-work” is performed by the previously described definitions. The 
remaining part is to set up a condition that these definitions have to fulfill and to give some 
limitations of the network. Moreover, the origin of the objects must be defined 

No empty Network Levels: A Level can’t be empty. There must be at least one object at 
every level. Moreover, at the highest level there must be one Source Node and at the lowest 
level at least one Client Node. 

Predefined objects: Client Nodes and Source Nodes are predefined from the Objective 
Prerequisites.  

Created Objects: Transformer Nodes and the Links are created within the model by a 
network algorithm 
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Chapter 5 

Test and Analysis of the Reference 
Network 

5 TEST AND ANALYSIS OF THE REFERENCE 
NETWORK 

Tests have been performed to secure the ability of the Reference Network to simulate real 
networks. The model has been tested to all categories of networks, in total 119, from small 
networks (approx. 1000 subscribers)  up to the big networks (approx 450,000 subscribers). 
Moreover there are all kinds of networks, from networks in a city to rural networks. 

The primary goal of the tests has been to verify that the model can simulate the companies 
in the test database. The secondary goal has been to verify that changes in the model 
parameters gives a corresponding and reasonable change in the created Reference 
Network. 

The tests described here are: 

- Close area parameter 

- Maximum transformer power 

- The total length of the network 

5.1.1 THE BORDER OF THE CLOSURE AREA 

At the configuration of the grid there are four restriction conditions that control the result; 
current restriction, voltage restriction, power restriction and length restriction. The 
configuration is done through a clustering procedure, where one node at the time is added 
to the cluster. When any of the four restriction conditions not any longer are fulfilled the 
cluster is considered as full and a new cluster is started. These clusters correspond to 
network-station areas in the real grids. 

The grid configured is a radial grid. This corresponds well to real grid construction when 
the density is a little sparser. At denser grids it is more common to, on the low voltage 
level, feed from the grid station to a switch enclosure and then with individual services to 
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each service point. In these denser grids it is not reasonable to let the voltage- and current 
restrictions control the configuration. The cluster would contain too few nodes and the 
consequence is too many transformers. For this reason a closure area has been defined 
where these two restriction conditions are not being used. The border of the closure area is 
defined so that it recognizes the density of the actual grid. If this density is less than the 
border of the closure area the current- and voltage restrictions are not used.  

One alternative to this closure area border would have been to imitate the real grid by using 
switching enclosures in the model. This had, however, led to an undesired increased 
complexity. Through the chosen procedure the same algorithm can be used for all nodes 
and grids on all voltage levels. It has also been shown that there is a good correspondence 
when the closure area border is applied on the model.  

What is interesting to look for is a “balance” between the sparse and dense grids. The 
model should behave about the same in sparse as well as dense grids in that there should 
not be any systematic errors. As a measure of this test a comparison between the number 
of transformers in the model and the corresponding number in real grids has been done. 
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Figure 24. Closure Area 0 meter 

In this example the closure area border has been set o zero, e.g. it is not used. Then the 
model has a skewness that is not acceptable.   
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Figure 25. Closure Area 15 meters 

When the closure area is expanded the skewness decreases in the model. 
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Figure 26. Closure Area 30 meters 
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Closure Area 45 m
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Figure 27. Closure Area 45 meters 
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Figure 28. Closure Area 60 meters 

It is fairly clear that somewhere between 30 and 45 meters there is a balance. Thus the 
closure area has been set to 35 meters.  
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5.1.2 MAXIMUM TRANSFORMER SIZE 

The most suitable size of Maximum transformer can be adjusted in a similar way, i.e. by 
looking for a result where the dense and sparse grids are treated equivalently. 

The most suitable size has turned out to be around 1,000 kVA.   
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Figure 29. Largest transformer = 800 kVA 
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1200 kVA

50%

75%

100%

125%

150%

0 50 100 150 200 250 300 350 400

Subscriber density (lines meter/subscriber)

R
ea

l n
o 

of
 T

ra
ns

fo
rm

er
s 

/ 
M

od
el

 n
o 

of
 T

ra
ns

fo
rm

er
s

 

Figure 30. Largest transformer = 1,200 kVA 
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Figure 31. Largest transformer = 1,500 kVA 
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5.1.3 NUMBER OF TRANSFORMERS 

It can be worth to comment some on the number of transformers. It is clear from the 
charts above that the number of transformers the network companies have built in their 
systems are larger than the number set by the model. Does the model need to be adjusted 
so it sets out the same number as the real grids? 

The judgment is that so is hardly the case. The model has built a completely realistic grid, a 
simplified but correct dimensioned grid. The number of transformers in the model is 
enough to support the network. The fact that there are more transformers in the real grids 
has its own reasons. It could be the consequence of another grid optimization, where there 
is a balance between the length of the high voltage- and low voltage network and the 
number of transformers. If the grid is dimensioned in another way this balance becomes 
different than in the model. That this is the case is suggested by the large spread between 
the points in the diagrams. It could also be the result of pure investment failures, or 
lingering effects of networks dimensioned for large heating loads.  

All in all, the assessment is that it is important that the balance is correct between dense 
and sparse grids so that not any category is favored. However, it is not reasonable to upsize 
the model grid so they correspond to the real grids. The task of the model is not to 
reproduce the reality. If anything, it is the real grid that, in the long run, should be adjusted 
to be more effectively dimensioned.  

5.1.4 CURVATURE ADJUSTMENT 

The urban networks cannot be built as the crew fly. This has been taken into consideration 
by measuring the curvature length. The approach for finding this adjustment function has 
been to compare the nominal grid’s density, i.e. a grid without any curvature adjustments, 
with the real densities. Thereafter an adjustment curve is applied in what can be considered 
as “best practice”. This approach agrees with the basic approach of the complete model 
“what anyone can build but no one can build better”. 

The tests have been concentrated on net level 1 and 2 in the first place. 

For net level 1 the following result has been received: 
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Comparision between the Real  and the Reference Network, Net Level 1 (0.4 kV)
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Figure 32. Line length Net level 1 

 

Through tests it has turned out to be quite possible to move the result line upwards as well 
as downwards and to change the shape of the curve on the x-axis. Thus the model has 
good characteristics to simulate grids, both for the application it is developed for, i.e. 
regulation of the network companies, as well as for other reasons. The line of choice starts 
from the regulator’s approach. The grid that should be simulated should be “best practice”. 
It is quite possible to move the result so that it reflects for example a mean value. 

In a corresponding way the following result for net level 2 has been received.  
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Comparision between the Real  and the Reference Network, Net Level 2 (6-20 kV)
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Figure 33. Line length Net level 2 

The diagram shows the summarized line length calculated for entire companies, measured 
against a grid that also contains spare capacity. The geometry adjustment, however, is 
performed for every individual line length separately. At a closer analysis there is an 
indication that the placed geometry adjustment for the individual line in the sparser grids is 
somewhat low. The result measured for the whole company becomes satisfactory, on the 
other hand. Thus, there might be a further need of adjustment of the balance between the 
placed geometry adjustment and the spare capacity.  
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Chapter 6 

Discussion 
 

6 DISCUSSION 

6.1 ASPECTS ON THE CHOICE OF REGULATION 
MODEL 

In the beginning of the project some other regulation models and tools were reviewed. 
None of them were found to have the asked qualities. The goal was to find a model that in 
some way or another took care of grid efficiency. 

One of these tools was Data Envelopment Analysis (DEA), which is a well known and 
wide spread analyze tool, even used by some other regulators. DEA is a nonparametric 
mathematic programming (Zhou [59]), utilized for business prediction that gives the best 
benchmark of business process improvement. In this way for example it is possible to 
solve problems with a set of unknown cost functions. DEA uses internal functions that 
can’t be related to the real world. The equations themselves are hard to set into the 
regulation context. Only the result of the solved set of equations can be related to the 
context. The output of the model is easy to explain but the inside is hard to understand and 
explain. Despite the experience from other regulators and the promotion from some 
companies DEA was discarded. This was because: 

1) DEA has an “inside” perspective. It measures features inside the company. The 
result is a among other things a best practice curve. DEA does not answer the 
basic question – is the grid efficient. It can only answer if the networks built are 
efficiently run. Thus it measures the productivity. In the NPAM the requirement 
is a tool that answers the question if the grid are both efficiently built and 
efficiently run. DEA can't provide this answer. 

2) DEA is sometimes described as a “black box”. One of the core ideas in the 
NPAM [17] was to create a transparent model. DEA lacks in this aspect. 
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6.2 ASPECTS ON IMPLEMENTATION 

6.2.1 INCENTIVES TO DELAY THE IMPLEMENTATION 

The aspects of the implementation and regulation is not the primary object of this thesis. 
The focus is the reference network itself. However, it can be notified that there are lots of 
incentives to the grid companies to delay and complicate the implementation. The total 
revenue in trade is about SEK 20 billions. The preliminary results from the test indicates an 
overcharging of 20%. This gives a rough figure of the total overcharge, SEK 4 billions. The 
model is decided to be operating from 2004. If the model can be delayed one year this 
gives  the companies an extra year without demand for measures. So far this apprehension 
has been verified. Furthermore, a not too daring guess is that some of the decisions taken 
by the regulation authority will be appealed to the supreme court.  

6.2.2 THE ATTITUDES 

In Gammelgård [8] , [10], [9] the internal company focus is discussed. In short the NPAM 
will be a shift in focus from the internal cost in a company to the value add to the 
customers. From an internal company perspective this will call for a change in attitudes. 
The companies are used to think in costs as something that always will be paid by the 
subscribers. Now they must motivate the cost in a value add to the customers. The 
experience from the development process so far is that it has been easy to create 
understanding in the theory but when the practical consequences are shown the enthusiasm 
is decreased.  

6.3 ASPECTS ON DESIGNING A NETWORK 

6.3.1 ASPECTS ON SIMPLICITY 

Simplicity is normally a basic requirement in all model development. Simplicity is a balance 
act. In the first basin is readability and in the other basin is functionality. If the model is 
simplified too far it is easy to read but useless to its purpose. When the model has all 
functionality it is hard to read and difficult to explain. It is important to consider who will 
use the model. In this case the Reference Network will be used by economists and legal 
experts and, moreover, it will be used in courts. This underlines the need of simplicity. 

In the Reference Network of the NPAM it has been emphasized that the complexity in the 
model is limited by the need to model all major aspects of a network, aspects valid to an 
econometric review of the network. There are many technical aspects not considered in the 
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model that has been assessed as not basic to the economic review. Stability in a meshed 
grid is one example of this. Therefore there can always be objections from a technical 
aspect but these objections are not of major economic interest. It can be questioned if the 
model still is too complex. Efforts has been made to simplify the relations. However, the 
judgment is that it would lower the precision in the model too much if further 
simplifications are made. 

6.3.2 ASPECTS ON OPTIMIZATION 

In the Spanish [39] and Chilean [40] models as well as in [48] an optimized network is 
default. There are no arguments found why the network has to be optimized. 

In designing the NPAM a consideration was settled what kind of grid that best answered to 
the requirements. There are different approaches depending on if the net is built for 
benchmarking or construction. When building a Reference Network there are issues that 
differ from the creation of a real network. One important feature of the he Reference 
Network is that it is unambiguously defined, this means that the network can only be 
built in one but one way from the given input data. It is not possible, during the creation of 
the net, to add extra information or to help or correct the creation. Another feature is that 
the network is time-independent. This means that for example over time changing costs 
to build a line are not allowed to influence the creation. From this requirement follows that 
there are no cost consideration in the input data to the Reference Network. Contrary to the 
Spanish and Chilean model there is no need for optimization. The objective for the 
Reference Network is to simulate real networks in a proper way. The real nets have an 
incremental growth record and they are therefore not optimized. In the final model the 
Reference Network of NPAM has a similar growth record as a real network. 

Another reason for not creating an optimized network is the difficulty to define in what 
aspect the optimization is to be done. Which aspect is to be minimized? To minimize the 
cost for example implies a difficult balance between maintenance cost and investment. A 
common way is to perform a life cycle analysis. In this analysis the depreciation time has to 
be set to a fixed value. This time is far away from a precise assumption. Technical 
development might sometimes change this value dramatically. Moreover, there are several 
sources of uncertainty that limits the success in optimization, for example interest rate, 
simultaneity and different load pattern (the consumption within a time frame) and load 
characteristics (the production of reactive power). To summarize, an optimization is a 
search for a minimum solution with a given hand of parameters. But the optimization can't 
guarantee that this set of parameters is the correct set. Therefore it can be questioned if an 
optimized Reference Network will add any extra value to a regulation. The burden of an 
optimized network is extra complexity, uncertainty, some extra parameters and an 
undesirable time-dependency. 
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In the creation of the Reference Network the conclusion was that the Reference Network 
had nothing to win being an optimized network. Or in other words, it is hard or impossible 
to create a common network, valid to all real networks, that is optimized. Too many 
considerations have to be made and the uncertainty is too great. 

Thus, during the development of the NPAM the issue of optimization was far from an 
obvious requirement. The final decision was to disregard optimization. Instead the 
algorithms perform a network that is quite efficient. In the final analysis of the 
performances of the Reference Network these algorithms have been found to perform 
more efficient networks than the real ones. It is quite a challenge to the network companies 
to beat the performance of the Reference Network and thus there is no need for the extra 
efficiency of the optimized networks. 

In the comparison between the Spanish network and the NPAM no conclusion of which 
network that is most efficient can be drawn. In future works it would be interesting to a 
benchmark between the optimization in the Spanish network and the Reference Network 
of NPAM. 

6.3.3 ASPECTS ON TRANSPARENCY 

Another important guide line when the Reference Network was created was a requirement 
that the Reference Network must be transparent. The reason for this is that it will be used 
in regulation and accepted by both the courts, the Regulator and from those who are 
regulated. Moreover, it is reasonable from a customer point of view that the Reference 
Network is transparent. 

There are several ways to create the transparency in the Reference Network: 

1) First of all the net is unambiguously defined, and the definitions are public. They 
are added as an appendix to this thesis. 

2) All methods are public and published on the web. 

3) All important as well as unimportant parameters are available outside the network 
creation. Thus all parameters can and have to be exogeneously set. 

4) It would have been preferable if all input data could have been public. However, 
there are security issues limiting this possibility. It is a bit problematic in relation 
to war and terror to publish a database with all the coordinates to all subscribers. 

5) The program that will create the Reference Network is publicly available. 
However, the code is not public. It has been judged to be enough if the methods, 
parameters and the software are public. 
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It would have been possible to use for example genetic algorithms and iterative algorithms 
to create the network. The drawback is that  this would have given a more complex model 
that would have been harder to explain. 

It was important and a bit hard to decide that the software and all the values of the 
parameters should be public. It was important to create the transparency but it opens for 
criticism. First of all it is tempting even to an inexperienced user of the software to change 
the parameters and find out what will happen. To some of the parameters the modification 
has to be careful, otherwise the network creation might fail or create unreasonable 
networks. However, so far there has not been any big problems with this. The result has 
rather been lots of tests performed by the grid companies and relevant questions of some 
inherent features. Secondly, the public parameters make it is easy to count the number of 
parameters. In the NPAM it is slightly more than a hundred parameters in all. There has 
been a criticism that the model is too complex because of the number of parameters. 
However, all models have a lot of parameters, otherwise it is hard to model any relevant 
features. The difference is that in the NPAM all parameters are exogenous, even trivial 
parameters, for example the number of hours per year. In many models many parameters 
are built into the model or the model is based on results from other parameter based 
calculations. Most of the parameters are never to be changed, for example resistance and 
reactance of a cable. 

Many of the parameters regard the assessment of the network rather than the Reference 
Network.  Moreover, the number of parameters depend on the number of levels. In 
summary, to create the Reference Network 13 parameters are required at each voltage level. 
In the running model there are four voltage levels and thus 52 parameters. Once set these 
parameters never need to be changed. 

The rest of the parameters concern the economic assessment. These parameters are more 
or less time dependent and thus need to be reviewed annually. 

6.3.4 ASPECTS ON NETWORK STRUCTURE, MODEL 
REPRESENTATION 

There are two major roads in the internal model structure when implementing a model to a 
computer program. The first is to represent the network in a matrix, with the root and 
leaves as elements in a matrix. This will often lead to sparse matrices. The advantage of the 
matrix representation is that it is a well known technique and there are many well 
documented algorithms that has been developed to do the calculation, even to sparse 
matrices. Moreover, these calculations are fast. The other way – that has been used in the 
creation of the Reference Network – is to use object representation. In the computer 
program there are objects with properties similar to the real network, like cables and 
transformers. The advantage of this way of representation is readability and flexibility. 
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When the components in the program are similar to the reality it is easier to read and 
understand the program. When the consideration are changed or the network is growing it 
is easier to adopt the program to the new considerations. The object representation seems 
to be the main stream of the new models of distribution networks. 

The initial part of the project was performed in a matrix-oriented development 
environment – MATLAB. This was acceptable in the initial searching steps. Then, in the 
full-scale model, a more powerful development environment was necessary. The decision 
was to use an object oriented software. 

6.3.5 ASPECTS ON THE PARAMETER DATA 

The set of parameters consist of parameters to guide the creation of the Reference 
Network and economical parameters to guide the economical assessment. The assessment 
is primarily based on investment functions applied to the Reference Network. So far these 
functions are based on a database provided by the trade association Swedenergy. This has 
led to some justified criticism from a customer association (LRF). It has been questioned if 
the Regulator is independent of  Swedenergy. There has been a suspicion that the database 
will be fixed to give a high assessment. However, the databases is an internal database 
aimed for procurement. The purpose was never to be used for regulation. Therefore it 
seems  to be without risk to use it in its original form. It is a bit more dangerous to 
implement an annual update. There is a risk that the database will be influenced by  the fact 
that it is used for regulation. Therefore the  Regulator will use an index for the annual 
update of  the database the first years.  

However it can still be questioned if it is correct to use the internal database. The level of 
the procurement costs has been established under monopoly conditions. The suppliers 
have adapted their price level to a customer who has been granted a full payment of its cost 
from the subscribers. In the long run it might be necessary to find another method to get a 
fair price list. One proposition is to use a non-parametric tool, for example Data 
Envelopment Analysis (DEA  [59]),  based on publicly available figures of the total cost 
and line length of each company.  

6.3.6 ASPECTS ON THE INPUT DATA 

The demand of information to supply the NPAM has been discussed, as well as the 
content and the amount. 

Concerning the content the NPAM is based on the geographic location of each subscriber 
and input feed, provided as GIS-coordinates. It has been questioned by the companies if it 
is a reasonable extra cost ordered by the Regulator to supply the regulation with the 
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geographic location of each subscriber. The same discussion has occurred in Spain (Agrell 
& Bogetoft [2]).  The answer to this is that it can be regarded as basic requirement to all 
grid companies that they have their customers in a database describing the location as well 
as the load. This has nothing to do with NPAM, rather with a normal company 
requirement to fulfill the demands from all software aimed for investment and maintenance 
systems. GIS-coordinates are the starting point in this kind of software.  

Then the amount of information has been questioned. Is it reasonable to order the 
revenue, two coordinates, the load and voltage level from 5 million subscribers, which 
makes more than 30 million input data? At a first look it seems a lot. Explained in another 
way it sounds much more reasonable. The only requirement from the Regulator is that the 
company knows who and how much they are charging, and where their subscribers are 
located. In exchange of this the company will get a monopoly to sell one of the most 
demanded product in the world. Then it seems quite fair! 

In Lantz [22] it is asserted that the number of input parameters is 138. From this the 
conclusion is that it is  hard to validate the quality of all of the input data and therefore the 
risk of errors in the assessment can’t be neglected. The number of parameters is not correct 
but the conclusion is correct. The correct number of input data from the companies are 
four for the huge part of the subscribers (LV subscribers); identification, location, 
transmitted energy and revenue. To HV subscribers the voltage level and subscribed power 
is added. In addition to this there are some common company input data as company 
name, address, etc. All data except one is easy to verify, the reliability data is harder to 
verify. But it is quite easy to verify the relevance of these data in the regulation and if an 
error is suspected it is easy to verify the data assembling process within the company. If 
this process is malfunctioning the result will be a loss of the spare premium in the 
assessment. Thus the companies have quite good incentives to report input data of good 
quality. 

6.3.7 ASPECTS ON RELIABILITY 

In Solver & Söder [46] it is questioned if the regulation interval of the reliability is enough, 
the interval from poor reliability to excess reliability. It has been shown that many of the 
companies are outside the interval. Some of the companies have a reliability which exceeds 
the upper limit in the regulation model. Others will have a reliability below the accepted 
level. From the Regulator it has been stated that the Regulator will intervene into those 
companies with a low and not acceptable reliability. Then the assessment in total doesn't 
matter and the value of Network Performance Assessment is without interest.  Thus in this 
way this issue will be handled properly, at least in an initial phase. In the long run this 
aspect will probably have to be analyzed further. 
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Lindqvist [32] is questioning if the NPAM will ensure proper reliability investments in the 
networks. In the paper there is a apprehension that the companies will stop investing in 
reliability related components. In comment to this it is a motivated question, but the 
outcome is rather a matter of the values of the parameters than the model itself. The 
Regulator is well aware of the question and will fine-tune the model to secure enough 
investments. 

6.3.8 ASPECTS ON THE COMPONENT SET 

When dealing with an object oriented model the set of objects, or components, has to be 
decided. In the Reference Network the objects are cables, transformers, subscribers and 
border feed points. Moreover, these objects have an internal structure so they can inherit 
properties.  

The component set has been discussed and analyzed. For example, one important 
component that is realized in a real network but doesn’t exist in the Reference Network is 
the breaker. To exclude this from the Reference Network is a simplification. The reason 
for excluding it is that it can be taken care of in the investment functions of the network. 
Each line are assumed to include a certain share of a breaker and thus it will be assessed in 
the assessment. 

6.3.9 ASPECTS ON CABLES OR WIRES? 

Historically, wires were cheaper to build than cables. Then the first choice was to build 
wires, especially in rural areas. Today the price of cables are about the same as for wires. 
Cables has the advantage to be more robust to changing weather conditions. Because of 
this cables is normally the first choice today in new LV and HV grids. In reinvestment it is 
a matter of the circumstances. Cables is not always the first choice. The result is a 
remaining significant line share.  

The Reference Network doesn’t in principle separate cables from wires. In the network 
there are lines from one point to another with a certain length and in a certain density. The 
decision if there will be cables or wires is taken when the cost-function of the line is 
modeled. To be correct, however, there is one aspect when the choice between cable or 
wire influences the Reference Network and this goes for the physical properties. The 
model uses resistance, reactance and thermic load of a line. The relationship between these 
values differs between cables and wires and the choice indirectly influences the Reference 
Network. This matter is however of less importance. 

In the NPAM the basic point has been to never adapt to the real grids. If the network shall 
be a reference then it must keep clear from influence of the real grid. Because of this a 
decision had to be taken if the assessment shall be based on cables or wires. The decision 
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was to base the assessment on cables. The reason for this is the trend in building new grids, 
that is based on cables. Then the cost-function of the lines has been adapted to the 
conditions of a cable.  

The decision to only use cables has lead to some criticism. The maintenance cost in the 
NPAM is set to a percentage share of the investment cost. However, the maintenance cost 
of wires are higher than of cables. The grid companies which have a great share of wires 
claim that they have a disadvantage from this. This is correct but on the other hand they 
have a grid that normally is much more depreciated and therefore a lower capital cost. 
Then the disadvantage can be questioned.   

6.3.10 ASPECTS ON SECURITY 

The NPAM requires lots of input data. The input from around 5 million subscribers will be 
given with an exact position and annual load. From a national security point this is not 
unproblematic. There has been a lot of questions around the security issue. To sum up, 
there are a number of limitations how to handle the information. 

6.3.11 ASPECTS ON RELEVANCE 

An important issue is to consider if the model is relevant to its purpose and if the 
calculations are correct. 

Considering the last aspect, if the calculations are correct, it is hard or likely impossible to 
guarantee that there are no errors. The model and the software is to complex to validate in 
all details. There has been one external validation (Jönsson [8]) by one of the most well-
reputed software companies in Sweden (TietoEnator AB). This validation was performed 
half way in the development and proposed some improvements but did not find any errors. 
Then there have been four tests, the last one including more than half the number of the 
subscribers. The tests have been performed by the author as well as by the Regulator. The 
results have been reviewed and questioned by the companies. The model and the methods 
have been reviewed by several persons at the Regulator and in the companies. The software 
has been tested in all details and the confidence is that there are no errors of great 
importance. This informal review process has initialized a lot of changes and 
improvements. 

Considering the first aspect, the relevance, there is an ongoing discussion primarily 
concerning the values of the parameters and the implementation, rather than the model 
itself. There are disagreements about some of the parameter values, for example the 
interest rate. Not surprisingly the companies argue to raise parameters that will raise the 
Network Assessment and the Regulator argues in the opposite way. 
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Is the result relevant? Unfortunately there is no key to the correct value. In the following 
context there is a rough estimate of the relevance. In the tests performed in the creation of 
the Reference Network, described previously, it has been shown that the Reference 
Network simulates the real networks fairly well. Moreover, by varying the parameters the 
Reference Network can be fine-tuned. Thus the Reference Network has the ability to 
describe important aspects of real networks. 

Concerning the assessment of the Reference Network it is a fact that the distribution 
companies have had a monopoly to distribute and sell electricity for more than a hundred 
years. It is a well known fact that a monopoly has loose incentives to productivity. In a 
competitive market a sound productivity is about 2% per year. This means that each year 
the product must be produced at 2% lower cost to remain competitive. In the NPAM the 
balance between the revenue and the assessment is formulated as a debiting rate. If the 
debiting rate is higher than one, the companies are overcharging their customers.  A first 
assumption when viewing the monopoly situation is that it sounds unlikely with debiting 
rate lower than one. On the other hand it sounds unlikely with a debiting rate exceeding 
two. The hypothesis when the development started was to find an debiting rate of 1.5. This 
can be translated to a productivity drop. If the productivity continuously is 0.5% per year 
below a normal productivity the result is approximately 62% higher prices after 100 years, 
according to higher internal costs, than otherwise. The result from the final test is a median 
debiting rate of approximately 1.1, corresponding to a productivity drop of  0.1% per year.  
The debiting rate sounds a bit low. The reason to this is either that the Swedish grid 
companies have about the same productivity as competitive companies or that the 
assessment parameters have been set a bit too high. The last matter seems to be more 
correct. During the development process there have been many times when parameters 
have been found within a max and min value and then often have been set to a “secure” 
value, resulting in a higher Network Assessment.  

6.3.12 ASPECTS ON EFFICIENCY 

In Lantz [22] a review of the regulation paradigm stated by NPAM is performed, with 
focus on short- and long term efficiency. The efficiency is defined as the quota between the 
benefit from the last produced unit and the cost to produce it. As long as the quota 
exceeds one the unit shall be produced.  Short term efficiency relates to the short term 
marginal cost. The long term efficiency relates to the long term marginal cost. Lantz argues 
that the regulation must consider short term as well as long term efficiency. For example a 
lack of long term focus will decrease the investments. The conclusion in the report is that 
the regulation has to be performed within two keys instead of one. The debiting rate 
(revenue/Network Assessment) has to be separated into two keys: 
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Short term debiting rate = 
= Total revenue from flexible costs/ Short term Network Assessment  
Long term debiting rate =  
= Total revenue from fixed costs/ Long term Network Assessment 

In Lantz [23] the conclusions in [22] is followed by a survey among the grid companies. 
This survey supports the opinion of the problems with the long term efficiency. 

The observations and conclusions seem theoretically correct but impossible and unsuitable  
to implement, for more than one reason. 

The first reason concerns the price determination. The tariffs are separated into flexible 
and fixed costs. In the theory of Economics it is desirable that there is a transparency 
between flexible and fixed costs and tariffs. However, this is not the fact in reality. The 
revenues in a company is set from many aspects, one of them is the balance between 
flexible and fixed costs. But other considerations influences the price determination also. 
For example the opinion from the subscribers and the company board. The subscribers 
tend to prefer flexible costs, resulting in a higher flexible price than corresponds to the 
flexible costs. Concerning the company board it is often a political decision how the tariffs 
are set. Many politicians prefer flexible costs to emphasize the incentives to lower the 
energy consumption. Moreover, the Regulator has no backup in the law to regulate the 
price structure, which is necessary if the proposed debiting rates are implemented into the 
regulation. 

Finally, with a separated debiting rate it is hard or impossible to compare the companies 
with each other. 

The observations made by Lantz is not new or surprising and have been discussed during 
the development process. The conclusion has been that the investment rate needs to be 
observed, maybe with the help of some key figures. 

6.3.13 ASPECTS OF INHERENT PROPERTIES OF THE 
REFERENCE NETWORK 

One inherent property of the Reference Network that is worth mentioning here is that the 
network take advantage of a fundamental and important mathematical principle, The 
Central Limit Theorem (Weisstein [56]). This theorem says that the sum of a large number 
of data, with a similar distribution, will give a result that has a Normal Distribution. This is 
valid even if the input data doesn’t have a Normal Distribution. This is a strange and very 
applicable theorem. In the Reference Network the theorem, under some conditions, will 
result in that although there are errors in input data the calculation will be correct, with 
some probability. This implies that the calculation will be more and more correct the larger 
the number of input data. 
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Tests have been performed to validate the robustness of the model. For example a set of 
databases with 10.000 subscribers has been distorted. An arbitrary error has been added  to 
all subscriber locations. The final test included errors of 30 m in average. The average 
Network Assessment did neither increase or decrease but the standard deviation increased.  

6.4 ASPECTS OF SHARING RISK 
The assessment of the Reference Network is primarily based on a certain interest rate. This 
interest rate is calculated in a common way according to the Capital Asset Pricing Method 
(Brealy & Meyers [4]) as 

- rf = risk-free interest rate  

- req = Interest rate of equity = rf + risk premium on equity 

- rs  =Interest rate of debt = rf  +risk premium on debt 

- S = Equity capital/Total asset capital 

- Interest rate = req  * S + rs  * (1-S) 

The interest rate is the single parameter that has the greatest impact on the assessment. Not 
surprisingly there has been many discussions about this rate between the trade association 
Swedenergy and the Regulator. The trade association proposed a higher rate. 

In order to end the discussion the Regulator commissioned financial consultants (Dreber, 
Lundqvist & Kollerg [6]) to perform a deep analyze of the interest rate. Their propose was 
to still use the Capital Asset Pricing Method but proposed slightly different values.  

 Tests Dreber 
rf 3% 3.25% 
risk premium on equity 2% 3.88% 
risk premium on debt 0% 0.8% 
req 5% 7.13% 
rs 3% 4.05% 
S 30% 20% 
Interest rate 3.6% 4.67% 

Table 34. Values of interest rate in the test and the proposed rate by Dreber, 
Lundqvist & Kollerg [6] 

One aspect not analyzed is who shall bear the risk.  

In the former regulation, when the companies were granted reimbursement to cover all 
their costs the risk was primarily carried by the subscribers. For example the cost of bad 
investment could always be transported to the subscribers. In the new regulation, where 
there is no granted reimbursement connected to the costs, the risk is moved from the 
subscribers to the company. The risk is then carried by the company or more correct by 
the equity capital and thus by the owners. In theory this should influence the risk level and 
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thus the risk parameter used in the assessment. In theory the risk of the owners’ investment 
thus has increased and the risk premium will increase. This issue has not been discussed so 
far. It is likely that this fact will influence the future discussion of the interest level.  

Moreover there has been no discussion about the growth rate of the networks. In theory 
the interest rate will be influenced of the growth rate. Thus in a growing network the 
interest will decrease and vice versa. Even this issue is likely to be discussed in the future. 
In Sweden, as in many countries, the urbanization gives a growth in city networks and a 
negative growth in rural networks. 

6.5 ASPECTS OF THE SUPERIOR GRID 
The Reference Network includes an arbitrary number of voltage levels. It is developed 
from the requirements in the regulation of the low and middle voltage networks but does 
not inherently consider any specific voltage level. The voltage levels are set through the 
parameters of the network. One issue to consider is what will happen in the interface 
between the network that is regulated and the superior network. From a regulators point of 
view there will be a future risk that if a company owns both the regulated grid and the 
superior grid, actions will be taken in order to optimize the assessment. Thus networks will 
be moved to or from the superior grid, depending of the resulted assessment. 

The only way to avoid this problem is that a similar regulation in the future will embrace 
even the superior grid. 

Another issue that can be questioned is the rule in the NPAM which states that costs in the 
local network originating from the superior grid are not questioned. Those costs are simply 
transported to the subscribers. 

6.6 COMPARISON WITH THE CHILEAN AND SPANISH 
MODELS 

When the project was initialized, and the vision formulated, it was a new way to think and 
there were no knowledge of anything similar elsewhere. Afterwards it is a fact that Chile is 
a forerunner not only in deregulation but also in the field of distribution regulation. During 
the development of NPAM there were no influences from the Chilean regulation model. 
The Chilean model differs in many aspects from NPAM but there are similarities in the 
basic view.  

The Spanish regulation model is developed in parallel to NPAM, i.e. at the same time but 
without influence in either direction. The Spanish model is more similar to the NPAM than 
the Chilean model, but even here there are several differences. The model of greatest 
interest to the NPAM is the Spanish model. Unfortunately most of its documentation is in 
Spanish. The available documentation in English is just brief summaries. 
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The described models has been summarized [2] in the following table: 

 

Table  35.  Summary of normative models (Agrell & Bogetoft [2]) 

To start with, all three model have the customer perspective. The objective is to, in some 
way or another, measure the performance. The Chilean model equals NPAM in that it 
measures a Value Add. The Chilean model is based on a reference network, which is a real 
network that has been optimized by consultants. The Spanish  and the NPAM has 
reference networks built new from scratch. Moreover, the Chilean and Spanish models 
both claim to be optimized networks. The NPAM is not optimized. From the 
optimization follows that the reference network will be depending of the cost 
consideration. If the cost increase or decrease then the reference network will change. 
From this the conclusion is that the Chilean and Spanish reference networks are time 
dependent and the NPAM is not time dependent. 

The definition of the reference network differs very much between the Spanish model and 
the NPAM. The Spanish model is defined through a set of algorithms. Due to the 
documentation some of them are genetic algorithms. Moreover, the creation starts with a 
rough first approach. Then the final grid is iterated. The iteration is stopped when some 
kind of iteration criteria is fulfilled. This means that in order to define the Spanish 
reference net there must be a definition of  a set of algorithms and a set of convergence 
criteria. The definition of the NPAM is through a set of definitions of the created grid. The 
algorithms that will build the NPAM reference network is not a part of these definitions. In 
other words the Spanish model is defined through the way to create the reference network. 
The NPAM is defined by the network itself. Moreover, the Spanish reference network 
seems to be more complex than the NPAM. It considers a lot more of the environment, 
such as for example the local weather conditions (salt and ice), topography (mountains etc.) 
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and geographical restrictions (environment protection areas) and needs more parameters In 
summary, the Spanish reference network seems to be a bit more complex. There is no 
conclusion that can be drawn from this. One of the primary goals in the development of 
the NPAM was simplicity. One of the primary goals in the Spanish model is the 
optimization and that it must be correct in the treatment of different conditions. The way 
to handle the differences in the NPAM is not through the model but afterwards in the final 
assessment performed by the Regulator. If the company can show some differences that 
are of great importance to their grid creation then the Regulator will consider this. But it is 
not influencing the Reference Network. The Spanish model is one way and the NPAM is 
another way. No way is more correct than the other. They are just two different 
approaches.  

There is another aspect differing the Spanish reference network from the NPAM. The 
Spanish starts with the configuration of the transformers, both MV/LV and HV/LV and 
then the grid is constructed. The NPAM starts with the grid and after this the transformers 
are constructed. Thus the Spanish model is a top-down design and the NPAM is a 
bottom-up design. 

Blocks and houses are restrictions that have to be taken care of. Lines have to be drawn 
“around-the-corner”. In the Spanish model a quite sophisticated analysis is performed in 
order to identify all blocks and houses. This is performed by an analysis of the location of 
the subscribers. In the NPAM a simpler way is chosen by adjusting the line length with a 
density depending function, a curvature adjusting function. Thus a line in a city will be 
more adjusted than a rural line. 

The next issue is the transparency. The transparency is important in many ways. Firstly it 
is important in relation to justice. Then transparence is desirable in relation to 
predictability. If the companies know the rules they can take this into consideration in their 
internal work. Thus it is important in order to achieve self-regulation. Then transparency is 
important in order to secure the results. Errors and mistakes can be found if the rules are 
public. Concerning the transparency, the Chilean model is not transparent. The 
optimization is done by consultants and the reference network is not public. Moreover, it is 
hard to make it transparent due to the large number of consultants. The optimization is 
performed by many decisions during the work with optimization. The Spanish model has 
the ability to be transparent. It can be defined through its algorithms, parameters, 
convergence criteria and correction factors. Moreover, the software can be run by the 
companies themselves. The same goes for the NPAM. It is defined through the Network 
Definitions (in appendix to this thesis) and  the parameter set. The assessment software is 
distributed for free to all companies.  

The Chilean and Spanish models are based on zones. The NPAM has no zones. Instead 
there are density functions that will continuously describe the environment of each 
individual subscriber. 
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All three models are based on some kind of standard costs. The Chilean and Spanish 
models have cost related to zones. The NPAM has a continuously depending cost function 
without steps. Both the Spanish and the NPAM are completely based on parameters. No 
influence from the real grid occurs that will be assessed. The Chilean model is based on a 
real grid that is optimized. This is performed with one grid in each zone. From this grid are 
parameters created to assess all other grids in the same zone.  

Both the Spanish and the NPAM are based of objective prerequisites. These 
prerequisites are similar. Moreover, these two models are based on geographical 
positions (GIS-data).  

Concerning the component set the Chilean model is based on a real net and thus has all 
components in a real grid. Both the Spanish and the Chilean reference networks are 
simplifications and thus do not include all components. The NPAM is built from 
Subscribers, Border feeding  points, Cables and Transformers. 
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Chapter 7 

Conclusion 

7 CONCLUSION 

 
The starting point of this thesis was an urgent need of the Swedish Regulator to find a new 
way to regulate the Swedish electricity network companies. The former regulation paradigm 
had run out of time and it was hard to regulate the companies from this framework. 

The author of this thesis was commissioned by the Swedish regulator to find a new 
regulation framework. Other known models were reviewed but non of them had such 
qualities that they fulfilled the requirements given by the regulator. Those requirements 
was: 

- The regulation shall be based on self-regulation. Then the regulation authority can 
concentrate on the companies that cannot take their responsibility. 

- Give incentives to efficiency in the network service. 

- Give incentives to good reliability. 

- Give incentives to structural rationalization. 

- Give incentives to technical development 

- The model has to be accepted by the customers, the companies and the owners. 

- The model has to prevent high monopoly profits. Efficient run networks shall be 
allowed to have higher profits than inefficient companies. 

- Grant a fair return on invested capital to efficient companies 

- The model has to be revisable 

A research project started from an idea of the author. The idea was to create a performance 
based regulation, based on a sparse information. Or more correct quite a lot of information 
with sparse context. The only information was the location and load of the subscribers and 
the feeding points. 

In the background survey it has been sketched a trend in assessment and regulation from 
real values to standard values, in costs as well as in technical design of the network. 
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Standard values of costs as well as for assets seem to be a sound base for Performance 
Based Regulation. 

The research objectives of this thesis are to create a Standard Asset, a Reference Network. 
This is performed by a Reference Network model: 

- Based on given requirements, i.e. required customer performances, and the objective 
prerequisites, i.e. factors that cannot be influenced by the grid companies. 

- That is stable over time, i.e. time-independent of cost parameters, 

- Has the same essential electrical properties like a real grid. 

- No considerations to the ”real” grid taken into account. 

- Through empirical full scale tests verify that this Reference Network can be used as a 
model of real grids. 

In short, these objectives are achieved. The research, based on the objectives, has led to the 
following main research contributions: 

- A set of definitions of the Requirements (required performances) and Objective 
Prerequisites when creating a Standard Asset (the Reference Network)  

- A Network topology of a Reference Network defined by a set of definitions of a 
Reference Network, based on the Requirements and Objective Prerequisites 

- A set of parameters to guide the creation of the Reference Network 

- Empirical full-scale comparison of the theoretical network with real networks 

The contributions are achieved by a set of tests, from a first prototype test to a final full-
scale test, comprising ¾ of the subscribers. 

In the thesis it is shown one way – but not the only way – to create a Reference Network 
from the locations and loads. The contribution includes three definitions of the Reference 
Network creation: 

- The Reference Network definition 

- The Subscriber Requirement definition 

- The Objective Prerequisites definition 

The Reference Network definition is comprised of eleven Network Definitions. 

By these definitions the Reference network is completely defined. However, it has not been 
mathematically proven that these definitions are a complete definition of the Reference 
Network. Although it has been shown that when implementing the definitions into a 
computer program the resulting network can serve as a Reference Network.  

The Reference Network is used in a new regulation model – The Network Performance  
Assessment Model (NPAM) - which is used in Sweden from 2004. From the tests during 
the development process of the model there is an indication that the Swedish Network 
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companies as a whole are overcharging their customers with 10-20%. So far the regulation 
model has resulted in directions from the regulator towards about 40 companies. These 
directions are a starting point of a detailed review of these companies and might result in a 
decision guiding the companies to lower their tariffs. 

However, it has also turned out to be other ways to do this definition. In Spain there has 
been a similar research project, ending up in a Reference Network with many similarities to 
the NPAM Reference Network. The Spanish model is another way to create a reference 
network, which has important similarities but also important differences. In Chile another 
model with similarities has been run since the seventies.  

In the thesis some comparisons with other models have been performed. So far there are 
no quantitative comparisons, but some qualitative conclusions are drawn. The model with 
most similarities to the NPAM is the previously mentioned Spanish Model. The NPAM 
and the Spanish model have similarities in the approach. Both are based on the subscriber 
locations and loads. The cornerstone in both models are the creation of a Reference 
Network. However when it comes to the creation of the Network there are big differences. 
The Spanish reference Network is an optimized network. The NPAM Reference Network 
is an efficient but not optimized network.  

In the thesis it is questioned if it is suitable, or even possible, to create an optimized 
network. In order to create a Reference Network it is necessary to lock many parameters. 
In order to optimize the network time dependent parameters have to be locked, such as the 
costs of the assets. As time goes by the costs are changing and then the optimization are no 
longer valid. In the creation of the Reference Network all parameters are time independent. 
Furthermore, in the optimization procedure parameters individual to a special network 
need to be locked, such as the balance between cables and lines and geographical 
conditions, such as the risk for salt and ice. 

As a conclusion the optimization is questioned. It seems to be a dead end to find an 
optimization at the same time as many of the guiding parameters have quite an uncertainty. 
This is why an efficient time-independent network creation is proposed. There is a big 
difference between a technical design of a network and the creation of a Reference 
Network, which is used by a regulator in an economic review. In a technical design process 
an optimization is necessary. Moreover, if the regulator proposes an optimized network, 
then the regulator will shoulder the responsibility of a normative designer of networks. 

The matter of simplicity has been discussed. There is a balance between simplicity and 
correctness. This is a question which needs careful weighing up and the pros and cons have 
to be evaluated. It can be questioned if  the Reference Network in the NPAM is too 
complex. It would have been desirable to find a simpler model. Lots of efforts have 
consequently been laid down to simplify the creation of the Reference Network. But 
further simplifications tend to decrease the correctness too much. The Spanish Reference 
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Network on the other hand emphasizes the correctness, to the price of a more complex 
model. 

Another aspect that has been analyzed and compared with other models are the 
transparency. To be transparent all the rules guiding the creation of the reference network 
need to be official and published. It has been concluded that both NPAM and the Spanish 
model have the ability to be transparent, but no official and complete description of the 
Spanish Reference Network has been found. When it comes to the model used in Chile 
this model lacks transparency. Steps in the creation of the reference network are secret, due 
to competition matters between the reviewed companies. 

The NPAM has emphasized the simplicity, the Spanish model has emphasized correctness. 
Neither way is more correct than the other. It is a matter of judgment. The transparency of 
the NPAM is granted by the previously mentioned definitions and the parameters. 

The NPAM is based on a vision of comparing the revenues of a company with the value 
added by the company, viewed from the customers. This is performed by a debiting rate. 
This debiting rate was the guiding-star through six years of research and development. Not 
surprisingly, this debiting rate is now in the main focus to all electricity distribution 
companies in Sweden. 

The time to come it will turn out if the model has the ability to serve as the primary 
regulation tool of the Swedish regulator. It can be assumed that the companies, which are 
the subject of the regulator directions, will appeal the decisions and the model to court.  

7.1 FURTHER WORKS 
The primary research work, which is the foundation of the Network Performance 
Assessment Model, is finished by this thesis, at least for the moment. The next step is to 
implement it by the Swedish regulator to the Swedish electricity companies. This is far 
from an easy process. There will be many topics and issues to answer and solve during this 
process. One of the most important issues is to inform the network companies about the 
focus of the model – the subscribers.  Many discussions during the research work has 
exposed a surprising lack of customer view within the companies. Many companies refuse 
to accept a regulation based on performance. They still want to have their revenues granted 
and based on their costs. 

Another challenging issue is to convince the courts of the fairness of the model. 

When it comes to further research, many of the topics in the NPAM are reviewed by 
independent researchers and the companies themselves. For example the model to evaluate 
and implement the outage cost is exposed to a vivid discussion. The model is based on 
customer costs from a customer survey. At the Gothenburg University an extensive survey 
is under progress and this survey will surely give improvements to the model. 
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Appendix A 

Network Definitions  

8 APPENDIX A: NETWORK DEFINITIONS 

A.1. DEFINITION OF SPACES AND DISTANCES 
 

The Reference Network are built from structures and subsets of various simple geometrical 
and other spaces. Such a space is denoted by X. It is in this space the Reference Network is 
defined. 

A space X is a set. The points of the space are the elements of the set. In the definition of 
the Reference Network two spaces are used, a metric space and a string space. We need a 
metric space and a string space in order to define positions, distances and an unique 
identification of objects. The string space will be needed in some comparisons when two 
distances are equal and need to be separated.  

Network Definition 1 Spaces and distances 
a)  A Metric Space M∈R2 is a space M together with a function d∈R, which measures the Metric 

Distance between pairs of points x and y in M, such as 
 d(x, y) = d(y, x) œ x, y ∈M 
 0 < d(x, y) < 4 œ x, y ∈M, x y 
 d(x, x) =0 œ x ∈M 
 d(x, y) # d(x ,z) + d(z, y) œ x,y,z ∈M 

b) A String Space Q is a space with alphanumeric string elements such as 
  all elements  ci  {œ i∈N}  can be counted and sorted c1  < c2  < c3  < ... < cj  < .…  
 c2 is denoted “higher than”  c1 and “lower than”  c3. 

 The String distance between string elements is the number of elements between the sorted 
elements+1. 

c) The extended-distance, the IDistance, is a measure from both the metric distance and 
String Distance between two objects which has both a position and an id such as: 

 IDistancei < IDistancej {œ i, j∈Z} if ((Metric distancei < Metric distancej)  or  ((Metric distancei 
= Metric distancej )  &  (String distancei < String distancej)) 

 IDistancei = IDistancej {œ i, j∈ Z } if ((Metric distancei = Metric distancej)  & ( String 
distancei = String distancej)) 
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 IDistancei > IDistancej {œ i, j∈ Z } if ((Metric distancei > Metric distancej) or ((Metric distancei 
= Metric distancej ) &( String distancei > String distancej)) 

 The comparison between two elements is denoted shortest and longest. 
 

The String distance between c1  and c2 = 0+1=1; c1  and c3 = 1+1=2; c1  and c4 = 2+1=3, 
and so on. 

A.2. DEFINITION OF THE NETWORK OBJECTS AND SUBSETS OF 
THE REFERENCE NETWORK   

 

Level Partitions 

A collection S of nonempty subsets of X is said to be a partition [20] of the set X if every 
element in X belongs to exactly one number of S. In the Reference Network this is used to 
define subsets that splits a set into subsets. For example a set of Clients Nodes is 
composed of Client Nodes from different Levels. All Client Nodes within one Level is said 
to be a Client Node Level Partition. If the Reference Network has four Levels then there 
are four Client Node Level Partitions and The complete set of Client Nodes is the sum of 
the Client Node Level Partitions, i.e. S =1S+…+nS 

The definition  of the subsets of the Reference Network 

The objects used in the Reference Network are shown in the following Venn-diagram: 

Transformer
Node Level

Partition  (nT)

Transformer
Node Level

Partition  (0T)

Client Node
Level Partition

(nS)

Client Node
Level Partition

(0S)

Source Node
Level Partition
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 Source Node
Level Partition
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Transformer Node Set
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Figure 36. Venn-diagram showing the sets and the inheritance between the sets 
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The definitions of the previously named objects are as follows: 

Network Definition 2 Network Objects and Levels 
An object is an element with more than one property. The properties are named Object-Attributes and are 

denoted [attribute].  
Network objects are objects with the attributes [Level] and [Load]. Objects with more attributes are 

subsets or subsets of subsets to Network Objects. 
Objects belonging to the same subset have a common set of properties, named Level-Attributes  and 

denoted o[attribute]. 
Network Objects and its subsets with equal [Level] belongs to the same Level Partition. The attribute 

Level is denoted [Level] or LevelSet,  
Objects belonging to the same partition have identical values of the Level-Attributes. 
The Network Objects has the following subsets, partitions, Object and Level Attributes,  Level partitions 

and conditions:   

  

Table 37. Definition of the objects and attributes 

Objects and subsets Object attributes Level Partitions  Level Attributes∈ R 
Network Object (N)  [Level] ∈N,  

[Load] ∈R  
 

Network Level Partition 
iN 
N =1N+…+nN 
  
 

[MaxDistance], 
[UrbanDensity], 
[NominalLevelPotential] 
[MinimumPotential], 
[CurvatureConstants] 

Link (L)  
 
Subset of: 
 L ⊆ N 
 

[SourceNode] ∈ O  
[DrainNode] ∈ O  
[Current] ∈ R,  
[SpareLinkShare] ∈ R 
 

Link Level Partition iL 
 
L =1L+…+nL 
  

[LinkResistance], 
[LinkReactance], 
[MaximumLink-
Current], 
[LinkSpare-Constants] 
 [Simultaneity-Constant] 

Node (O) 
 
Subset of: 
 O ⊆  N 

[Id] ∈Q,  
[Position] ∈ M 
[Link] ∈L  
[Potential] ∈R 
 

Node Level Partition iO 
 
O =1O+…+nO 
  

[ReactivePowerShare] 

Client Node (S) 
 
Subset of: 
S ⊆  O ⊆  N 

 Client Node  Level 
Partition iS 
S =1S+…+nS 
  

 

Source Node (I) 
Subset of: 
I ⊆  O ⊆ N 

[Load]=0 Source Node  Level 
Partition iI 
I =1I+…+nI  
 

 

Transformer Node (T) 
 
Subset of: 
 T ⊆  O ⊆  N 

[SpareTransformer-
Share] ∈R 
 
 

Transformer Node  
Level Partition iT 
T =1T+…+nT 
 

[MaxTransformer-
Power], 
[TransformerSpare-
Constants] 
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The Object Attributes 

Thus in the Reference Network the basic object is the Network object. The features of this 
object are named object attributes and are the Load and a Level. The Load is the electrical 
load measured in kW. The Level is the nominal operating Voltage level at which the object 
is working. The corresponding level to the real Voltage levels 0.4 kV, 10 kV, 40 kV and 120 
kV are level 1,2,3 and 4. 

The Link has the object attributes SourceNode, DrainNode, Current and SpareLinkShare. 
The SourceNode and DrainNode is a reference to the upstream and downstream node. The 
Current is the current flowing through the link. The SpareLinkShare is a fraction telling how 
much spare capacity will be needed to add to the network when this link is connected, in 
order to get a proper reliability in the network. 

The Node is a new basic object that has no equivalence in a real net. It is the basic node for 
Client Nodes, Source Nodes and Transformer Nodes. The Node adds the features, or the 
attributes, Id, Position, Link and Potential. Id is the unique identification of the Node. The 
Position is the metric position, described as a x and y coordinate. Link is a reference to the 
Link which is connecting the Node to an upstream Node. Potential is the actual Voltage 
Level at this node in a Network under operation. 

Client Nodes inherits the features of the Network object and The Node. It adds no extra 
features. It could have been possible to use the Node as a Client Node but for clarification 
the Client Node is separated from The Node. A Client Node has a condition concerning 
the Load. This must be $ 0. 

Source nodes are similar to Client Nodes but the condition is that the Load. must be <0. 

The Transformer Nodes finally has a new feature – SpareTransformerShare. This is a 
fraction telling how much spare capacity will be needed to add to the network when this 
transformer is connected, in order to get a proper reliability in the network. 

The Level Attributes 

The object attribute Level is used to sort the nodes into the correct Level in the Reference 
Network. Nodes within the same Net Level has there own object attributes. Other features 
are similar to all objects of a certain kind and identical when they are in the same Level. 
Those features are named Level Attributes. Thus the rule is that all objects of a certain kind 
have identical attributes and all objects of this kind that are in the same Level have identical 
value of this attribute. They share this attribute with other objects. The features are 
described below. 
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The Network Object Level Attributes 

MaxDistance is the value of the maximum metric distance from a node the supplying 
transformer.  

When configuring the network a set of conditions has to be fulfilled. When the conditions 
no longer are fulfilled the transformer is supposed to be filled and a new transformer is 
configured. Among these conditions are a maximum current through a link and a 
maximum potential drop. When configuring the lowest Voltage level – 0.4 kV – those 
condition are not a proper conditions. Instead of  building a new transformer station it is 
more proper to draw a new cable in parallel to the first one. This is valid in the close area 
to the transformer. In order to disable the current and voltage condition (described later) 
an UrbanDensity is used. When the density of the local grid is below the UrbanDensity the 
current and voltage conditions are not valid. 

NominalLevelPotential is the potential when the network has no load an thus there are no 
potential drop along the lines. MinimumPotential is the minimum potential that is allowed 
in a network under operation. This attribute is set according to legislation and standards. 

The Reference Network is a radial network with straight links between the nodes. In a real 
network this is not a proper assumption. Roads, houses and block are restrictions that has 
to be taken into account. In the Reference Network this is solved by using a curvature 
function. Each line is extended according to the surrounding density of subscribers. The 
denser area the more extensions. This curvature function is using a set of five 
CurvatureConstants (described later). 

The Link Level Attributes 

All Links within the same Level are of the same kind, i.e. they has the same electrical 
properties such as LinkResistance, MaximumLinkCurrent and MaximumLinkCurrent. 
SimultaneityConstant is a set of five constants used to calculate the Simultaneity power. 
LinkSpareConstants is a set of five constants defining the share of a line, as a spare line, at 
this level. 

The Client Nodes Level Attributes 

Each subscriber is consuming reactive power. The amount of this is a critical construction 
parameter. All subscribers are assumed to have the same share of Reactive power Q, 
expressed as Q= ReactivePowerShare * P. 
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The Transformer Nodes Level Attributes 

The transformer needs to be limited such as they can’t be arbitrarily big. This is performed 
by the MaxTransformerPower. 

TransformerSpareConstants is a set of five constants defining the share of a transformer, 
as a spare transformer, at this level. 

A.3. DEFINITION OF THE TOPOLOGY 

Network Definition 3 Topology definitions 
Let A be a Sequence {oj}0

n of nodes oj∈O, j= 0, …, j, k, … ,n. Let t∈T be a Transformer Node. 
a) A node oj is Linked to a node ok,   if  oj[Link ( [SourceNode])] = ok. A Link from  oj to ok is 

denoted oj⇒xk . 
b) The Sequence  is called a Linked sequence if o1⇒o2 …⇒on.  
c) The last node in {oj}0

n in the same Level Partition as oj  is called the Anchor node of oj. 
d) An node ok is Serial to a node oj,  if ok=oj or if there ∃ a Linked Sequence where ok is a subsequent 

node to oj 
e) A node oj is a Tree-node to ok if ok is a serial node to  oj. The Tree of ok are all nodes who have 

ok as a serial node.  
f) The Balance Node to a set O of Nodes o0, o1, o2, …oj, …on  is – if nothing else is specified - 

defined as the Node oj ∈ O  which has the shortest IDistance to the point calculated as a mass point, 
with the mass exchanged to the Load, 

g)  A Nearest node to the node oj is defined as the Node ok with the shortest IDistance to the 
specified node oj, such as (the metric distance from ok to the Balance Node) < (the metric distance 
from oi to the Balance Node). If no nodes fulfill those requirements oj is the nearest node . 

h) A Farthest node  in A  is defined as the Node within the set with the greatest IDistance to the 
Balance Node. If there are only one node in the set oj will be the Farthest node of A. 
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Figure 38. The terms of the topology 

First a definition of a Linked nodes is a node that is connected to another node with a link 
between. If a sequence of nodes are linked to each other, one after another, then they are 
said to be a Linked Sequence.  

The last node in the same level in such a sequence is said to be an Anchor node. Thus 
15⇒14 is a Linked sequence with the Anchor node 14, as well as 35⇒34⇒T3 with the 
Anchor Node T3. Moreover T3 is the Anchor Node of 21, 22, 23, T2 and 25. Thus an 
Anchor Node is an Anchor Node of itself. 

A node is serial to another node if the node is subsequent to the other node in a Linked 
List.  All nodes which has a node as a serial node are said to be tree-nodes of the serial 
node. In the following diagram 14 is serial to 11, 12, 13, 14 and 15. Thus 11,12,13, 14 and 
15 are tree-.nodes of 14.  The Source Node I1 is serial to all nodes and all nodes are tree-
nodes of the Source Node. 

A Balance Node is a node nearest to the mass-point center, when the mass is substituted to 
an electrical load. 
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Figure 39. The terms of the topology, continued 

A Nearest Node is defined as the node with the shortest distance to the first node and is 
situated nearer the Balance Node than the first node. If two nodes are within  the same 
distance the lowest identification label is defined as the nearest node. Referring to the node 
diagram the nearest node to node x5  must be found within the circle with a midpoint in the 
balance point and the radius equal to the metric distance from the balance point to nod x5. 
Node x6 have a shorter IDistance but does not fulfill the requirement to be inside the 
circle. The nearest node to the Balance node (x1) will be the Balance node itself. As a 
consequence of the definition a Nearest node to a node in a set is always defined. 

The Farthest node is the node located at the longest distance from the Balance Node. 
When two nodes have equal distances the highest identification- label is the Farthest Node. 
Referring to the node diagram the Farthest node to the set is node 17. As a consequence of 
the definition a Farthest node to a node in a set is always defined. 
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A.4. DEFINITION OF THE SPARE NET  

Network Definition 4 Spare Links and Transformer Nodes 
- Let it∈iT  be a be a Transformer Node with  [Level]=i. Let s∈iO  be the Anchor node to  it. Then 

it[SpareTransformerShare]= ModTanh(Curvature density(s), iTransformerSpareConstants) 
- Let il∈iL  be a be a Link with  [Level]=i and the metric length d. Then il[SpareLinkShare]= 

d*ModTanh(Curvature density(s), i LinkSpareConstants) 

A.5. FUNCTION DEFINITION 

Network Definition 5 ModTanh(x)  
ModTanh(x) = (c1 +  c2 * tanh(c3* (x-c4)))c0 . This function will be denoted ModTanh(x, c ) 

A.6. GEOMETRICAL DEFINITIONS  

Network Definition 6 Nominal,  Curvature and Network Density 
Let A  be a set oj∈O, 0=1,… j,…,n, of all Tree-Nodes of  on.. Let dj  be the metric length of the link 

oj[Link]∈L.  Let cj be the Curvature length of the link oj[Link]. Let sj be the Spare length of the 
link oj[Link].  Let oAnchor be the Anchor node of on. 

1) The length of the Tree of on is  ∑
−

=
1n

0
jLengthn d  ][o α  

2) Nominal density(on)  = oAnchor [ Lengthα ] / |Tree of oAnchor | 
3) The Curvature Length of the link oj[Link]                                                                                            

cj =  oj[Link]* Modtanh(Nominal density(oj),  CurvatureConstants) 

4) The Curvature Length of on is  ∑
−

=
1n

0
jLengthn )(c  ][o β  

5)  Curvature density(on) = oAnchor[ Lengthβ ] / |Tree of oAnchor | 

6) The Spare Length ∑
−

=
1n

0
jLengthn s  ][s σ  

7) Network density(on )=  
 =( oAnchor [ Lengthσ ] + oAnchor[ Lengthβ ] )  / |Tree of oAnchor | 
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A.7. STATISTICAL DEFINITIONS  

Network Definition 7 Simultaneity 
Let t0, t1, t2, t3 … tn-1∈S be all  Client nodes to the Tree of  oj∈O. Let lj∈L be a Link such as  

lj[DrainNode] =  oj, then 

lj[Load] =  ∑
−

=

1n

0j

constant] neitylj[Simulta
j n *[Load]t  

A.8. ELECTRICAL DEFINITIONS 
 

Network Definition 8 Electrical definition 
Let Y be a set oj (j=0,…,n) of Nodes∈O  and a set lj (j=0,…,n) of Links∈L such as 

 they are ordered in a directed tree with oj as nodes and lj as edges 
 oj[Link]= lj  
 cj is the Curvature Length of lj 

Let Yj be the set of all Tree-nodes of oj and wk,j, k=0,…m be the set Wj of all nodes Linked to oj, i.e. 
wk,j[Link]=oj œk 

Let  Pj=oj[Load], Qj= oj[ReactivePowerShare]* oj[Load], Rj= cj* lj[LinkResistance] and Xj= cj 
*lj[LinkReactance] 

Let the  current through oj[Load] = 
]Potential[o

3
)QP(

Current
j

2
j

2
j

j

+

=  

Let Const = lj[SimultaneityConstant] 
Let |Yj| be the number of nodes in Yj  
Then  

lj[current]= ]])Current[Link[wCurrent*(|Y|
m

0k
j,kj

Const
j ∑

=

+  

oj[Potential]= )XR(3*]]Current[Link[o]]Potential[Link[o 2
j

2
jjj +−  
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A.9. DEFINITION OF CLUSTER CONDITIONS 

Network Definition 9 Cluster conditions 
Let oj (oj∈O, j=0,…,n, )  be a set X of nodes and lj (j=0,…,n) a set of Links∈L , such as oj[Link]= lj.  
Let oBalance be the Balance node of the X. Let dj be the metric distance between oj and oBalance. Let pj be the 

potential of oj and pBalance the  potential of oBalance. 
Then the set X is a Cluster in the Network if the following conditions fulfilled to oj  œ0#j#n 
The Current Condition:  
if ( Curvature Density (oBalance )  > oBalance [UrbanDensity]) then (lj[current] <  

lj[MaximumLinkCurrent])  œ0#j#n 
The Power Condition:  
oj[Load] <     oj[MaxTransformerPower], œ0#j#n 
The Distance Condition:  
dj < oj[MaxDistance], œ0#j#n 
The Potential-drop Condition:  
if ( Curvature Density (oBalance )  > oBalance [UrbanDensity]) then (pj <  oj[MinimumPotential]), œ0#j#n 

 

A.10. CONFIGURATION DEFINITIONS 
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Figure 40. The configuration 
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Network Definition 10 The Network Level Partition Definition 
a) Let O be a set of Nodes ⊆O and L a set of Links⊆L. Let S, I and T be subsets of O such as 

 O = S + I + T  
Let iO be a set of Nodes ⊆O and iL a set of Links⊆L. Let iS, iI and iT be subsets of iO such as  

 [Level]=i œ iO and iL 
 iO = iS + iI + iT 

b) Let  the Y be a set of directed trees Yf   , f= 1,2 …, u such as   f

u

1f

YY U
=

=   

Let  iYf  be a set of directed trees iYf,m , m=1, …n with the Nodes∈iO iyf,m,q , q=0,1,2,… such as 

  m,f

n

1m
ifi YY U

=

=  

 q,m,fi
0q

m,fi yY ∑
=

=  

  If iYf.m contains a Source Node∈I then this node is the Balance Node. 

 

c) Let ilf,m,q be Links ∈ iL such as 
 iyf,m,q [Link] = ilf,m,q. 
 if (iyf,m,q is not a Balance Node) then 
                                   (ilf,m,q [SourceNode]= Nearest node to iyf,m,q in iYf,m ) 

d) Let  i+1Tm  be a set of  Transformer Nodes i+1tf,m,q ∈T and iyf,m-balance the Balance Node of iYf,m such as 
 if (iyf,m-balance ∈iI) then (it f,m,q ∈i)  
                           else (iyf,m-balance[Link]= it f,m,q)                            
  it f,m,q [Level]= iyf,m-balance[Level]+1 
 it f,m,q [id] = “transformer” + iyf,m-balance[id] 
 it f,m,q [position] = + iyf,m-balance[position] 
 [Load] = + iyf,m-balance[Link[Load]] 

e) The following n Trees iYf,m, (1#m#n) ∃ 
The first Tree iYf,1 : Let X be a sequence k

jjx 0}{ = of all nodes in iO such as the  Farthest node of iO 
is the first node x0 in the sequence and following nodes in the sequence are ordered in increasing 
IDistance to x0.Let Z be a set of all Source Nodes in X.  Let X1 and X2 be two subsets of X such 
as  

 x1-Balance = the Balance Node of X1 
 zmin be the closest Source Node to X1-Balance 
 X= X1∪X2  
 X1 = )z}x({)Z}x({}x{ min

g
0jj

g
0jj

g
0jj ∩+∩− ===  

 g#k has the maximum possible value  
 X1 satisfies the Cluster Conditions 
 X2 = Zx k

gjj ∪+= 1}{  

 if X2=Z then iYf,1 = iYf,n  
Then iYf,1= X1 



APPENDIX A : NETWORK DEFINITIONS 

 123 

The second Tree iYf,2: Is similar to the first Tree iY1 but with iO substituted to X2 in iY2 and iY1 to 

iY2. 
… 
The n Tree iYf,n: Is similar to first Tree iY1 but with iO substituted to  (iO- 3iYn-1), iY1 to iYn  and iy1,m 

to iyn,m.If 2X⊆i then this is the last Tree. 
If a) – e) valid then iO+iL is a Complete Network Level Partition 

A.11. DEFINITION OF THE REFERENCE NETWORK 

Network Definition 11 The definition of a Reference Network 
A Reference Network is a set (N) of Network Objects such as 
a) Network Objects 

 There ∃ a subset Client Node Set (S), O ⊄i 
 There ∃ a subset Source Node Set (I), I ⊄i 
 There ∃ a subset Transformer Node Set (T) 
 There ∃ a subset Link Set (L),  
  N=S + I + T + L 

b) Network Level Partitions 
 N is ordered into q Complete Network Level Partitions, N=1N+…+pN+…+qN, 

r<p#q and r = Lowest Level œ Objects ∈ pN  
c) Limitations 

 iN⊄i œI //No empty Levels,  

 1|| ≥∑
=

S
r

ai
i  //There must be at least one subscriber, 

 |qI|$1 //No of Source Nodes $1  at the highest net Level  
d) Preset values and defined values  
The Client Nodes (O) and  Source Nodes (I) have preset values of metric position, Level partition q 

and Load. Transformer Nodes (T) and Links  (L) are unambiguously defined by a) the 
Client Nodes and Source Nodes, b) the Level-attributes and c) a Tree definition (The Network 
Level Partition Tree Definition). 

e) Density measures 
At each node and link in the Network an environment can be described as a Network Density 
A graph [20]  G consists of a set V of nodes and a set E of Edges such that each edge 
e∈E is associated with an unordered pair of nodes. If there is a unique edge e associated 
with vertices v and w , we write e=(v, w) or e=(w, v). In this context (v, w) denotes an edge 
between v and w in an undirected graph and not an ordered pair. If there is a unique edge 
associated with the ordered pair (v, w) of nodes, the graph is a directed graph  and is written 
e=(v, w), which denotes an edge from v to w. A tree T is a simple graph satisfying the 
following: If v and W are vertices in T, there is a unique simple path from v to w. A rooted 
tree is a tree in which a particular vertex is designated the root. 

A recurrence relation for the sequence a0, a1, … is an equation that relates an to certain of 
its predecessors a0, a1, …, an-1. Initial conditions for the sequence a0, a1, … are explicitly 
given values for a finite number of terms of the sequence. 
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A collection pN, 0<p#q of nonempty subsets of N is said to be a partition of the set N if 
every element in N belongs to exactly one number of pN ( i.e. N= 1N+…+pN+…+qN) 
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A.12. TERMS  AND ABBREVIATIONS IN THE NETWORK 
DEFINITIONS 

x ∈ X The element x belongs to the set X 
x ∉ X The element x does not belongs to the set X 
X ⊆ Y The set X is a subset of the set Y 
X ⊄ Y The set X is not a subset of the set Y 
∃ There exist 
X ∪ Y X union Y ( all elements of X and Y) 
X ∩ Y The cut of X and Y 
 œ for all 
& and, (both conditions has to be fulfilled) 
| such as 
{} Set builder 
{x1, …, xn} Set consisting of the elements x1, …, xn 
{xn}1

4 Set consisting of the elements x1, …, x4 
{x | p(x)} Set consisting of those elements x satisfying property p(x) 
|X| Number of elements in X 
i Empty set 
4 Infinity 
[Object attribute], is the value of an attribute to an object. This is denoted with an 

underlining of the attribute and  within square brackets when 
referring to an object. For example x[position] is the value of the 
position of the object x. 

[Level attribute], is the value of an level attribute to an object. This is denoted with a 
double underlining of the attribute and  within square brackets when 
referring to an element For example x[MaximumLinkCurrent]is the 
value of the position of the element x. 

“given”, when a value is “given” it is preset and can not be changed 
Upstream all nodes between a node and the transformer supplying the node, 

always in the same Net Level 
Superior aims an element or property  one Net Level up. 
Superior stream All Superior nodes supplying the node 
Downstream all nodes downstream this node, always in the same Net Level 
Subordinate aims an element or property  one Net Level down 
Subordinate stream All Subordinate nodes supplied by this node 
Z {0, ±1, ±2, ±3, …} 
Z+ {1, 2, 3, …} 
N  {0, 1, 2, 3, …} 
R is the real values 
Upper-case letters are used for sets and assemblies 
lower-case letters are used for elements and objects 
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Appendix B :  

Values of the Reference Network 
Parameters (the Level Attributes)  

9 APPENDIX B:VALUES OF THE REFERENCE 
NETWORK PARAMETERS (THE LEVEL 
ATTRIBUTES) 

Name in the Network 
Definitions 

Explanation Net 
Level 1 

Net 
Level 2 

Net 
Level 3 

Net 
Level 4 

MinimumPotential The minimum 
potential allowed 
in a net level 

368 9936 37281 120859 

MaximumLinkCurrent The maximum 
current in a line 

250 316 350 525 

LinkResistance The resistance in a 
line 

0.00021 0.00013 0.0001 6.9E-05 

LinkReactance The reactance in a 
line 

6.9E-05 0.00011 0.0003 0.00038 

LinkSpareConstants 1 The share of a link 0.1 0.25 0.5 1 

LinkSpareConstants 2 " 0.1 0.08 0 0 
LinkSpareConstants 3 " -0.02 -0.02 0 0 
LinkSpareConstants 4 " 10 20 0 0 
MaxTransformerPower The maximum 

power installed 
into a transformer 

0 1000 20000 100000 

NominalLevelPotential The nominal 
voltage at net level 

400 10800 43000 135000 

TransformerSpareConstants 1 The share of a 
transformer 

0 0 1 1 

TransformerSpareConstants 2 " 0 0 0 0 
TransformerSpareConstants 3 " 0 0 0 0 
TransformerSpareConstants 4 " 0 0 0 0 
MaxDistance Max distance from 

a Subscriber to a 
transformer 

850 50000 100000 1000000 
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ReactivePowerShare The reactive power 
at a subscriber as a 
share of the 
apparent power, Q 
=x*P 

0.5 0.35 0.25 0.15 

SimultaneityConstant Constant to create 
a simultaneity 
between two or 
more nodes 

0.5 0.9 1.04 1.06 

CurvatureConstant 0 Constants to create 
a curvature 
adjustment 

2.6 2.5 1 1 

CurvatureConstant 1 " 1.2 1.2 1.1 1.1 
CurvatureConstant 2 " -0.19 -0.2 0 0 
CurvatureConstant 3 " 0.03 0.03 0 0 
CurvatureConstant 4 " 0 0 0 0 
UrbanDensity The close area 

density  
35 0 0 0 
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