
 

Impact of Demand 
Response on Distribution 

System Operators' 
economy 

A first approach to a basic general model 
applicable for Swedish Distribution System 

Operators 
 

Tobias Eklund 

4/4/2014 

 

 

 

 

 

 

 

 

 

Department of Electrical Power Systems 

Royal Institute of Technology 



2 | P a g e  
 

 

Abstract 

As the global energy demand is rising, issues of emissions and security of supply arise and become 

increasingly acute as more energy is being consumed. Schemes of emission reductions and energy 

efficiency improvements have been introduced to deal with these issues. The answer to part of these 

efficiency improvements lies within the electricity grid's development towards a so-called smart grid. 

One integral part of the smart grid is the demand response program which strives to change 

consumer consumption patterns to further increase grid efficiency. 

Demand response (DR) has been widely studied in terms of effects and design. Even though much 

research has been performed, there is still very little knowledge about the economic impact of 

implementation. This study focuses on uncovering the economic effects DR implementation may 

have on Distribution System Operators (DSOs) in Sweden. A model has been developed which 

estimates the possible positive economic effects following a DR implementation for a Swedish DSO. 

The model is generally applicable to most Swedish DSOs, and their counterparts in other European 

power markets with similar market design, since it uses universally available data. 

This is done by investigating the factors driving the DSO's business in terms of impact of DR and 

generality. Factors identified and used in the model are power losses, grid fee to feeding grid and 

postponed future investments. These factors were chosen for their economic impact, the rate of 

effect which DR has on them and on the ability to model them with generally available data. 

A model implementation is performed to show the possible results which the model can yield. Data 

from a Swedish DSO is used along with a fictional DR program designed for this purpose. The results 

show a potential for significant positive effects on DSO economy.  

An analysis is made on the maximum potential for DR. It is estimated that a reduction in power losses 

of 19% could be realized, this corresponds to 36% of the annual cost of losses for the DSO. For the 

grid fee to feeding grid, an estimation of a 46% reduction of the level of subscribed maximum power 

and 47% of its cost is realized; the subscribed maximum power is the only part of the grid fee to 

feeding grid affected by peak load shift. For postponed investments, a present value of 45,8 million 

SEK is realizable over a period of 40 years; this figure is uncertain because of model restraints and 

long time frames. 

The current regulation limits the benefits for the DSO however, as many of these costs are passed 

through to the customer. The customer is thus the current winner when DR is implemented by 

Swedish DSOs, leaving the DSO with little financial incentive. 
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Sammanfattning 

Då världens energianvändning ökar framträder problem med utsläpp samt tillgång till energiresurser. 

Dessa problem ökar i omfattning då allt större mängd energi används. Olika planer för att minska 

utsläpp och öka energieffektiviteten har satts i verket av världens ledare för att hantera problemen. 

En del av svaret på en del av dessa energieffektiviseringar finns inom elnätens omställning mot 

smarta nät. En viktig del inom detta är Demand Response (DR) programmen vilka syftar till att ändra 

konsumenternas konsumtionsbeteende för att öka effektiviteten inom elnätet. 

Det existerar mycket forskning inom DR med avseende på dess effekter och design. Då mycket 

forskning genomförts finns det fortfarande väldigt lite information om den ekonomiska påverkan 

efter en implementering av DR. Den här studien syftar till att undersöka och belysa den ekonomiska 

påverkan som en DR implementering hos en svensk distributionsnätägare kan ha. En modell har 

tagits fram vilken uppskattar det möjliga positiva effekterna följande en DR implementering för en 

svensk distributionsnätägare. Modellen är generellt applicerbar för de flesta svenska 

distributionsnätägarna, samt dessas motsvarigheter på andra europeiska marknader med liknande 

marknadsdesign, då den använder sig av allmänt tillgänglig data. 

Modellen togs fram genom att undersöka de faktorer som driver distributionsnätägarens affärer med 

avseende på DR effekt och hur generella dessa faktorer var. De faktorer som identifierades och som 

utgör modellen är kraftförluster, kostnad mot överliggande nät samt uppskjutna framtida 

investeringar. Dessa faktorer valdes ut för deras ekonomiska påverkan, den grad DR har möjlighet att 

påverka varje faktor samt möjligheten att modellera dem med hjälp av allmänt tillgänglig data. 

En modellimplementering gjordes för att visa de resultat som modellen kan användas för att 

beräkna. Data från en svensk distributionsnätägare användes samt ett fabricerat DR program 

designat för detta syfte. Resultatet visar positiva resultat för distributionsnätägarens ekonomi.  

En analys är utförd över den maximala effekten av demand response för distributionsnätägaren. Det 

uppskattas att en sänkning av kraftförluster på 19% kan realiseras genom demand response, detta 

motsvarar 36% av kostnaden för dessa kraftförluster. För kostnaden mot överliggande nät uppskattas 

en reducering på 46% för nivån av den abonnerade effekten mot regionnätägaren samt 47% av dess 

kostnad; den abonnerade effekten mot regionnätägaren är den enda kostnaden mot överliggande 

nät som påverkas av peak load-förflyttning. För förskjutna investeringar beräknas att en besparing 

motsvarande ett nuvärde på 45,8 miljoner SEK kan realiseras över en period på 40 år; denna siffra 

har osäkerhet på grund av modellens begränsningar samt långa investeringstider. 

Den nuvarande regleringen hindrar dock fördelarna för svenska distributionsnätägare då de 

reducerade kostnaderna betalas av företagets kunder. Detta innebär att den största delen av de 

ekonomiska fördelarna tillfaller kunden, något som gör att det inte finns några större ekonomiska 

incitament att införa DR för svenska distributionsnätägare.   
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Introduction 

Background 
During the last decade, the energy demand of the world's population has increased drastically; this 

increase is fueled by increased population, industrialization and economic growth [1]. As a result 

from the ever increasing energy consumption, two serious problems have arisen: the increase in 

greenhouse gases from the combustion of fossil fuels and the eventual depletion of the world's 

reserve of non-renewable energy sources [2]. To deal with these problems, the leaders and 

governments of the world are implementing control measures [3] and making investments [4] in 

order to gain control of the rising levels of emissions and to secure a future energy supply. 

Implementing policies which dictate future energy reduction is common; the EU 20-20-20 targets [3] 

and the Kyoto protocol [5] are both examples of this. 

To reach these policy goals, measures of increased energy efficiency will need to be deployed [6]. 

Some of these efforts may be directed into improving efficiency in the power grids. Demand side 

management may prove to be a powerful tool in achieving this as it can increase the efficiency of 

operations [7]. In fact, demand side management strives to keep fluctuations in energy demand to a 

minimum; therefore increasing the overall efficiency [8]. According to an analysis made by 

Capgemini, Vaasaett and Enerdata, as much as 25-50% of the emission reductions of the EU 20-20-20 

goal could be realized by 2020 using Demand response [9]. 

Demand response (DR) is defined by Federal Energy Regulatory Commission as [10]: 

 “Changes in electric usage by end-use customers from their normal consumption patterns in response 

to changes in the price of electricity over time, or to incentive payments designed to induce lower 

electricity use at times of high wholesale market prices or when system reliability is jeopardized.” 

DR is a tool that can be used by electrical utilities and power network companies to reduce variations 

in demand and thus, make the system more effective. As rising demands in energy efficiency mount 

up, DR may prove to be useful in remedying this. 

DR and its effects on consumer behavior has been widely studied both theoretically and practically in 

a number of pilot projects over the world [11]. These pilot projects vary in size, geographical location, 

DR program design and various other variables. 

The implementation of DR by Swedish Distribution System Operators (DSOs) is thus far relatively 

small. A few pilot projects exist where DSOs have implemented it on their own volition or as smaller 

scale research projects [11], [12]. 

However, there exists little research into how DR may affect a specific DSO. Most research studies 

are represented by case studies and how it may affect one specific DSO [13]. There are few cases of 

implementation to study and there are few studies to read regarding the uses and benefits of 

implementation. This thesis will focus on the economic effects of DR implementation for Swedish 

DSOs in order to contribute to knowledge in this area. 
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Objectives 
This thesis work aims to provide a generally applicable approach to estimate the economic effect of 

DR implementation for Swedish DSOs. Though the study focuses on DSOs, the possible effects may 

benefit more than the DSO. The objectives of this Master Thesis are to: 

 Define and investigate how DR implementations may economically affect Swedish DSOs  

 Develop a model which estimates the economic impact after a DR implementation for a DSO 

In order to achieve these objectives, the following research questions will be investigated: 

1. Which factors have the most economical impact for the DSO after a DR implementation? 

2. How can these factors be modeled in a generally applicable way for the DSOs of Sweden? 

Methodology 
A data collection has been performed through reviews of literature and earlier studies concerning 

the role of the DSO in the Swedish electrical power system [14], [15], [16], the economical forces 

involved in the DSO's business [17], [18], and Demand Response programs and their effects [8], [10], 

[13].  

A series of interviews have been conducted with the CEO of Sala-Heby Energi Elnät AB, a DSO 

situated in the middle region of Sweden. These interviews were performed to provide a deeper 

understanding of the sometimes intricate and complex interdependencies of legislation, technology 

and business structures that drive the Swedish DSOs' business. Sala-Heby Energi Elnät AB is one of 

very few DSOs in Sweden which have successfully implemented a DR program. 

Through a quantitative analysis of the information gathered through the data collection and the 

interviews, a quantitative model is formulated which aims to estimate the economic gains resulting 

from an implementation of DR. The model is designed to be applicable to all Swedish DSOs by 

drawing on basic data available to all individual DSOs. 

A model application is performed on a chosen DSO by applying the models to data supplied by the 

DSO to better show how the model is used and what results it can produce. These results are then 

analyzed and discussed. 

Delimitations 
This thesis work focuses on the economical impact of demand response on Swedish DSOs. More 

specifically it will focus its efforts on the positive economic effects that may result from a DR 

implementation. These benefits are not limited to the DSO. Furthermore, an important delimitation 

is that the model will not be applicable in grids where more energy is produced than consumed; in 

fact, when electricity is exported through the feeding grid, there is a special tariff regulating this 

which is not handled in this thesis. No manner of demand response program design will be handled 

in the report; it is assumed that the DSO applying the has estimated the effects of their DR 

implementation beforehand. 

Overview of the report 
The report is structured in a way to make the models more understandable to the reader. The 

introductory chapter covers the background of the study, its objectives and methodology. In the 
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following chapter, demand response will be covered as well as the function of the DSO and how they 

interact. In the three following chapters, Power loss, Grid fee to feeding grid and Postponed future 

investments will be explained; both how they relate to the DSO as well as how and why they 

constitute the three parts of the model. After the three model chapters, the model implementation 

will be examined. Lastly, a discussion and conclusion section will finish the report. 
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1. Demand Response 
According to the European Energy Regulators Group for Electricity and Gas (ERGEG) [19]: 

“A Smart Grid is an electricity network that can cost efficiently integrate the behaviour and actions of 

all users connected to it – generators, consumers and those that do both – in order to ensure 

economically efficient, sustainable power system with low losses and high levels of quality and 

security of supply and safety.” 

One critical capability of the smart grid lies in demand response (DR) [20]. Demand response, as 

presented in the introductory background, deals with changes in consumer behavior using demand 

side management. This coincides with the smart grids need to involve all of its actors in making the 

electricity grid as effective as possible [10].  

The DSO and Demand Response 
This section will cover how DR may affect the DSO. The first section will define the DSO's role in the 

Swedish power system along with some regulatory information regarding Swedish DSOs. The second 

section will cover how DR may affect a DSO. The last section covers the potential benefits of DR for 

the DSO. 

The power system and the role of the DSO 

In figure 1, the different layers of the Swedish power grid are depicted. The upper-most layer is the 

transmission grid. This grid connects to all major sources of production and transports large amounts 

of electricity. The middle layer is the regional grids or sub-transmission grids and their purpose is to 

transfer electricity from the larger transmission grid out to the local distribution grids. The lower 

layer is the local distribution grids. These grids are supplied through the regional grids and they 

distribute the electricity to the consumers. [16] 

 

Figure 1 - The Swedish power grid. Source: Modified figure from [29] 
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The distribution system operators (DSOs) own a local distribution grid and they are charged with the 

task of distributing the electricity incoming from the feeding grid, the regional grid connected to the 

local distribution grid, to the consumers within the DSOs' grid. 

The business of grid operation is a natural monopoly. Instead of letting free market competition 

regulate the consumer tariffs, the authorities have taken the task to judge if the tariffs are 

reasonable [21].  

The Swedish Energy Market Inspectorate is the authority responsible for the regulation of this 

natural monopoly in Sweden. It has established a set of rules to determine the frame of income for 

the DSOs before each period of supervision. The current and first period of supervision is running 

since 2012 and will end in 2015; it is based on the reasonable costs inherent in the DSO's operations 

[17].  

These costs are split into capital expenditures and operating costs. The capital expenditures are 

based on the capital base, the depreciation times and the cost of capital of the DSO during the period 

of supervision; the operating costs are split into controllable costs and uncontrollable costs. The 

uncontrollable costs will be treated as pass through costs and will be completely reimbursed; these 

costs include grid fee to feeding grid, taxes and authority fees [17]. The controllable costs will be 

influenced by an efficiency demand, forcing the DSOs into improving their operations over time. The 

controllable costs are all those not defined as uncontrollable costs with the exception of power loss 

during the first supervision period. The Swedish Energy Market Inspectorate wants to treat losses as 

an controllable cost but chose not to implement this in the current supervision period. It will be 

evaluated for the next one however [17].  

Swedish DSOs are required to purchase electricity to cover the power losses within their grids [17]. It 

is the cost of these purchases that is considered to be the cost of power loss.  

The effects of Demand Response 

Demand response programs bring change in consumer behavior by changing the price of electricity 

over time or by offering incentive payments in times when reduced electricity consumption is 

desirable. All intentional modifications to consumption patterns of end users of electricity meant to 

alter the timing, level of demand or total consumption of electricity is considered DR. [8] 

While there are many ways to design a DR program, there are three general actions which can be 

taken as a customer subject to DR. The first would be to reduce consumption during a peak period 

where prices are high. The second would be to shift consumption from that peak period to off-peak 

periods. The third option would be to use onsite electricity generation during peak hours. This third 

option will have the same effect on the grid as the first one from the DSO's perspective; less 

electricity would in fact need to be transferred through the grid since the customer produces and 

consumes his own electricity. Thus there are two general effects of DR, a consumption reduction and 

peak load shift. [8] 

The most common DR implementation for Swedish DSOs thus far is something called a time of use 

tariff [22], [23]. A time of use tariff reflect demand side management by varying the cost of service 

over different periods of time. It has typically high prices during peak hours, and lower or no costs 

during off-peak hours [24]; it can also vary depending on season, weekdays or weekends and 
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holidays. A report published on the evaluation methods of smart grids shows that a 6% peak 

reduction can be realized using what is called time of use electricity pricing [11]. With the additional 

use of time of use enabling technology, they show that same figure would be 26%. A time of use 

pricing program simply realizes different prices for different blocks of time during the day. Tariff 

prices will typically be higher during the average peak load hours, and lower during the off-peak 

hours [25] . While the figures presented in the before mentioned report represent the effects of DR 

in electricity pricing, the effects might not be directly translatable to electricity distribution pricing 

but still deserves to be mentioned here. There are many different ways of realizing or designing a DR 

program but this report will not deal with this aspect of the problem. For further reading on different 

DR program designs and their effects see [8], [11]. An estimate of the effects of DR implementation 

will have to be supplied by user of the model developed in this project in order to apply it. It is important 

that this estimation is accurate since the outcome of the model relies directly on this estimation. 

Benefits to the DSO 

If these effects can be realized within the electrical power grid during critical times, there are a 

number of benefits to be reaped by the different actors. As this report solely focuses on the DSO, 

only the benefits for the DSO will be covered in this section.  

 

Figure 2 - DSO Economy 

To understand how DR may affect the DSO economically, it is important to understand what drives 

the DSOs business. A DSO distributes electrical energy to consumers, thus its income relies on the 

tariff which dictates how the consumers will pay for the service provided by the DSO. This is the 

DSO's income as seen in figure 2. The vast majority of Swedish DSO’s has a tariff which is based on a 

fixed cost for the fuse size of the customer and a variable cost for the total amount of electricity 

distributed [22]. Depending on how customers change their consumption as a result of DR 

implementation, both DSO income and DSO cost can change. If the electricity consumption is 

changed based on the effects of DR, then both DSO income and DSO costs may change. The main 

reason for income reduction would be based on reduced customer tariff income as a result of 

lowered consumption. As the reduction of income is very hard to model generally, this issue will not 

be handled further in this report. Focus will be on the reduction of costs in order to find economical 

benefits. The main costs identified were power losses, grid fee to feeding grid, investments and 

maintenance [17]. These costs are what make up DSO Cost in figure 2. The difference between DSO 

Income and DSO Cost is DSO Profit. This thesis focuses on the reduction of costs as a potential way to 

increase profit and explores this alternative for the DSO. 

While there are costs to be reduced, the reduction of these costs might still not yield a positive 

economic result for the DSO. As covered in The power system and the role of the DSO, current 

regulation may prevent the DSO from profiting on the reduced costs. Costs labeled as uncontrollable 

costs by the Energy Market Inspectorate are passed through to the customer. This means that even 

though the cost is reduced, the income is based on that level of cost and when the cost is reduced 

then so is the income. This is currently true for both power loss and grid fee to feeding grid costs 

DSO Profit 
DSO 

Income 
DSO Cost 
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which are handled as part of the model of this thesis. Even though the full effect of the benefit might 

not be available to the DSO, the full effect of the benefit still exists in the system. Since these costs 

are normally "passed through" to the customer, their reduction is something that will benefit the 

customer in part where the DSO cannot capitalize fully. While some DSOs might value economic 

results highly, others will value customer satisfaction [26]. 

While maintenance is an important cost, it is highly variable to the conditions of each individual DSO. 

This complicates the general modeling of such a cost to a degree to where it would be very hard to 

yield accurate results from a general model [17]. The amount of maintenance required is assumed to 

rely on the current distribution assets of the DSO. To reduce the maintenance cost effectively, the 

amount of distribution assets would need to be lowered. If the level of load is significantly lowered 

following a DR implementation, it might make sense for the DSO to lower the amount of distribution 

assets; this would be to downgrade the distribution grid to cope with lower demands and this would 

be possible if further investigation shows that it would be economically preferable given the new 

load level. This thesis will not handle the possible downgrade in distribution assets to cope with 

lower loads. Because of these reasons, maintenance will not be handled further in this thesis work. 

As the load profile of the grid is leveled out, the technical power loss within the grid will be reduced. 

Since Swedish DSOs are required to buy electricity to cover the costs of these losses [17], it would be 

beneficial to minimize them. This topic is covered extensively in the Power Loss chapter. Power loss 

is concidered an uncontrollable cost by the Energy Market Inspectorate for the current period of 

supervision but it is currently investigated to treat it as an controllable cost during the next period of 

supervision. If investments are made to reduce this cost, some of the reduced cost may still be 

capitalized on by the DSO [27]. 

If the DR program manages to lower the highest peaks of the load profile, there might be enough to 

lower the tariff cost of the feeding grid connection which transfers electricity into the DSO's grid. This 

is covered extensively in the Grid fee to feeding grid chapter. The cost for grid fee to feeding grid is 

treated as an uncontrollable cost by the Energy Market Inspectorate and it is therefore hard to 

capitalize on as a DSO. 

Furthermore, successful implementation of DR may reduce the need of future investments into 

distribution capacity [11]; this could in turn postpone future investments, and thereby free common 

capital while reducing cost of interest. This is covered extensively in the Postponed future 

investments chapter. 

 

Demand Response in the model 
Load curves with the DSO's load data from before and after a DR implementation is used as a base 

input to the other parts of the model. The load curves derive from base input data into the DSO's grid 

and they are thus the sum of the electrical energy used by consumers and the losses. These load 

curves refer to the scenarios before and after the DR implementation respectively; they are based on 

load data provided by the DSO and on the DSO's estimations of load shift and consumption reduction 

caused by the DR implementation. The load data should be the aggregated hourly energy input, in 

kWh, into the DSO's grid over a whole year. This includes both the energy imported through the 

feeding grid and the energy produced within the DSO's own grid as shown in equation 1, e.g. the 

total demand including losses. 
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(1)                              

Where       is a vector containing hourly data of the total demand including losses in the DSO's grid 

over a year, with   being the data point for each hour of imported electricity over the whole year and 

  being the data point for each hour of produced electricity over the whole year. 

      will represent the DSO's load profile in all of the subsequent modeling steps in which it is used. 

It will henceforth be referred to as the basic load curve (BLC). The BLC will also be used with the 

DSO's estimations of the load shift and or consumption reduction which follows the DR 

implementation. An estimation of this will need to be carried out and provided by the DSO. This 

estimation will then be used on       to provide another load profile representing loads after DR 

implementation as shown in equation 2. This load curve representing the load after the DR 

implementation will henceforth be referred to as the resulting load curve (RLC). 

(2)                                           

Where       is a vector containing hourly data of the total demand including losses in the DSO's grid 

over a year modified by the DR estimation signified by     , with   being the vector component 

corresponding to each hour over the whole year with the same modification. 

  



18 | P a g e  
 

2. Power Loss 
Power losses represent an issue which all DSOs, regardless of location or size, has to deal with. In this 

chapter, power losses and their economical effects will be introduced to the reader. How power 

losses relate to the DSO and to DR will be covered as well. The chapter is concluded by the model 

description and a discussion regarding the model. 

Power Losses and DSOs 
Power loss can be defined as the difference in the amount of electricity entering the distribution 

system and the amount of consumption, when aggregated, that can be registered at the metering 

points of end-users [15].  

In Sweden, DSOs are required to buy electricity to cover the losses within their grids [17]. This cost is 

passed on directly to the customer during this supervision period; this could mean that no economic 

benefits can be realized by the DSO if this cost is reduced. However, according to the information 

gathered during the interviews1, a DSO which invests to reduce these costs could reap some of these 

benefits [27]. If the cost of power loss is treated as an controllable cost in future supervision periods, 

it might increase the economic incentive of DR implementation for the DSO; if the cost is not simply 

passed on to the customer, cost reduction in this area would be more desirable to the DSO. 

In order to illustrate what causes these losses, the first part of this chapter will explain the origin of 

losses in electrical distribution networks.  

There are two different categories of loss which will be covered in the next paragraph, so called 

technical and non-technical loss. After this, a further explanation of how technical loss can be divided 

into subcategories and these subcategories implications on the model will be covered. 

Technical and non-technical loss 

Technical losses are losses that are caused by the physical characteristics of the components which is 

used to distribute power. It is caused by the conversion of electrical energy into heat and noise when 

flowing through components, their resistance being the origin of loss [15].  

Non-technical losses consist of electricity which is delivered but not paid for. This may be caused by 

consumption by the DSO itself, energy theft, non-metered supplies (public lighting), and errors in 

metering, billing and data processing [15].  

Non-technical losses will not be handled explicitly in the models because they are not affected by DR 

and therefore not relevant to the analysis. 

Fixed and variable technical losses 

A deeper understanding of the technical losses will be needed to understand the models. 

Technical losses can be divided into two different components, fixed and variable losses. The fixed 

losses are primarily based on the iron losses from transformers which is not dependent on the power 

flowing through it. The variable losses are resistive in nature, varying with the square of the power 

flow. [13] 

                                                           
1
 Interview with Kenneth Mårtensson, CEO Sala Heby Energi AB [27] 
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Fixed losses will not be handled in a technical manner in this report, and as such no further 

explanation of them will be provided. 

The variable losses are resistive in nature, and they are based on the resistance found within the 

lines of the grid. When calculating the loss through such a line, equation 3 is used [28]. 

 (3)        
       

   

Where    is the power loss,   is the resistance and   is the active power, Q is the reactive power and 

U is the voltage. 

The active and reactive power is defined by equation 4 [28]. 

(4)          

          

Where P and Q is the active and reactive power respectively, S is the complex power and   is the 

phase angle. 

By expressing the reactive power in active power, the reactive power can be substituted in equation 

3. If the voltage, resistance and phase angle can be assumed to be constant, the resulting equation 

can be written out as in equation 5. 

 (5)          
                

  =      

Where    is the power loss,   is the reactive power, R is the resistance,   is the phase angle, and   is 

the voltage. This can be simplified since all but the reactive power is constant, 

     
                

  . 

Since the reactive power is the only variable, the variable power loss can be said to be proportional 

to the square of the power flow or the load within the grid. 

An interesting observation to make is that since the variable power losses are proportional to the 

square of the power flow, these losses will increase squared compared to the increase in load. This 

would mean that the variable losses would be very high when the load is high and very low when the 

load is low.  

A distribution network is comprised of many lines, all of which has power loss. A distribution network 

is during normal operation a radial network. In a radial network, there will be only one path through 

the distribution grid to the customer. This means that the lines can be calculated as one, assuming 

that the influences on them are the same. In this case, we assume that load is spread evenly 

throughout the grid and that the effect of DR is the same on all the lines for any given moment. This 

allows the usage of equation 5 when modeling the variable power loss for the DSO.  

Power loss and DR 
To determine how DR could affect power losses, two DR effects need to be considered; load shift and 

consumption reduction. It is known that the variable losses will increase squared with the amount of 

load. If the DSO's load profile is subject to one or both of the effects of DR, then the loss must drop 
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as an effect. To what extent this drop takes place is determined by the severity of the DR effects and 

the ratio between fixed and variable losses.  

Modeling power losses 
Since Swedish DSOs are required to buy electricity to cover their power losses, reduced losses have a 

potential to represent savings in monetary means for the DSO. Reducing the losses through DSO thus 

carries some promise in providing the DSO with an economical incentive to introduce DR if the 

benefits are large enough. Under the current regulation, most of these benefits will accrue the 

customer since the costs of power loss are currently passed on to them. To determine the scale of 

the benefits, a model has been created. 

The model is first described with a thorough explanation of each step, then discussed concerning the 

assumptions made and the uncertainties it inherits. 

Modeling power losses: description 

When calculating losses based on the relation between variable resistive loss and load, it is important 

that the resolution of the input data is extensive enough. Since the losses will follow variation in load, 

the data has to be able to display these variations. Constant load data would be the best case 

scenario but this is not realistically obtainable. Hourly data of electrical input into the DSO’s grid is 

readily available however. 

It would be possible to calculate the real values of loss for the DSO by using the difference between 

the hourly input electrical energy and the hourly output electrical energy. The hourly input energy is 

obtainable as stated above; consumer data with hourly resolutions are not, however. Many of the 

electricity meters installed in Sweden today support hourly resolutions but this data is not yet 

collected since it is not normally used in the electricity tariff [22]. To keep the model generally 

applicable, the hourly electrical input data will therefore be used with a mean arithmetic loss to 

estimate the variable losses. The DSO's mean arithmetic loss can be used with equation 5 to create a 

variable function of loss using the BLC and RLC as inputs. 

This model part assumes that the load is equal in all parts of the DSOs grid and that the losses are 

evenly spread throughout the grid. It also assumes that the variable load is directly proportional to 

the square of the load and utilizes this proportionality to create a loss vector which varies with load 

out of a load curve and the variable part of the mean arithmetic loss which the DSO provides. The 

variable loss vector can then be compared to a corresponding vector representing DR 

implementation; then finally be multiplied with pricing data from the Nord Pool spot market to 

estimate the aggregated economic impact. The inputs needed for this model are displayed in table 1. 

Inputs for the power loss model part  

1. BLC and RLC 

2. Mean arithmetic loss 

3. Relation of fixed loss to variable loss 

4. Nord Pool spot market hourly pricing data from DSO's pricing region 
Table 1 - Inputs for the power loss model part 

When modeling the economic implications of the power losses, the two load profiles described in 

chapter 1 are used as the base input. Additional input needed for this model is the DSO's arithmetic 

mean loss, the relation between fixed and variable losses in the DSO's grid, and the Nord Pool 

electricity spot price corresponding to the pricing area in which the DSO is active. A flowchart of the 
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Power loss model part is depicted in figure 3; in this flowchart, the different inputs, model steps and 

output can be seen.  

 

 

Figure 3 – Flow chart of Power loss model part 

The relation between fixed and variable losses is first used to determine the level of fixed losses in 

the DSO's grid. An estimate of the relation between fixed and variable losses can be used to calculate 

the mean average loss. 

The fixed losses do not vary with the load. This means that they will not be affected at all by the DR 

implementation and thus a model for the variable loss is sought. This is accomplished by the variable 

loss’ proportionality to the load, as explained in the previous section. Drawing on Shaw et al. 

equation 6 is used to estimate the levels of loss at different load levels [13].  

(6)     
  

    
 

  
  

Where    and    represent two different values of the load and    is the associated change in loss 

percentage when the load goes from    to   . 

Using (6), the loss for different load levels can be expressed if the loss is known for a certain level of 

load. The arithmetic mean loss is known; thus, the arithmetic mean squared load is sought in order 

to find the corresponding level of load to match the known loss. 

The arithmetic mean square of the load can be found by simply squaring the data points in       and 

then adding them and dividing the sum by the length of vector      . The square root of the 

arithmetic mean square of load transforms it into the load value known to be connected to the 

arithmetic mean loss already known, as displayed in equation 7. 

(7)            
   

    
      

  

 
 

Where          is the square root of the arithmetic mean square of the load,   is the data points in 

      and   is the number of data points in      . 



22 | P a g e  
 

The percentage of the arithmetic mean loss corresponding to variable losses needs to be established 

before it can be used as an input in the further steps of the model, this is realized in equation 8. 

(8)                                 

Where         is the amount of the arithmetic mean loss that is caused by variable losses,     is the 

DSO'S arithmetic mean loss over a year in percent and                 is the fixed losses relation to 

variable losses out of the total arithmetic mean loss. 

A way of calculating the change in loss between different levels of load was formulated in (6). A 

starting value for load with its corresponding loss has been found for this function in (7) and (8). A 

load profile over a year has been formulated in (1) before DR implementation and in (2) after. Using 

these together will generate two vectors displaying the variable loss for each hour over the year, one 

being before DR implementation and the other after. These vectors might then be compared to find 

the total difference in loss following a DR implementation. 

Using (1), (6), (7) and (8) the loss vector before DR implementation can be calculated, as seen in 

equation 9: 

(9)                        
        

       
 

        
   

Where       is the loss vector displaying variable loss for each hour before DR implementation.  

Using (2), (6), (7) and (8) the loss vector after DR implementation can be calculated, as seen in 

equation 10: 

(10)                        
        

       
 

        
   

Where          is the loss vector displaying variable loss for each hour after DR implementation. 

Even though it is known that the variable loss is directly proportional to the square of the load, the 

proportionality constant is not known. Firstly the sum of the BLC is multiplied by the mean arithmetic 

loss; this will give the aggregated amount of energy lost as a result from power losses. Secondly, the 

loss vector given in (9) is scalarly multiplied by the BLC as this will yield the aggregated loss using the 

new variable load curve that is currently lacking a proportionality constant. Finally, the constant is 

found in the relation between these two sets of aggregated losses as shown in equation (11). 

(11)                                

Where   is the proportionality constant. 

The vectors in (9) and (10) are multiplied with their corresponding load curves to generate the loss in 

energy, the loss from both cases are compared to conclude the total difference in loss based on DR 

implementation after the proportionality constant of (11) is multiplied with the result; this is realized 

in equation 12. 

(12)                                   ) 

Where         is a vector containing the differences between the two loss vectors. 
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Finally,         is the total amount of energy in kWh which differs between the two cases. This can be 

multiplied with the hourly Nord Pool spot price for the correct pricing area over the year to estimate 

the total economic impact of loss reduction due to DR implementation, as seen in equation 13. 

(13)                  

Where      is the total economic impact of loss reduction due to DR implementation and    is the 

Nord Pool electricity price vector at which the DSO purchases electricity to cover its own losses. 

Modeling power loss: discussion 

When performing a background study for this model part, there was little to no information to be 

had regarding the effects of load shifting on power losses. In [13], it is clearly stated that: 

"No quantitative mention of loss reduction by load management has been found in academic or 

industrial literature."  

It shows that very few attempts have been made into calculating the effects of load shifts on losses 

for DSOs. This particular paper approximated the losses for one specific DSO and used a model 

tailored to fit that specific DSO. They model the specific voltage-levels of the DSO's grid when 

calculating the losses, a step that was sacrificed in this model in order to buy generality at a loss of 

accuracy. 

Another source of uncertainty is the ratio of fixed to variable losses. The DSO might not be inclined to 

funneling resources into finding an accurate measure for their fixed losses and might try to loosely 

estimate the ratio instead; something that would inherit an uncertainty that would be hard to pin 

point. 

Regardless of what result the model produces, the full extent of this result will most likely not be 

gained by the DSO. By the current regulation, power loss is treated as an uncontrollable cost to the 

DSO and is thus passed through to the customer. Some gain might still be had if investments were 

made to achieve a reduction in loss. In future regulation, the cost of power loss might be treated as 

an controllable cost; this could change the distribution of benefits from the customer to the DSO. 

This might in turn lead to an increased incentive for DR implementation if it is shown to reduce 

losses. 

An interesting effect identified when pushing losses during the peak hours of the day towards the off 

peak hours of the night is that a secondary effect exists which affects the DSO's economy. If the DSO 

is using the day-ahead spot price market to purchase energy to cover losses instead of using a fixed 

price, the prices will typically be higher during the days and lower during the nights; this 

phenomenon results in a positive economic secondary effect when more losses are transferred from 

the day into the night. Further exploration in comparing fixed pricing contracts and variable pricing 

contracts when compensating for losses in an environment where DR exists may prove very useful. 
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3. Grid fee to feeding grid 
The grid fee to feeding grid is based on the cost imposed on the DSO by the owner of the regional 

grid which transfers electricity into the DSO's grid. The tariff which dictates these costs and how DR 

may affect them are described in the following section. The chapter is concluded by the model 

description and a discussion regarding the model. 

Feeding grids and DSOs 
In Sweden, the business of grid operation is a natural monopoly; this applies to the DSO and the 

regional system owner alike [17]. The same rules imposed by the Swedish Energy Market 

Inspectorate on the DSO thus apply to the regional system owner as well. Most regional grids in 

Sweden are owned by Vattenfall, Fortum or E.ON [29]. 

The feeding grid tariffs consists of three and are designed in the same manner regardless of who the 

owner is and they are updated on a yearly basis; these parts are [30] , [18], [31]: 

 A fixed fee paid regardless of the amount of power or energy transferred 

  A variable fee dependent on an agreement of a subscribed level of maximum power 

 transferred for one whole year at a time 

 A variable fee dependent on the amount of energy transferred based on a fixed price 

for each kWh transferred 

All regional grid tariffs are designed in this fashion, based on these three parts. All tariffs are also split 

into monthly costs, both the fixed fee and the fee for maximum subscribed power is split into twelve 

monthly payments. The maximum subscribed value for the next year will typically be announced by 

the DSO before December, then the regional grid owner will have about half a month to accept the 

value before it is set. If the power transferred is higher than the level of the subscribed maximum 

power, a fee has to be paid [18]. The details of the subscribed maximum power and its fees are 

different depending on the regional grid operator. 

Subscribed maximum power and optimization 

While the way of handling the subscribed maximum power may differ in the tariffs of the regional 

grid owners, there is always an element of risk involved for the DSO. This risk is based on the 

fluctuations in energy demand for the DSO's customers coupled with the fee for surpassing the 

subscribed maximum power [27]. There exists a balance between the increased risk of a lower 

subscribed maximum power and the reduced cost from lowering it. In this sense, lower risk can be 

"bought" by increasing ones subscribed maximum power. This also means that there exists  an 

optimal value to which the DSO should have set the subscribed maximum power; this value exists 

where the economic gain of lowering the subscribed maximum power equals the negative effects 

that the added risk of lowering the value brings, namely the risk of paying high fees for the 

transgression. This value exists in theory, while in practice it is most elusive. Because of the 

temperate climate in Sweden, temperature variations can have a devastating impact for the DSOs 

because of the subscribed maximum power and the risk it carries. A cold year may increase the 

electricity demand greatly, over 13% for residential customers between 2008 and 2011 [14]. 

Subscribed maximum power in the tariffs 

Vattenfall calculates the maximum power by taking the average of the two highest monthly values 

throughout the year. If the value calculated is higher than the subscribed maximum power, a fee of 

1,5 times the value of subscribed power per kW will need to be settled for the power above the 
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normal level of subscribed maximum power. If Vattenfall deems it possible, the DSO can continue to 

use the level of power for which the fee was payed as a new subscribed maximum power. This 

without paying for further transgressions of the old value as long as the new value is not 

transgressed, the new value replaces the old. This may be countered by Vattenfall if the regional grid 

cannot withstand the increased levels of load. If this happens, additional fees will be issued and the 

DSO will have to lower the power to match the old value of maximum subscribed power [32]. 

Fortum calculates the maximum power by taking the average of the two highest weekly values 

throughout the year. If the value calculated is higher than the subscribed maximum power, the DSO 

can choose to either retroactively increase the maximum subscribed value to that level or pay a fee 

for the week in which the maximum subscribed value was transgressed. If the maximum subscribed 

value is increased, the DSO has to pay retroactively for the difference between the new and the old 

level for the time passed since the year began and then pay for the new increased level in all 

subsequent payments. The optimization for Fortums tariff is in the balance between a low tariff value 

and the weekly fees. Paying a fee for one week with a high power transfer will probably be cheaper 

than paying for a subscribed maximum power for that value over the whole year. However, paying 

for many weeks of transgressions of the subscribed maximum value might be more costly than to 

increase it. 

EON has a system which differentiates winter weekdays from the rest of the days of the year. The 

winter weekdays are defined as Monday to Friday between 06:00 and 22:00 in January, February, 

March, November and December. One maximum subscribed value will need to be selected for both 

the winter weekdays and for the rest of the year. In likeness to Vattenfall's tariff, there is a fee for 

transgressing the subscribed maximum power based on the difference between the set value and 

highest value throughout the year. The optimization thus lies in the balance between a low 

subscribed maximum power while avoiding overly excessive fees because of high values of power on 

some years. 

Feeding grids and DR 
Drawing on the two effects identified in the Demand Response chapter regarding DR effects on 

DSOs, observations can be made on how these may affect the grid fee to the feeding grid. 

The first part of the feeding grid tariff is the fixed fee; this cannot be affected by DR and is henceforth 

neglected.  

The second part of the feeding grid tariff deals in the subscribed maximum power transferred. With 

load shifts from peak hours to non-peak hours and/or overall demand reduction, the level of the 

highest peak loads may decrease and a lower value of maximum power transferred may be 

subscribed to the benefit of the DSO. 

The third part of the feeding grid tariff is based on the amount of energy transferred. Load shift will 

do nothing to change the outcome for this variable but overall demand reduction will. If the overall 

demand is decreased, less total energy will be transferred and the fee will be lower. 

Modeling grid fee to feeding grid 
The following section will delve into the designs of the Grid fee to feeding grid model part. It starts 

out by thoroughly explaining the model and the assumptions on which it is based. It is concluded by a 

short discussion of the model and some of its uncertainties. 
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Modeling grid fee to feeding grid: description 

The grid fee to feeding grid model consists of two cost calculations based on the regional grid tariffs. 

The two costs are for subscribed maximum power and for total energy transferred. If the estimation 

of DR implementation is based on peak load shift only, then only the cost of subscribed maximum 

power needs to be calculated. This model assumes that the tariff cost of total energy transferred 

from the regional grid operator is fixed per kWh, as in the cases of  Fortum, Vattenfall and E.ON. 

Thus, the measure of total energy transferred is not affected by peak load shift; this means that the 

difference in cost of total energy transferred from before and after the DR implementation would be 

zero. An overview of the model can be seen in figure 4. 

 

Figure 4 – Flowchart of Grid fee to feeding grid model part 

Since the cost of subscribed maximum power is handled differently by the regional grid owners, the 

model of this cost will vary depending on which regional grid the DSO's grid is connected to. The 

estimation of the subscribed maximum power requires input of multiple years worth of hourly load 

data. This load data should strictly be load which is imported to the DSO's grid through the feeding 

grid, thus load produced within the DSO's grid is not of importance to this modeling step. Multiple 

years of data will capture the fluctuations in energy demand in between the years. This data is then 

used to find an optimized value for the subscribed maximum power over the input years before DR 

implementation. The load data is then manipulated by the estimations of DR effect, just like when 

creating the RLC from the BLC in chapter 1. The newly manipulated load data represents the load 

curve after DR implementation and is used to optimize a new level of subscribed maximum power 

following the DR implementation. The costs of these two different levels of subscribed maximum 

power are then compared to reveal the economic differences after a DR implementation.  

The cost of total transferred energy is estimated using a comparison of the BLC and the RLC. This 

comparison represents a comparison between values before DR implementation and after. This 

reveals the difference in total energy transferred, which can in turn be used with supplied tariff data 

to calculate the economic difference of DR implementation for this cost. 
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In table 2, the additional inputs required for the grid fee to feeding grid model part is displayed. 

Inputs for the Grid fee to feeding grid model part  

1. BLC and RLC 

2. Multiple years of hourly load data 

3.      representing the estimation of DR from equation 2 

3. General regional grid tariff information for DSO 

4. Cost of transferred electrical energy 
Table 2 - Inputs for the Grid fee to feeding grid model part 

To model the change in yearly subscribed maximum power, the regional grid tariff must be known. 

This is important since different regional grid owners calculate the cost of subscribed maximum 

power differently. Three different ways of estimating this cost will be presented depending on if the 

DSO's regional grid operator is Vattenfall, Fortum or E.ON. Regardless of regional grid operator, the 

model will import load data over a set of years and then optimize a level of subscribed maximum 

power for those years. A fixed level of subscribed maximum value will be made to fit optimally for all 

years applied.  The first steps, equation 14 and 15, are general and need to be performed regardless 

of regional grid operator. The hourly data over the chosen years is imported and categorized as seen 

in equation 14. This is the same procedure as when producing the BLC and the RLC in chapter 1, thus 

the terms BLC and RLC will be reused for the same purposes stated there but for multiple years in 

this case. 

(14)                         

                          

                       

                         

where        is the basic load curve containing all hourly values   corresponding to that year,   is 

the hourly value and   is the year. 

When the BLCs has been established for all of the years chosen as model inputs, the RLCs can be 

created. This is done by implementing the same changes that exists between the BLC and RLC of 

chapter 1 to the BLCs here. The RLCs can be seen in equation 15. 

(15)                                   

                                    

                       

                                   

where        is the resulting load curve containing all hourly values y corresponding to that year 

after the now added DR implementation,   is the hourly value and   is the year. 

For a review of the differences between the different tariffs, see section Subscribed maximum power 

in the tariffs earlier in this chapter. In the next section, the models corresponding to each tariff is 

shown. 

Modeling the cost for subscribed maximum power: Vattenfall 

Since Vattenfall calculates maximum power by using the mean of the two highest monthly values, 

these highest monthly values needs to be found both for the BLCs and for the RLCs. The two highest 
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hourly values per month for each year is used to determine the mean and thus formulating what 

Vattenfall counts as the maximum power for that year. This can be seen in equation 16. 

(16)           
     

 
 

where          is the maximum power as defined by Vattenfall for any given load curve of year  , 

and where    and    is the two highest monthly load values of that load curve for year  . 

To determine if a fee for transgressing the subscribed maximum power needs to be settled for any 

given year  ,          needs to be compared to the subscribed maximum power. This is seen in 

equation 17. 

(17)                             

where for any given year m of any load curve,           is the difference between the maximum 

power as defined by Vattenfall          and the subscribed maximum power        . 

The resulting economic cost of both a possible fee for transgressing the subscribed maximum power 

and the cost of the subscribed maximum power itself is formulated in equation 18. The fee is 

calculated by multiplying           with the cost of the fee per kW transgressing the subscribed 

maximum power then adding the cost of the subscribed maximum power by multiplying its level 

        with its cost. These costs are specified in the regional grid tariff which the DSO has. The fee 

for transgressing the subscribed maximum power will only be calculated if           is positive. If the 

value is zero or negative, only the cost of the subscribed maximum value signifies the total cost of 

the year since the maximum power was lower than the subscribed value. 

(18)                                    

where      is the total cost of the subscribed maximum power for any load curve of the given year 

m,        is the cost per kW for transgressing the maximum subscribed power and      is the cost 

per kW for the subscribed maximum power. 

The only variable left to any given      is the        . By summing the costs over all of the years, a 

function can be formulated with         as the variable. To find the optimal subscribed maximum 

power for the years chosen, the lowest possible sum of costs will define the optimal value of        . 

The sum of costs for both the BLCs and the RLCs can be seen in equation 19. 

(19)                           

                            

To find the optimal value of        , an iteration of      and      is necessary. By starting with zero 

as        , a high value of costs will result. By steadily increasing         with each iteration, the 

value of the costs will decrease. This will continue as long as the benefit of decreasing the fee of 

transgression overcomes the cost of an increasing subscribed maximum power. The optimal value of 

        is found on the iteration before the cost starts to increase again. By recalculating the costs for 

both the BLCs and the RLCs iteratively with ever increasing        s, two optimal values are found. 

One value for the BLCs,         , and one value for the RLCs,         . When used in the cost 

calculations of equation 19, they will produce the final costs for subscribed maximum power for the 
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BLCs          and the RLCs         . The difference between these two costs estimates the change 

after a DR implementation, as seen in equation 20. 

(20)                                

where             is the difference in costs if the regional grid operator is Vattenfall,          is the 

cost for the optimized value of          and          is the cost for the optimized value of         . 

Modeling the cost for subscribed maximum power: Fortum 

Fortum's tariff is similar to Vattenfall's in the regard that both calculate maximum power from a 

mean of two values. Fortum's tariff uses the mean of the two highest hourly values during each 

calendar week to determine maximum power.  Since Fortum does this weekly, this also means that it 

is possible to transgress the subscribed maximum power once per week; many transgressions could 

stack up and become very costly. When the subscribed maximum power is transgressed in Fortum's 

tariff, the DSO has a choice of retroactively increasing the subscribed maximum power or to pay a fee 

based on the magnitude of transgression. The optimization will find a balance between paying for a 

low subscribed maximum power value while keeping the transgression fees as low as possible. 

Since Fortum calculates maximum power by using the mean of the two highest hourly values per 

week, these means needs to be found both for the BLCs and for the RLCs. A week is defined as 

Monday through Sunday and thus, most years will contain 54 weeks since there will be a split up 

week in the beginning of the year as well as in the very end. The mean values of maximum power in 

each week can be seen in equation 21. 

(21)             
               

 
 

               

 
     

               

 
  

                                                      

where           is a vector containing the values of maximum power for each week during year   

for any load curve and         and         is the two highest individual values of maximum power 

for week   which are used to calculate the mean             which signifies the maximum power 

for week   in fortums tariff. 

The values in equation 21 will be compared to a set value of subscribed maximum power to 

determine how much transgression there is. The rate of transgression will be used to calculate the 

cost of transgression fees. The transgression fees will be added to the cost of subscribed maximum 

power to provide the total cost. The optimal value for the subscribed maximum power will be 

determined by reiterating the above mentioned steps with new input values of maximum subscribed 

power to find the smallest total cost. 

Since Fortum issues fees on a weekly basis, more than one fee can be issued per year as opposed to 

Vattenfall's tariff. The total amount of transgression during a year needs to be determined before the 

cost of transgression can be calculated. Each value in equation 21 from           is compared to the 

set subscribed maximum value of power, all transgressions are recorded. This can be seen in 

equation 22. 

(22)                                  
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where            is the difference for any load curve for week   in year   between the mean of the 

two highest hourly values from week               and the set value for subscribed maximum 

power        . 

By summing up the positive values of             for all weeks of year  , a total value of 

transgression for year   is found. This can be seen in equation 23. 

(23)                                                  

where            is the sum of all positive values of            for any load curve in year  . 

To calculate the total cost of the maximum subscribed power including transgression fees for year  , 

the cost of the subscribed maximum value is added to the transgression fees. The transgression fees 

are calculated by multiplying the total transgression for year   with the transgression fee. The total 

cost calculation for year   can be seen in equation 24. 

(24)                                       

where      is the total cost of the subscribed maximum power for any load curve of the given year 

m,        is the cost per kW for transgressing the maximum subscribed power and      is the cost 

per kW for the subscribed maximum power. 

The only variable left to any given      is the        . By summing the costs over all of the years, a 

function can be formulated with         as the variable. To find the optimal subscribed maximum 

power for the years chosen, the lowest possible sum of costs will define the optimal value of        . 

The sum of costs for both the BLCs and the RLCs can be seen in equation 25. 

(25)                           

                            

To find the optimal value of        , an iteration of      and      is necessary. By starting with zero 

as        , a high value of costs will result. By steadily increasing         with each iteration, the 

value of the costs will decrease. This will continue as long as the benefit of decreasing the fee of 

transgression overcomes the cost of an increasing subscribed maximum power. The optimal value of 

        is found on the iteration before the cost starts to increase again. By recalculating the costs for 

both the BLCs and the RLCs iteratively with ever increasing        s, two optimal values are found. 

One value for the BLCs,         , and one value for the RLCs,         . When used in the cost 

calculations of equation 25, they will produce the final costs for subscribed maximum power for the 

BLCs          and the RLCs         . The difference between these two costs estimates the change 

after a DR implementation, as seen in equation 26. 

(26)                            

where         is the difference in costs if the regional grid operator is Fortum,          is the cost 

for the optimized value of          and          is the cost for the optimized value of         . 

Modeling the cost of subscribed maximum power: E.ON 

E.ON's tariff differs from that of Vattenfall and Fortum by separating winter weekdays from the rest 

of the year in terms of determining the cost for the subscribed maximum power. In E.ON's tariff, 

there are two different values of subscribed maximum power, one for winter weekdays and one for 
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the rest of the year. Winter weekdays are defined as Monday to Friday, 06:00 to 22:00 in January, 

February, March, November and December. Since there are two different values for maximum 

subscribed power in E.ON's tariff, two different optimizations are performed. The optimizations are 

performed in the same manner as for Vattenfall's tariff. To differentiate the input for the two 

different calculations, the data of the BLC's and the RLC's are divided to reflect winter weekdays or 

the rest of the year as seen in equation 27. 

(27)                               

                                

where           and           are the BLC's and RLC's containing the load data for the winter 

weekday calculation,             and             are the BLC's and RLC's containing the load data for 

all other times and        and        are the original load curves. 

To determine if a fee for transgressing the subscribed maximum power needs to be settled for any 

given year  , the highest load value for both winter weekdays              and for the rest of the 

year               needs to be compared to their respective subscribed maximum power. This is 

seen in equation 28. 

(28)                                            

                                      

 

where for any given year m of any load curve,           is the difference between the maximum 

power as defined by Vattenfall          and the subscribed maximum power         for both 

calculations. 

The resulting economic cost of both the fee for transgressing the subscribed maximum power and 

the cost of the subscribed maximum power itself is formulated in equation 29. Yhis calculation is 

performed for both winter weekdays and the rest of the year. The fee for the rest of the year is 

calculated by multiplying                with the cost of the fee per kW transgressing the subscribed 

maximum power then adding the cost of the subscribed maximum power by multiplying its level 

             with its cost. The fee for the winter weekdays is calculated by multiplying              

with the cost of the fee  for transgression per kW, then adding the additional fee for winter 

weekdays. Then adding the cost of the subscribed maximum power by multiplying its level 

           with its cost and the additional cost for subscribed maximum power for winter weekdays. 

These costs are specified in the regional grid tariff which the DSO has. The fee for transgressing the 

subscribed maximum power will only be calculated if           is positive. If the value is zero or 

negative, only the cost of the subscribed maximum value signifies the total cost of the year since the 

maximum power was lower than the subscribed value. 

(29)                                                  

                                                                  

where      is the total cost of the subscribed maximum power for any load curve of the given year 

m,        is the cost per kW for transgressing the maximum subscribed power and      is the cost 

per kW for the subscribed maximum power for both calculations. 
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The only variable left to any given      is the        . By summing the costs over all of the years, a 

function can be formulated with         as the variable. To find the optimal subscribed maximum 

power for the years chosen, the lowest possible sum of costs will define the optimal value of        . 

The sum of costs for both the BLCs and the RLCs can be seen in equation 30. 

(30)                                               

                                                

                                       

                                        

where      and      are the cost before and after DR implementation represented by the BLC's and 

the RLC's, and       and       are the cost for each individual year. 

To find the optimal value of        , an iteration of      and      is necessary. By starting with zero 

as        , a high value of costs will result. By steadily increasing         with each iteration, the 

value of the costs will decrease. This will continue as long as the benefit of decreasing the fee of 

transgression overcomes the cost of an increasing subscribed maximum power. The optimal value of 

        is found on the iteration before the cost starts to increase again. By recalculating the costs for 

both the BLCs and the RLCs iteratively with ever increasing        s, two optimal values are found. 

One value for the BLCs,         , and one value for the RLCs,         . When used in the cost 

calculations of equation 19, they will produce the final costs for subscribed maximum power for the 

BLCs          and the RLCs         . The difference between these two costs estimates the change 

after a DR implementation for both the winter weekdays and the rest of the year, as seen in equation 

31. 

(31)                                    

                              

where       and     is the difference in costs for the winter weekdays and the rest of the year, 

         is the cost for the optimized value of          and          is the cost for the optimized 

value of         . 

When added together, the deltas generate the aggregated cost of subscribed maximum power if 

Fortum is the regional grid operator. To get the yearly change, the result is divided by the total 

amount of years  . This is seen in equation 32. 

(32)          
         

 
 

Modeling the cost of total energy transferred 

Depending on if the expected effects on the DSO's load curves following a DR implementation 

contains load reduction, the change in total energy transferred has to be calculated. To model the 

change in total transferred energy, the original BLC and RLC from equation 1 and 2. The two load 

curves are simply summed up and compared to reveal the difference in energy. This is carried out in 

equation 33. 

(33)                    
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Where    is the difference in energy transferred over the year, the result of the difference between 

the two load curves        and      . 

   can then be used to determine the difference in cost based on a reduction of demand. This is 

done through multiplying    with the tariff value for transferred energy, as show in equation 34. 

(34)               

Where      is the difference in cost resulting in a reduction in demand,      is the tariff cost for 

energy transfer and    is the difference in energy transfer from DR. 

Modeling the total cost of grid fee to feeding grid 

Once the changes in cost of subscribed maximum power and total energy transferred has been 

estimated, these are simply added to generate the total change. This is seen in equation 35. 

(35)       =             

where       is the total economic impact of DR on grid fee to feeding grid,      is the change in cost 

for total energy transferred and        is the change in cost for subscribed maximum value. 

Modeling Grid fee to feeding grid: discussion 

One concern that might arise for this model is that the input of BLC and RLC is based on both 

imported energy through the feeding grid and on energy produced within the DSO's grid. Since this 

model aims to estimate the cost of the grid fee to the feeding grid, it could seem odd that the input 

incorporates energy produced within the DSO's grid and thus not imported through the feeding grid. 

Since only the imported amount of energy is counted towards the grid fee to the feeding grid, the 

difference between the two could affect the cost reduction depending on how the energy is reduced 

in the model. When the total energy is reduced, the assumption is made that production is not 

affected and the import through the feeding grid is reduced with the full amount. This means that 

the model assumes that the changes in energy usage based on DR implementation only affect the 

energy imported through the feeding grid. This reflects the assumption that the levels of energy 

produced within a grid is not affected by consumption variations in this model. It is therefore of no 

concern that both feeding grid import and production is part of the input since the output is assumed 

to only affect the feeding grid import. 

According to the regulation of EI, the cost of grid fee to feeding grid is treated as an uncontrollable 

cost. The cost of overreaching ones subscribed power would thus also be an uncontrollable cost. If 

this is true, then the DSO takes no risk as all in lowering the maximum subscribed power since the 

customer be the one paying for it. The way this is done in practice is to let the DSO make a prediction 

of the total grid fee to feeding grid cost before the start of the period of supervision [17]. The 

prediction is meant to be corrected after the period of supervision. It is unclear if this means that the 

DSO will be reimbursed in all cases regardless of risk taken or if there will be a review of the risks 

prior to reimbursement. 

If the DSO will have to carry the financial risk of overreaching the subscribed maximum power, then 

this risk merit some discussion. There exists a balance between the increased risk of a lower 

subscribed maximum power and the reduced cost from lowering it. In this sense, lower risk can be 

"bought" by increasing ones subscribed maximum power. This also means that there would be an 

optimal value to which the DSO should have the subscribed maximum power; this value exists where 
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the economic gain of lowering the subscribed maximum power equals the negative effects that the 

added risk of lowering the value brings. This value exists in theory, while in practice it may be elusive. 

Because of the temperate climate in Sweden, temperature variations can have a devastating impact 

for the DSOs because of the subscribed maximum power and the risk it carries. A cold year may 

increase the electricity demand greatly, over 13% for residential customers between 2008 and 2011 

[14]. A DR program adds further complexity to this already complex issue. There is simply no way of 

knowing how the consumers may respond or how and when they might change their consumption. If 

the grid fee to the feeding grid was designed to carry some of the risk in these situations, the 

situation might be far different. If the tariff was designed to charge DSOs for the actual transfer of 

power instead of a value chosen earlier, more DSOs might be inclined to implement DR programs. 

Today, the risks of lowering one's subscribed maximum power to the feeding grid makes it hard to 

capitalize on a reduction in load fluctuations. A redesign in feeding grid tariffs might be able to 

remedy this. Many of the positive effects of load fluctuation reduction may be carried over to the 

feeding grid as the principle is the same as for the DSO. The feeding grid operator is thus reaping the 

benefits of a load fluctuation reduction within his own grid without carrying any of the risks involved. 

A redesign of the incentives may be able to result in a more even distribution of both risk and gain in 

DR implementation at the DSO level. 
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4. Postponed future investments  
Future investments can be a financial strain for a DSO that must adapt to increased demand. This 

chapter explores the relations of DR and future investments and poses a model to estimate the 

effects it might prove to have in relieving some of the financial strain of future investments. The 

chapter is concluded by a model description and a discussion regarding the uncertainties of the 

model. 

Investments and DSOS 
A distribution grid is comprised of many different components to aid in the transfer, transformation 

and distribution of electricity. These components include transformers of different varieties, air 

cables and ground cables of various dimensions and types among others [16]. What is synonymous to 

these distribution assets is that they are expected to have a very long lifetime;  40 years is the 

current standard lifetime for distribution assets according to a study performed by Sweco [33] for the 

Swedish Energy Market Inspectorate. They also suggest an increase in the standard lifetime of 

distribution assets by five to ten years, possibly making the standard lifetimes of distribution 

equipment even longer. 

The distribution grid is dimensioned according to the load it needs to be capable of transferring and 

distributing [25]. As the load typically varies, the grid is rarely used to its full potential because the 

load is usually lower than what the grid is dimensioned to withstand; as the grid can cope with the 

highest of peaks, its full potential remains untapped during normal demand.  

Investments into the distribution system can be divided into two categories: reinvestments and 

upgrade investments. Reinvestments aims to replace current equipment at the end of their lifecycle 

[26]. These investments are made to ensure stability and safety of delivery in the grid. Upgrade 

investments aims to extend the capacity of the grid, to cope with higher demand. Since the assets 

have such long life cycles, these investments are often intertwined with each other [26]. If a major 

power line is nearing the end of its lifetime, the DSO might chose to upgrade it to cope with future 

demand instead of merely replacing it. 

Investments and DR 
As a distribution grid is quite expensive, it can be argued that the investments in the grid could be 

better utilized if the demand fluctuations were lowered. Different reports [24], [11] point out that 

the absence or postponement of future investments could lead to positive effects for the DSO as a 

direct effect of DR implementation.  

As the peak load shifting effect of DR works to reduce the load fluctuations in the grid, the highest 

peaks might be reduced. If such a reduction occurs, the grid which is dimensioned to withstand those 

high peaks can handle a higher total amount of transferred energy as long as the demand 

fluctuations stay reduced. These reductions are further emphasized by demand reduction. 

Investment calculations 
When calculating investments, a common method to use it the net present value method. In this 

method, future economic gains is recalculated to reflect the value of the present day given a specific 

rate of discount. In effect, it sums the present value of all the cash flows over the time which the 

investment is active. This method is useful in this model since it enables the calculation of the net 

present value of the postponed future investments as a result of DR implementation. These 
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postponed future investments is negative cash flows which are prevented, hence they can be seen as 

positive cash flows. These positive cash flows are what is used in the model to calculate the net 

present value [34]. The formula is displayed in equation 36: 

(36)       
  

      
 
      

Where NPV is the net present value,   is the number of years for which the investment is valid,    is 

the cash flow for year  ,   is the rate of discount and  is the initial investment. 

In this model, we disregard the initial investment and thus skip term    The rate of discount used can 

be based on the prescribed value by the Swedish Energy Market Inspectorate of 5,2% for distribution 

assets in the 2012-2015 period of supervision [35]. 

Modeling the potential economic gains based on postponed future 

investments 
This section will cover the details of the model part handling investments. A description of the model 

will follow where the model is thoroughly explained; this will be followed by a discussion of the 

uncertainties inherent in this model part. 

Modeling the potential economic gains based on postponed future investments: 

description 

This model assumes that the DSO's grid is dimensioned to handle the highest max load possible. It is 

assumed that the ratio between the loads which the grid needs to be able to withstand is 

proportional to the current max load. If the current max load is decreased, then the need to improve 

the grid to cope with higher loads is nullified until the demand yet again exceeds what the grid is 

dimensioned for. The savings in future investments is calculated based on these postponed 

investments. The current material capital assets of the DSO represent the grid's current capacity. A 

figure will need to be provided by the DSO of how much the grid is expected to grow each year. This 

figure will be needed when calculating the time frame over which the net present value of the 

postponed investments can be estimated. If the growth of the DSO's grid is thought to be stagnant or 

decreasing, no savings can be realized based on the assumptions of this model. 

In table 3, the additional inputs for the postponed future investment model parts are displayed. 

Inputs for the Postponed future investment model part  

1. BLC and RLC 

2. Average yearly increase in grid capacity 

3. Current material capital assets 

4. The discount rate 
Table 3 - Inputs for the Postponed future investment model part 

The base inputs of the postponed future investment model part is the BLC and the RLC. Additional 

inputs needed are the average increase in grid capacity, current material capital assets to represent 

the current distribution assets and lastly the discount rate for the net present value calculation. A 

flowchart of the postponed future investment model part is depicted in figure 5; in this flowchart, 

the different inputs, model steps and output can be seen. 
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Figure 5 - Flow chart of postponed future investment model part 

The DR implementation is modeled by the difference in maximum peak, as in the model for the Grid 

fee to feeding grid. In this model part, the actual max values should be used as opposed to the 

prescribed calculations dictated by the regional grid operator for subscribed maximum power. This is 

showed in equation 37: 

(37)             
        

        
 

Where            is the ratio between the max values from the two load curves. 

This provides a value for the counteractive effect the DR may have on future investments. In 

equation 38, the number of years X which the DR implementation may postpone future investments 

can be calculated. 

(38)  
 

          
    

Where   is the estimated average yearly increase in grid equity and   is the amount of years of 

investments the DR implementation may save. 

The equation can be solved using logarithms, displayed by equation 39. 

(39)    
   

 

          
 

   
 

The postponed future investments in these years   are then valued and discounted over the years so 

that a net present value can be obtained. A value for the postponed investments for each year must 

be established first however. The first postponed investment, the investment of year 0, is displayed 

in equation 40. 

(40)                  

Where    is the value of the first postponed investments and   is the current material capital assets 

of the DSO. 

To properly reflect the ever increasing value of the investments,    is increased each consecutive 

year by   . This is seen in equation 41. 
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(41)                 

The net present value for all of the postponed equations is calculated in equation 42. 

(42)          
  

      
 
    

Where        is the net present value of the postponed investments,   is the number of years of 

postponed investments,    is the value of investment of year   and   is the rate of discount. 

Modeling the potential economic gains based on postponed future investments: 

discussion  

This model part is by far the one containing the most uncertainty. Knowledge about the DSO's 

specific needs is needed to draw accurate conclusions about the nature of future investments. The 

long lifecycles of the equipment involved further complicates the situation since a DSO might be 

required to upgrade equipment with a long remaining life time because of some unforeseen need. It 

is very hard to accurately estimate a number on how the grid is expected to increase evenly over the 

following years.  

This model only handles the investments which aim to upgrade the grid in order to be able to 

withstand increasing loads. If there is no need to upgrade the DSO's grid, this model will not be able 

to estimate the effects. However, there may still be positive economic effects even though no future 

investments can be postponed. If enough load can be reduced, there might be room for the DSO to 

downgrade the grid to save maintenance costs or to sell some now abundant distribution assets. 

Though the matter of calculating the potential worth of postponed future investments carries 

uncertainties, the model provides a simplified and comprehensive method of estimating them. 
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5. Model application 
In this chapter, a model application on a chosen Swedish DSO will be performed. An introduction of 

what characteristics the chosen DSO has and why it was chosen will be presented. A summary of the 

model inputs will follow with a short discussion and explanation of each individual input. These 

sections are followed by the model results and lastly, a discussion of these results will conclude the 

chapter. 

The focus of this model application is not to design a perfect DR program for the DSO, it exists to 

convey an example of what the model can be used to estimate. To yield more accurate results, 

further research needs to be put into designing a feasible DR program and then thoroughly estimate 

its impact on the DSO’s load curve. In doing so, it is important to remember that the effects of DR 

implementation designed for this model implementation might not accurately reflect the effects of a 

real world DR implementation. If the effects used here would be the effects of an actual DR 

implementation, the model would estimate its effects on DSO economy without further limitations 

than those inherent in the model. 

The chosen DSO 
As a basis for model application, The chosen DSO was chosen mainly because of excellent relations 

and the availability of data. The model inputs presented in the Model Inputs section was provided 

directly by the staff of The chosen DSO or from a source otherwise specified. 

When compared to other Swedish DSOs, The chosen DSO can be considered smaller than average. In 

table 4, a few key characteristics can be compared to the average characteristics of DSOs in Sweden 

2011.  

 The chosen DSO Average Swedish DSO 

Amount of consumers: 13'211 24'660 

Total demand: 199'690 MWh 577 988 MWh 

Level of losses: 4,3% 4,2% 
Table 4- The chosen DSO compared to the average Swedish DSO - Source: [14] 

Application of models 
Below, the input data for each model part will be displayed. It is divided into different sections 

depending on which model part they are applied in. Two different scenarios will be displayed; one 

showing the maximum potential of the peak load shift effect of DR and one showing the expected 

effects following a DR implementation. This will show how much potential there is in peak load shift 

in regard to the results from the DR which has been designed for this model implementation. 

Modeling DR 

The basic input for the load curves was provided by the chosen DSO. This data was provided in two 

parts, one part containing data on energy imports through the feeding grid and one part containing 

data on energy produced within the grid. After combining these, they formed the BLC.  

This model implementation will only take peak load shift into account. A load reduction carries a 

positive effect but it may also affect the DSO negatively since the main income is based on the tariff 

to the consumers. If consumption is declining, it stands to reason that the DSO's overall income 

would also be declining. The analysis regarding this is quite complicated and is not handled in this 
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model. If the positive effects of a load reduction is to be incorporated into the model, it is important 

to measure the effect which it might have on DSO income as well. 

To reflect current DR implementation for Swedish DSOs, a time of use tariff system was chosen to 

model the effect. To determine the effect of DR that should be implemented, an analysis was 

performed regarding the average load curve over a day cycle. The model calculations are performed 

on the total load curve over the whole year, the average was used solely as a mean of analyzing the 

effects of a DR implementation. As seen in figure 6, the average load is at its highest between 09:00 

and 20:00. Thus it was decided to reduce consumption during these hours, with the amount of 

reduction set at 10% for each peak hour; the reduced energy was then distributed evenly among the 

off-peak hours, which was considered to be between 23:00 and 08:00. The hours between the peak 

hours and the off-peak hours were considered to be unaffected by the DR program.  

The amount of peak reduction was set to 10% to reflect what was considered a likely scenario for a 

DSO in Sweden based on the figures for time of use pricing programs by Ibrahim and Skillbäck [11]. 

The 10% chosen reflects a time of use program with some enabling technology implemented. In the 

chosen DSO's case, 85% of the energy transferred is considered to be for residential customers [14]. 

This is a rough estimation based on data for low and high voltage customers. 

After the data was assembled into a load curve and the effects of the DR implementation had been 

determined, it was possible to create the RLC. A daily average of these load curves was created to 

display the average difference between them, they can both be seen in figure 6. The blue line 

represents the daily average of the BLC for the chosen DSO. The red line represents the daily average 

of the RLC after the estimated effects of DR implementation has been applied to the BLC.  

Figure 6 - Average daily load curve from the BLC and average daily load curve from the RLC. 

Modeling losses 

The data inputs for the loss model part was the BLC, the RLC, the DSO's arithmetic mean loss, and the 

relation between fixed and variable losses in the DSO's grid; all of which are displayed in table 5 

except for the load curves. The value of mean arithmetic loss was provided by the chosen DSO and 

0 kWh 

5 000 kWh 

10 000 kWh 

15 000 kWh 

20 000 kWh 

25 000 kWh 

30 000 kWh 

1 h 3 h 5 h 7 h 9 h 11 h 13 h 15 h 17 h 19 h 21 h 23 h 

BLC 

RLC 

Average daily load curve for BLC and RLC 



41 | P a g e  
 

the relation between fixed and variable losses was derived from [13] and discussed with the chosen 

DSO [26]. 

Additional Inputs for power losses  

Arithmetic mean loss   4,3% 

Relation between fixed and variable loss 1:5 
Table 5 - Additional inputs for the Power loss model part. 

Modeling Grid fee to feeding grid  

The data inputs for the loss model part was load input data from the feeding grid from 2007 through 

2012 and information on the feeding grid tariff was added as additional input. In the DR 

implementation, only load shift was considered and thus only the level of subscribed maximum 

power will be considered regarding the feeding grid cost as seen in table 6. The tariff data for 

subscribed maximum power for the chosen DSO was derived from Vattenfall [31]. 

Additional Inputs for Grid fee to feeding grid  

Load data from 2007 through 2012  

Cost of subscribed maximum power per kW 185 SEK 

Cost of transgression per kW 277,5 SEK 
Table 6 - Additional inputs for the feeding grid cost model part. Source: [31] 

Modeling investments 

The data inputs for the loss model part was the BLC and the RLC, with additional inputs in the form of 

average yearly increase in distribution assets and the current net worth of the distribution assets as 

seen in table 7. The average yearly increase in distribution assets was derived from historical values 

of material capital assets between 2012 and 2009 by averaging the yearly increase [36]. 

Additional Inputs for Postponed future investment model part  

Average yearly increase in distribution assets 0,016% 

Current net worth of distribution assets 133'989'000 SEK  

Rate of discount 5,2% 
Table 7 - Additional inputs for the Postponed future investment model part. Source: [37], [35] 

Comparison to max peak load shift 

To appreciate what the maximum potential of a DR implementation would be, a best case scenario 

will be dealt with. In this scenario, the load curve is flattened into its average on every hour 

throughout the year. This will show the potential of reduction in load fluctuations by peak load shift 

through demand response programs. In Figure 7, the average daily 2012 load curve of the chosen 

DSO can be seen with the hourly average value.  
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Figure 7 – The BLC compared to the average hourly value. 

The model will be applied to the hourly average value to provide a reference to which the results 

from the DR implementation can be compared. 

Results 
After applying the presented input variables in the three model parts for Power loss, Grid fee to 

feeding grid and Postponed future investments, a set of results was obtained. In this section, these 

results will be displayed in the order at which they appear in the model. 

A measure for a total economic difference will be displayed along with the same measure per 

customer. This will provide a point of reference so that the reader may be able to understand the 

effect better intuitively. 

Results from modeling losses 

The results generated by the loss model part can be seen in table 8 for the demand response 

implementation and table 9 for the average hourly value.  

Results of losses model for DR  

Reduction in kWh over the year 346'756 kWh 

Reduction in mean arithmetic loss 3,99% 

Annual difference in SEK 251'626 SEK 

Annual difference in SEK per customer 19,05 SEK 

Reduction in annual cost in percent 8,08% 
Table 8 - Results of losses model for DR 

Results of Power loss model for the average hourly value  

Difference in kWh over the year 1'635'036 kWh 

Reduction in mean arithmetic loss 18,81% 

Annual difference in SEK 1'125'833 SEK 

Annual difference in SEK per customer 85,22 SEK 

Reduction in annual cost in percent 36,14% 

0 kWh 

5 000 kWh 

10 000 kWh 

15 000 kWh 

20 000 kWh 

25 000 kWh 

30 000 kWh 

1 h 3 h 5 h 7 h 9 h 11 h 13 h 15 h 17 h 19 h 21 h 23 h 

BLC 

Average 
hourly value 

Average daily load curve for BLC and the average hourly value 



43 | P a g e  
 

Table 9 - Results of Power loss model for the average hourly value 

Results from modeling Grid fee to feeding grid 

The results generated by the Grid fee to feeding grid model part can be seen in table 10 for the 

demand response implementation and table 11 for the average hourly value. The reduction in annual 

cost is based on the difference in subscribed maximum power, the only cost in the grid fee to feeding 

grid affected by peak load shift. 

The model for grid fee to feeding grid optimizes a value for the maximum subscribed power over six 

years. The optimized value for the BLC, e.g. the optimized before value, is 42302 kWh. 

Results of Grid fee to feeding grid model from DR  

Optimized value for subscribed maximum power 38499 kWh 

Decrease in subscribed maximum power 8,99% 

Annual difference in SEK 396'162 SEK 

Annual difference in SEK per customer 29,99 SEK 

Reduction in annual cost in percent - subscribed 
maximum power 

4,86% 

Table 10 - Results of Grid fee to feeding grid model for DR 

Results of Grid fee to feeding grid model for the average hourly value  

Optimized value for subscribed maximum power 19770 kWh 

Decrease in subscribed maximum power 46,7% 

Annual difference in SEK 4'385'054 SEK 

Annual difference in SEK per customer 331,92 SEK 

Reduction in annual cost in percent - subscribed 
maximum power 

46,23% 

Table 11 - Results of Grid fee to feeding grid model for the average hourly value 

Results from modeling investments 

The results generated by the investment model part can be seen in table 12 for the demand response 

implementation and table 13 for the average hourly value. 

Results of investment model from DR  

Difference in SEK 2'037'900 SEK 

Number of years of postponed investments 2 

Difference in SEK per customer 154,26 SEK 
Table 12 - Results of investment model for DR 

Results of investment model from the average hourly value  

Difference in SEK 45'754'000 SEK 

Number of years of postponed investments  43 

Difference in SEK per customer 3'463,33 SEK 
Table 13 - Results of investment model for the average hourly value 
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6. Discussion 
In the discussion chapter, the results of the model application will be thoroughly examined and 

discussed. The chapter is introduced with a discussion of the designed DR program and then followed 

by the results from the loss model, the feeding grid model and lastly the investment model. The 

chapter is concluded by a short discussion of the overall results. 

Demand response design 
Demand response implementations for DSOs in Sweden might call for a variation based on seasonal 

changes. The varying climate in Sweden is severe enough to cause heavy irregularities in the load 

over the seasons. If one compares the average hour of January to the average hour of July in the 

chosen DSO 's load curve, the problem becomes apparent; the January average is  

29 760 kWh while the July average is a mere half of that of January at 15 534 kWh. Both Sala Heby 

Energi Elnät AB and Sollentuna Energi AB has seasonal fluctuations incorporated in their DR programs 

[38], [23]. Another concern that might increase uncertainty is the fact that the peak shifted load is 

evenly distributed over the off peak hours. It seems that this rarely happens in practice; in fact, it 

may lead to new peaks close to the turning points in a time of use tariff system [39]. The chosen level 

of peak load shift, 10%, is based on a figure for DR in electricity markets. It is uncertain if the figure is 

directly applicable to DSO's, thus increasing the DR estimations uncertainty. This might prove that 

the DR currently implemented in the model application is not a valid substitute for a likely DR 

program in Sweden. 

To increase the believability of the modeled DR program, more effort should be put into its design. 

Many well written reports which show data from Swedish DR implementations [24] as well as 

thorough compilations [25] and evaluations of numerous DR studies [11] exist to aid in this. The 

focus of this study has been to supply a way of measuring the effect of the DR program as opposed to 

designing one. 

Results 
In order to better understand the achieved results, a table of key values will be displayed as a point 

of reference to understand the impact of the result on the chosen DSO. These key values are shown 

in table 13. 

Selected key values of reference for the chosen DSO  

Average yearly results 2008-2012 6'347'000 SEK 

Average yearly turnover 2008-2012 54'991'000 SEK 
Table 14 - Selected key values of reference for the chosen DSO. Source: [36] 

The validity of the results following the DR program implementation can be questioned as the DR 

design isn't fully developed. To yield more accurate results, the DR program will have to be 

thoroughly designed and investigated to match what could be expected in Sweden today. This is 

covered more extensively in the discussion. The results can, however, be used to create a discussion 

of what is possible to achieve through peak load shift. 

Power losses 

The results of the model implementation for the average hourly values show the potential maximum 

effect of what demand response program and peak load shift can achieve. At a capacity to reduce 

annual loss by 18,81% leading to an annual saving of 1'125'000 SEK, the potential can be considered 

substantial for the chosen DSO. The annual saving capacity of DR amounts to about 2% of the chosen 
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DSO's total turnover and almost 18% of their results, something that if realized would significantly 

improve their economic situation. The result of the potential maximum effect of DR through peak 

load shift shows a reduction of 36% of the annual cost of power losses. 

The DR results shows a 3,99% reduction in annual loss at an annual saving of 251'626 SEK, a result 

significantly lower than that of the full potential but still with an impact on the chosen DSO's 

economy. Compared to the maximum potential, the DR program achieves roughly 20% of that. The 

annual savings would account for about 0,4% of the yearly turnover and almost 4% of the yearly 

results. While not as significant as the maximum potential, the numbers are far from negligible. The 

result of DR through peak load shift shows a reduction of 8% of the annual cost of power losses. 

As the current regulation treats power loss as an uncontrollable cost, the customer will benefit the 

most from the figures listed above if losses are reduced today. The cost of losses are passed through 

directly to the customer, something that might change if power loss is treated as an controllable cost 

by the Swedish Energy Market Inspectorate in the future. 

Grid fee to feeding grid 

The potential of demand response for reducing Grid fee to feeding grid is displayed through the 

results of the feeding grid model part for the average hourly value. The maximum potential shows a 

rough halving of the feeding grid cost for subscribed maximum power, displaying yearly savings of  

4'385'054 SEK. This value would have a high economic impact on the chosen DSO but is also hard to 

realize. Even though most of the load fluctuations are reduced, some peaks might still exist and those 

peaks are what determine the reduction of the grid fee to the feeding grid. The result of DR through 

peak load shift shows a reduction of 46% of the subscribed maximum power, the only part of the grid 

fee to feeding grid affected by peak load shift. 

The feeding grid results from the DR implementation shows the figure of 396'162 SEK or an annual 

decrease in subscribed maximum power by 4,9%. Although the DR program reduced the overall 

peaks, it seems it wasn't very successful in reducing all of the higher ones. Although not successful in 

this, the yearly saving of 396'162 SEK is still 6,24% of the chosen DSO's result and should not be 

neglected. The result of DR through peak load shift shows a reduction of 4% of the subscribed 

maximum power, the only part of the grid fee to feeding grid affected by peak load shift. 

Reductions in grid fee to feeding grid shows a high potential gain in economic value, should the peak 

loads be reduced. It is unclear if it is the DSO or the customer that carries the risks involved in 

lowering ones subscribed maximum power. As mentioned in the discussion of the Grid fee to feeding 

grid model, there may exist a high risk for the DSO in trying to capitalize on this potential. The current 

design of the feeding grid tariffs could put a high risk on the DSO while the feeding grid operator is 

still reaping the benefits of a more leveled load. 

Grid fee to feeding grid is treated as an uncontrollable cost by the Swedish Energy market 

inspectorate in the regulation. This means that the figures listed above will most likely accrue the 

customer and not the DSO. 

Investments 

When looking at the results of the investment model, the figures look staggering at a first glance. It is 

important to remember that there has to be a need to upgrade the grid to cope with increasing 
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demands for the DSO to save anything from postponed future investments. In this case, there is a 

measurable increase of 1,6%. 

When looking at the maximum potential, the results show 45'754'000 SEK; indeed a staggeringly high 

figure. This is almost a third of the total current distribution assets. The model shows that in the best 

of worlds, with a perfect load distribution, the grid would only need to be dimensioned to cope with 

half of the current loads. The net present value of this yields a reduction of almost a third of the 

current distribution assets. 

The results from the DR implementation which displays a figure of  2'037'900 SEK. It would take 2 

years for the grid to grow back to its original level of demand, in which time no further upgrading 

investments would be needed.  

Overall results 

When reviewing the result of the DR potential, a total annual saving of over 5'500'000 million SEK, or 

416 SEK per customer, could be realized based on power losses and grid fee to feeding grid. An 

additional saving in investments of over 45'000'000 SEK, or 3'400 SEK per customer, is theoretically 

available through postponed future investments. 

The results provided for DR may prove that an annual saving of above 600'000 SEK could be realized 

based on the results yielded by the loss and feeding grid models. A result that would yield a saving of 

49 SEK per customer per year; this provided that the modeled effect of the DR program actually 

comes into effect. An additional 2'000'000 SEK, or 151 SEK per customer, is realizable if there truly 

were investments that needed to be completed in the near future; there are large uncertainties here, 

however, regarding the very long time periods involved in these investments and the volatility of 

demand. In the current regulation, the reduced costs are considered as uncontrollable costs by the 

Swedish Energy Market Inspectorate and are thus transferred directly to the customer. This means 

that current DR implementations in Sweden will mostly benefit the customer as they are currently 

carrying the bulk of these costs, leaving the DSO with a very small economic incentive of DR 

implementation even though the system benefits are substantial. 

The model has been shown to calculate results based on an implementation of a pre-designed DR 

program on generally available values accessible to most DSOs, as was the purpose of the model 

application. 
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7. Conclusions 
This chapter aims to thoroughly answer the research questions, display this thesis works contribution 

of knowledge and to discuss limitations and possible future research. 

Answering the research questions 
This section aims to conclude this thesis work by answering the research questions presented in the 

objectives section of the introductory chapter. 

1. Which factors have the most economical impact for the DSO after a DR implementation? 

The factors found to have the most economical impact following a DR implementation is 

maintenance, Power losses, Grid fee to feeding grid and Postponed future investments. Maintenance 

is however disregarded because of complex interactions with DR effects and the issue in creating a 

generally applicable model for this factor. Thus, this thesis has focused on the remaining three. 

The nature of resistive losses is that it is proportional to the square of the load, this means that losses 

will be reduced significantly if the existing load fluctuations are normalized. Lower losses will directly 

affect the DSO's economy. Another important factor to why losses have a high economical impact 

following a DR implementation is the fact that the spot price of electricity is cheaper during the night 

than during the day. Moving load from peak hours to off peak hours has two effects working to 

reduce the cost of losses for the DSO. 

The feeding grid tariff is designed in a way that the DSO has pay for the maximum power transferred 

into the grid over the year. This means that the DSO very rarely uses the full potential for which it is 

paying. The peak load shift effect of DR server to normalize load fluctuations and may thus reduce 

the level of maximum power subscribed while still distributing the same amount of energy. Another 

effect of DR is the reduction in load. This effect serves to reduce both the subscribed maximum 

power fee and the fee for total transferred energy within the feeding grid tariff. Both effects may 

lead to an improvement for the DSO's economy after DR implementation. 

Future investments have the same potential to improve the DSO's economic situation as the feeding 

grid tariffs subscribed maximum power as they are both based on the highest peaks observed. The 

grid needs to be dimensioned for the highest peaks and if those peaks are reduced, then more 

energy can be transferred through the grid without upgrades. 

2. How can these factors be modeled in a generally applicable way for the DSOs of Sweden? 

The model parts for the three important factors postulated in chapter 2,3 and 4 have all been 

designed to be generally applicable. The goal was to create models which would be relatively simple 

to use as they utilize data available to most if not all Swedish DSO's. In achieving general applicability 

some potential accuracy had to be sacrificed. A short description of each model will follow. 

The Power loss model part assumes that the load is equal in all parts of the DSO's grid and that the 

losses are evenly spread throughout the grid. It also assumes that the variable load is directly 

proportional to the square of the load and utilizes this proportionality to create a loss vector which 

varies with load out of a load curve and the variable part of the mean arithmetic loss which the DSO 

provides. The variable loss vector can then be compared to a corresponding vector representing DR 

implementation; then finally be multiplied with pricing data from the Nord Pool spot market to 

estimate the aggregated economic impact. 
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The grid fee to feeding grid model consists of two cost calculations based on the regional grid tariffs. 

The two costs are for subscribed maximum power and for total energy transferred. If the estimation 

of DR implementation is based on peak load shift only, then only the cost of subscribed maximum 

power needs to be calculated. The model for both costs are based on the difference between before 

and after the DR implementation based on the BLC and the RLC.  

Since the cost of subscribed maximum power is handled differently by the regional grid owners, the 

model of this cost will vary depending on which regional grid the DSO's grid is connected to. The 

estimation of the subscribed maximum power requires input of multiple years worth of hourly load 

data. At least five subsequent years of hourly data is recommended but fewer can be used. Multiple 

years of data will capture the fluctuations in energy demand in between the years. This data is used 

to find an optimized value for the subscribed maximum power over the input years before DR 

implementation. The load data is then manipulated by the estimations of DR effect. The newly 

manipulated load data is used to optimize a new level of subscribed maximum power following the 

DR implementation. The cost of these two different levels of subscribed maximum power are then 

compared to reveal the DR impact.  

The cost of total transferred energy is estimated using a comparison of the BLC and the RLC. This 

comparison represents a comparison between values before DR implementation and after. This 

reveals the difference in total energy transferred, which can in turn be used with supplied tariff data 

to calculate the economic difference of DR implementation for this cost. 

The postponed future investment model assumes that the DSO's grid is dimensioned to handle the 

highest max load possible. It is assumed that the ratio between the loads which the grid needs to be 

able to withstand is proportional to the current max load. If the current max load is decreased, then 

the need to improve the grid to cope with higher loads is nullified until the demand yet again 

exceeds what the grid is dimensioned for. The savings in future investments is calculated based on 

these postponed investments. The current material capital assets of the DSO represent the grid's 

current capacity. A figure will need to be provided by the DSO of how much the grid is expected to 

grow each year. This figure will be needed when calculating the time frame over which the net 

present value of the postponed investments can be estimated. If the growth of the DSO's grid is 

thought to be stagnant or decreasing, no savings can be realized based on the assumptions of this 

model. 

Contribution to knowledge 
The model may prove useful to Swedish DSOs implementing DR in the future. It provides a generally 

applicable way to examine what the positive economic effects may be for the DSO following a DR 

implementation; something that has been hard to estimate before. It also gives a pointer as to how 

the different factors weigh against each other in effect, thus bringing knowledge about how DR may 

generally affect DSO economy. 

The model application, although affected by uncertainties, may prove interesting enough to start a 

discussion of the likeliness of its findings. This that may lead to improved knowledge about the 

effects of DR and how it specifically apply to DSOs and their business situations. 

Suggestions for future research 
Further research may be put into validating the model by running it on known DR implementations 

with known results. This may help pinpoint some of the uncertainties and further increase the 
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applicability and validity of the models results. The DR implementation showed in the model 

application chapter shows some interesting results but these results have a highly limited reliability 

because of the DR design. More effort into this area may prove to increase the reliability of the 

findings from DR implementation by the model. 

The interesting effect of price fluctuations on the spot market which served to increase the potential 

yield in peak load shift is not thoroughly researched in this thesis as the phenomenon was merely 

observed. More research may prove more accurately how this effect really is useful in reducing costs 

for the DSO. 

Further investigations that may prove interesting is listed below: 

 Investigate the impact of DR on DSO income. 

 Further investigate the effects of DR on maintenance and upkeep costs. 

 Investigate if enough reduction in peak load from DSOs can have the effect that regional grid 

operators must change their tariffs to maintain positive results. 

 Further investigate the impact of DR on grid capacity and future investments, especially with 

focus on grid downgrade to adapt to lower demand. 

 Investigate how EI means to regulate the risk of overreaching the subscribed maximum 

power in the grid fee to feeding grid  
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