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Abstract

The value of flexibility in a future electric power
distribution system

Elias Moberg

 The size and composition of the Swedish electricity generation 
are changing. This, in combination with new legal requirements 
from regulatory entities including the EU Directive 2019/944, 
creates several challenges for the design of the future system. 
Among other things, the directive suggests that flexibility 
solutions are to be integrated into grids to increase the degree 
of utilization and avoid congestions, when socio-economically 
profitable. This thesis evaluates what this could mean in a 
Swedish context, in combination with providing a basic 
understanding of the contradictions that can arise between a 
desired efficient grid use in an energy system that goes towards 
more distributed and intermittent energy generation sources.

The work is carried out in collaboration with Vattenfall 
Eldistribution AB, focusing on the geographical area of Uppsala 
and Stockholm, the Swedish region hit hardest by local 
congestions. The work assumes that the economic value of a 
flexibility solution is at most equivalent to the cost of a 
conventional new construction aimed at capacity strengthening, or 
the Value of Lost Load (VoLL). The report’s most important 
deliverable is a model based on this view. The model is used to 
evaluate the economic value of flexibility per kWh, in three 
regional grid construction projects within the mentioned region. 

The results show that there is a great potential for using 
flexibility resources to increase utilization in grids and also to 
optimize the costs that society pays for this infrastructure by 
such methods. However, the work concludes that the usage of 
flexible technologies primarily is to adapt electric consumption 
with intermittent energy generation, rather than being used to 
solve local grid capacity shortages.
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Populärvetenskaplig sammanfattning 

I cirka 30 år har förbrukningen av el i det svenska samhället legat på en i princip 

oförändrad nivå, och aktörer på marknaden har således mestadels behövt ägna sig åt att 

upprätthålla daglig drift. 30 år framåt i tiden ser dock nästan allt ut att förändras. 

Samtliga prognoser pekar på ökad elförbrukning, ett behov som måste mötas med ökad 

produktion. Befintlig och kommande energigenerering ska vara koldioxidneutral, och 

med regeringens mål om slopad kärnkraft pekas väderberoende kraftkällor ut som 

framtiden. Exakt utfall rörande framtidens energigenerering, dess storlek och 

sammansättning vet dock ingen, och ett brett spektrum av alla sorters förutsägelser 

existerar. Samtidigt kompliceras ekvationen ytterligare av en förutspådd kapacitetsbrist i 

elnäten, som till följd av ökad elkonsumtion, urbanisering och långa ledtider för 

förstärkningar. Sådan kapacitetsbrist syns redan idag i vissa drabbade regioner, under 

tider på året då effektbehovet är som störst. En förekommande uppfattning är även att 

införandet av flera väderberoende kraftslag kommer att ytterligare utmana 

elnätskapaciteten, då förutsägbarheten i när och hur dessa genererar el är låg.  

Mot denna bakgrund har dagens och framtidens elnätsplanerare ingen lätt uppgift 

framför sig. Problemen som uppstår med ett svagt och underdimensionerat elnät är att 

den energi samhället behöver inte kommer kunna överföras i önskad grad. Riskerna 

med ett överdimensionerat nät är dock att vi som samhälle betalar ett orimligt högt pris 

för en produkt vi inte utnyttjar i särskilt hög grad. Frågeställningen kan liknas vid 

bredden av en väg: Trafikflödet varierar kraftigt över ett dygn, och beror även på 

veckodag och säsong. Frågan är om det ur ett kostnadsperspektiv är rimligt att 

dimensionera vägen, så att samtliga pendlare ska kunna förvänta sig att mitt i 

rusningstrafik kunna nyttja vägen helt utan trängsel. Hur många filer skulle det kräva?  

På temat har Europeiska unionen utfärdat ett direktiv som bland annat syftar till att 

nyttjandet av flexibilitetsresurser i elsystemet ska kunna öka, för att skapa 

kostnadseffektivare framtida elnät. Med vägexemplet igen, skulle bilister då kunna 

uppmuntras att nyttja vägen utanför rusningstid och kostnadsbesparingen som en 

smalare väg ger kan återföras till förarna genom exempelvis lägre bränslepriser. I denna 

rapport presenteras ett förslag på en modell för att beräkna hur höga 

ersättningsnivåerna för flexibilitetsresurser i elsystemet kan vara, för att i enlighet med 

direktivet ge mer kostnadseffektiva elnät jämfört med konventionella 

kapacitetsförstärkningar. Simuleringar har även genomförts för att se hur mycket 

flexibilitetsresurser och elnätsförstärkningar som skulle krävas i ett tänkbart 

energisystem som till mycket stor del består av vindkraft. Resultaten visar att det inte 

finns ett entydigt svar på hur flexibilitetsresurser ska värderas, utan snarare måste 

avgöras från fall till fall. Arbetet drar dock slutsatsen att flexibilitetsresursernas primära 

roll främst ligger i förmågan att anpassa elförbrukning med intermittent 

kraftproduktion under längre perioder, snarare än att användas för att lösa lokal 

nätkapacitetsbrist. 



 

 

Glossary and abbreviations 

Capacity factor Average utilisation of grid or similar asset 

CAPEX Captial expenditures 

DER Distributed energy resources 

DR Demand response 

DSM Demand side management 

DSO District System Operator, actors running regional and/or local 

grids 

Ei Energimarknadsinspektionen/The Swedish Energy Markets 

Inspectorate 

ENS Energy Not Supplied 

Frame of income The maximum remunerable income for an electric grid operator, 

i.e. the maximum total monetary value to be invoiced connected 

LCOE Levelized Cost Of Energy 

Local grid Most downstream grid type, connecting low voltage customers. 

0,4 – 20 kV 

OPEX Operational Expenditures 

Peak shaping Adapting electricity consumption to available (high) production 

Peak shaving Temporarily (during high load hours) reducing electricity 

Regional grid Regional transfer of electricity, connecting transmission grid with 

local grid or direct to high voltage customers. 30 – 130 kV 

Substation Interconnection point in the grid 

Substation tariff The price paid to overlying grid operator, for gaining access to 

input and/or output of electricity. Priced in SEK/kW 

SvK Svenska kraftnät, the Swedish transmission grid operator 

SWEA Swedish wind energy association 

Transmission grid The backbone, electricity’s highway. Domestic and international 

transfer of electricity. 220 – 400 kV 

TSO Transmission System Operator, i.e. the actor running the 

transmission grid. In Sweden, Svenska kraftnät 

VoF Value of flexibility 

VoLL Value of Lost Load 

WACC Weighted Average Cost of Capital 
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1. Introduction 

Electrification is expected to increase in a future Swedish society striving for CO2 

emissions neutrality [1], and a trend break compared to the latest 30 years [2]. 

Combined with urbanization, grid congestions are challenging operations in some grids 

supporting Swedish cities. Such challenges will most likely increase in the few next years 

before grid reinforcements are in place [3]. Congestions are limiting city expansion and 

electrification, which in turn impact both economic development and CO2 emissions 

reductions [4]. Meanwhile, the build-out pace and investments in renewable energy 

such as wind and solar are high. 

For the purpose of this report, the term “intermittent sources” will be used to describe 

energy sources that are weather dependant, mainly wind and solar. The availability of 

these sources have a very high degree of variability on hourly, daily, and weekly 

timescales but can be relatively reliably forecasted on monthly and annual timescales. 

Wind and solar and to some extent hydro are distributed energy sources (DER), 

meaning they are geographically scattered. The other category of sources of electricity 

generation is “dispatchable sources” which can be dispatched on-demand with a certain 

degree of predictability. These sources include thermal power plants and hydro. In 

addition, thermal powerplants can also be located closer to the electricity users, 

reducing the demand on grids. 

The intermittent and distributed characteristics of renewable energy sources create 

challenges for grid planning. Grid dimensioning usually means to cope with the highest 

expected power of electricity flowing through a certain point, according to prognoses of 

future consumption and production. The Swedish Energy Market Inspectorate (Ei) 

concludes (without further evidence) the following: For the electricity flows occurring in 

a more distributed electricity system, with a large proportion of weather-dependent 

electricity production, this [classic] method of dimensioning the grid is no longer cost-

effective, or even possible. That it is not cost-effective is because the installed transmission 

capacity is only used to the maximum on a few occasions a year, which means that the 

network becomes oversized and thus not economically efficient1 [5, p. 101] 

This issue is illustrated in Figure 1; If grids are dimensioned according to the highest 

peak, grid utilization or the capacity factor would become different in the presented 

alternatives. System a) has a high-capacity factor, while b) has a lower. Utilizing peak 

shaving and valley filling methods to move consumption from high to low load hours 

 
1 Originaltext: För de elflöden som uppstår när elsystemet blir mer och mer distribuerat, med en stor 

andel väderberoende elproduktion, är den här [klassiska] metoden för att dimensionera nätet inte längre 

kostnadseffektiv, eller ens möjlig. Att det inte är kostnadseffektivt beror på att den installerade 

överföringskapaciteteten bara nyttjas maximalt vid ett fåtal tillfällen om året, vilket innebär att nätet blir 

överdimensionerat och därmed inte samhällsekonomiskt effektivt. 
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can create systems looking more like a), while still keeping the same total energy 

consumption. A possible reason for the low utilization in b) may however be explained 

to a high share of renewables, with users optimizing their consumption to this 

production. 

 

Figure 1. Two scenarios for electricity generation and consumption. Same average power 

consumption, but different peak heights and valley depths. Author’s illustration. 

Peak shaving or shaping methods mean adjusting electricity consumption in time. Peak 

shaving methods can be utilized for lowering the highest peaks of electricity flow in the 

grid, thus enabling higher capacity factors and/or relieving requirements of capacity 

reinforcements. The opposite (but on the same theme) is peak shaping methods, in this 

thesis defined as when consumers are adapting consumption to intermittent power 

production (when available). The ability to move consumption in time is commonly 

referred to as flexibility, a key theme in this thesis. 

Amongst other factors, grid capacities may impose restrictions on the possibilities of 

peak shaping. If enabling peak shaping at all times, a copper plate grid is required, 

implying a grid strong enough to never see congestions occur at any time or location 

[6]. Still, as stated above, Ei claims that a grid of copper plate status is (or at least will not 

be) a feasible option. One background of this statement is the EU directive 2019/944, 

popularly referred to as the Clean Energy Package. Article 32.1 states that flexibility 

solutions should be incorporated in grid planning if they can cost-effectively add 

capacity and improve efficiency compared to conventional grid planning. Thus, there is 

a relationship between conventional grid planning and the usage of flexibility services, 

and whatever technology that yields the lowest cost for relieving grid congestions, is the 

one to be used.  
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1.1 Aim and research questions 

This thesis seeks to investigate strategic issues that arise from a Swedish electricity 

system in change, with an expected increase in energy need and change in generation 

techniques. The focus in this field is grid capacity issues, societal costs for power 

distribution infrastructure, and the implementation interpretations that arise from EU 

Directive 2019/944 related to flexibility issues. 

The following research questions are a subject for investigation: 

 Will classic grid dimensioning methods be possible in a future power 

distribution system with an increasing share of weather-dependent generation 

sources? 

 Is there a discrepancy between the willingness to incorporate intermittent 

electricity generation, while achieving efficient grid usage in the same 

distribution system? 

 How can the implementation of flexibility services in grid infrastructure create a 

financial gain for grid operator customers, and thus create societal benefits? 

This project is conducted in cooperation with Vattenfall Eldistribution AB, Sweden’s 

largest DSO, running local- and regional grid operations in many parts of the country. 
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2. Background 

2.1 Grid capacities and congestions 

Capacity shortages or congestions in grids arise when existing infrastructure is not able 

to meet the demand asked for by connected customers [3]. In Sweden, grid congestions 

are a fairly new phenomenon. During the decades of 1950s through the 1980s large grid 

investments were done, with a slowdown in investment pace during the 1990s and 

2000s. Due to this, a big share of the Swedish grid infrastructure is designed by now 50-

year-old prognoses. Current trends like urbanization, electrification in industry, and 

transportation, combined with the increase of intermittent energy production sources, 

are however rapidly changing the requirements of the grids [5]. Figure 2 shows the age 

distribution in the Swedish transmission grid. 

 

Figure 2. Age distribution of the Swedish transmission grid, November 2017. [7] 

Congestions for consumption are currently a challenge around cities, but feed-in 

congestions are also limiting the addition of new energy production (primarily wind 

power) at some geographical locations [3]. Figure 3 shows a map of the northern Europe 

interconnected electricity trading zones.  
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Figure 3. Overview of electricity trading zones in northern Europe. [8] 

On transmission level, the situation is especially constrained in the middle parts of the 

country, where cut 2 (the border between trading area SE2 and SE3) is the most 

congested despite its relatively high capacity. The strained transmission grid is causing 

price splits between the trading zones. For example, the limitation in transmission 

capacity above cut 2 generally means that consumers in southern Sweden pay more for 

their electricity than they should, and producers in northern Sweden are paid less than 

they should. The winner is the TSO that receives the difference, referred to as the 

congestion rent [9]. By the end of 2020, the TSO Svenska kraftnät had 18,538 mSEK of 

accumulated congestion rents in its balance sheet [10]. The retrieved rents have also 

increased the latest years, as visualized in Table 1, showing the rents the four latest years. 

Table 1. Annual congestion rents retrieved by Svenska kraftnät. [10], [11] 

Year 
Domestic 

[mSEK] 

International 

[mSEK] 

2017 572 734 

2018 830 572 

2019 792 1,465 

2020 5,300 2,871 

 

Regarding consumption, Stockholm, Uppsala, Malmö, and Västerås are the regions with 

the highest constrained grid, according to Ei [5]. This view is also shared by Sweco [3], 

classifying the ability of the grid to transfer electricity to selected regions according to 

the traffic light model. See Table 2. The red color indicates that the grid cannot cope 
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with planned additions of consumers or even the needs of today. Yellow indicates that 

the grid will not cope with inquiries, meaning that if all inquiries to increase 

consumption were to be met, the situation becomes untenable. Green indicates a 

capacity assumed to cope with all projected capacity needs. The classification takes 

planned conventional grid investments into consideration when forecasting future 

situations.  

Table 2. Assessment of grid capacity to cope with consumer demand and  

future inquiries, specified by region. [3] 

Region 2020 2025 2030 

Stockholm  

Uppsala  

Malmö 

Västerås 

Luleå    

Skellefteå    

Östersund    

Gotland    

Västkusten    

Södermanland    

Östergötland    

 

2.2 Predictions on future electricity generation 

Since the 1990s, the total Swedish electricity consumption has not increased 

significantly, as illustrated in Figure 4. Consumption in 2019 was 127 TWh [12]. 

 

Figure 4. Swedish electricity consumption excluding losses, 1970-2019.  

Author’s picture derived from [2]. 
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However, with the electrification of industry and transport, future domestic  

consumption predictions range between +16% and +125% by 2045, depending on 

issuing institute and scenario (see Table 3). It is thus no understatement to claim that 

there is a degree of uncertainty in the outcome, which is complicating the dimensioning 

planning for electric grids used for transferring this energy. 

Table 3. Estimated future Swedish electricity consumption, by different institutes. Figures 

are reference and high case. Sources: [1], [13], [14], [15], [16] 

Publication 
Prediction 2045 

[TWh] 

SvK LMA, 2021 187–286 

Energimyndigheten, 2021 171–225 

WSP, 2021 215–275 

NEPP, 2019 147–186 

Svenskt Näringsliv, 2019 176–228 

 

Meanwhile, changes on the generation side are also expected. By 2040, the Swedish 

energy policy goal is for all electricity generation to be renewable only. This goal still 

does not imply a ban on nuclear power [17], in 2020 standing for 31% of the total 154 

TWh domestic production (although the Ringhals 1 reactor was closed in 2021) [18]. 

Figure 5 presents generation prognoses by different institutes and includes statistics 

from the year 2020 for comparison. Just as with consumption prognoses, there is a wide 

span of variations in predicted outcomes.  

Common viewpoints in all prognoses are though for hydropower to remain an 

important contributor, staying at current production levels of 65–68 TWh depending on 

precipitation. Installed hydro power is 16,200 MW, but, about 13,700 MW is utilizable 

at the same time [19]. Another common viewpoint of all prognoses is for wind power to 

expand, but exact estimations vary heavily, described later. Thermal power (excluding 

nuclear) is in all scenarios expected to double, from today’s 4% to between 7%–16%. 

Solar power remains a small contributor in all scenarios, with an energy mix share of 

2%–15%. A question mark remains with regards to nuclear power. Some scenarios 

expect no nuclear power after 2040, while others expect an increase from the energy 

production levels of today. This thesis will however base all calculations on the 

assumption of no nuclear power after 2040. 
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Figure 5. Swedish future electricity generation prognoses in 2045, by different institutes 

and scenarios. Production in 2020 for comparison. [1], [13], [14], [15], [18] 

The installed capacity of wind power in 2020 was 10 000 MW [20] with an actual 

generation peak at 8,397 MW [18]. Today, SvK alone has inquiries to add another 

46,000 MW to the transmission grid until 2029. For comparison, the estimated peak 

demand from domestic consumers is estimated to 28,000 MW. SvK however also 

concludes that a realization of all inquiries is not probable [21]. The Swedish wind 

energy association [22] estimates an installed capacity of about 22,000 MW by 2040, 

based on information from its members about plans in the approval stage, approved 

plans, and firm orders. Before 2007, the Swedish wind power generation was lower than 

1 TWh per annum. Since then, produced wind power energy has increased with an 

average of 27% per annum, reaching 27.5 TWh in 2020 [18], [23]. Wind power is thus 

accounting for 18% of total domestic generation. This expansion is predicted to 

continue, with prognoses ranging from 40 to 211 TWh i.e., between an increase of 

between +45% and +665% compared to today’s levels. The prognosticated wind power 

share of the total energy mix thus ranges between 17% to 69% depending on the 

scenario. Again, it is no understatement to claim that grid planning based on these 

possible outcomes, will be a challenge. Figure 6 shows an overview of statistics and 

prognoses of future developments by different institutes. 

 

0 50 100 150 200 250 300 350

SvK LMA 2021, Electrification renewable

SvK LMA 2021, Electrification planable

SvK LMA 2021, Roadmap mixed

SvK LMA 2021, Small scale renewable

Energimyndigheten 2021, Electrification

Energimyndigheten 2021, Reference EU

WSP 2021, Scenario B

WSP 2021, Scenario A

NEPP 2019, Green Policy

NEPP 2019, Climate Market

SvK statistics year 2020

Generation, TWh/year

Hydro

Wind

Other Thermal

Solar

Nuclear



9 

 

 

Figure 6. Swedish wind power production data and prognoses.  

Sources: [1], [13],  [14],  [15],  [18], [20], [22] 

On a seasonal basis, wind power generation tends to correlate with consumer demand, 

thus a high production during winter while lower during summer. This phenomenon is 

illustrated in Figure 7, presenting aggregated monthly values in years 2013 – 2020. This 

fact is a common argument used to highlight the advantages of wind power. 

 

Figure 7. Wind power generation and consumption statistics 2013–2020, summed based 

on the month. Author’s illustration based on data from [18]. 

However, electricity needs to be consumed at the same moment as produced. Figure 8 

illustrates the low correlation between consumers’ hourly demand and wind power. In 

contrast, the correlation to hydropower is significantly higher, also shown in Figure 8. 
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The consumer demand is assumed to be closely connected to, and therefore represented 

by, the south going exports over cut 2, 2013–2020. The R2 correlation value for wind 

power is 0.15 while for hydro, it is 0.86, thus showing the advantages of adjustability. 

Also note the horizontal patterns in the upper areas of the figure: These patterns arise 

due to grid congestions in cut 2, i.e., the generated electric energy may vary, but the lack 

of transfer capacity is (sometimes) restricting exports. The different heights of the 

patterns can be explained by periods of lines off duty due to repairs, and reinforcements 

over cut 2 conducted over time.  

 

Figure 8. Correlation between production in SE2 and export to SE3, years 2013-2020. 

Author’s illustration based on data from [18], [24]. 

The intermittent nature of, and heavy variations in prognosticated generation from 

wind power are imposing challenges in grid planning. Hydro powerplants without 

hydro storage (run-of-river) could also be classified as intermittent, but is a subject 

omitted in this thesis. There is albeit a certain amount of consensus of wind power to be 

an important contributor to future generation, but also an issue for discussion in the 

Swedish public energy debate. A common argument for wind power expansion 

(compared to nuclear) is the low-cost advantages of wind power. For example, [25] 

estimates the LCOE production cost of wind power to 0,36 SEK/kWh, while in 

comparison, [26] estimates the LCOE production costs for nuclear power to 0,9 

SEK/kWh1. These estimates are however not considering the system perspective, and for 

example, [27] argues that the most cost-effective system solution is that annual 

production of wind power and nuclear power equals. This is a subject considered in this 

thesis’s discussion.  

 
1 Assuming conventional reactor genres in Europe/North America, WACC = 6% and 1 SEK = 9 USD 
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2.3 Resolving grid congestions 

The solution for resolving grid congestions consists of two main methods: reinforce the 

grid or utilize flexibility services (Figure 9). The latter technology is in this thesis also 

viewed as useful for matching consumption with intermittent production. There are 

numerous methods and technologies for achieving flexibility, further defined and 

described in upcoming sections. 

 

Figure 9. Methods for solving DSO grid problems. [28] 

The Cambridge dictionary [29] defines the term flexibility as “the quality of being able to 

change or be changed easily according to the situation”. Flexibility in electric grids can be 

achieved through various technologies. For this thesis, a technology-neutral approach 

will be maintained to possible flexibility methods, and the focus is rather on estimating 

capacities and the economic values. However, this section aims to provide an overview 

of existing methods. As previously described, this thesis uses the terms peak shaving and 

shaping, respectively. Flexibility and energy efficiency measures can be achieved by the 

utilization of Demand Side Management (DSM) methods. DSM includes both energy 

efficiency measures, Demand Response (DR), and On-site backup strategies [30]. DSM 

is further described in Figure 10. 
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Figure 10. Demand Side Management methods and technologies. [30] 

DSM is performed with at least one of the following purposes: Economic arguments to 

reduce overall costs of energy supply; environmental benefits in adapting to renewables 

and/or reducing overall energy usage; grid issues such as maintaining system stability 

and capacity [31]. Energy efficiency measures are however not seen as flexibility 

resources since these solutions are permanent [32]. DR is the customers’ adjustment of 

consumption as a voluntary reaction to either a price signal (augmentation in price or 

the receiving of incentive payments) or a grid reliability action performed by TSO or 

DSO [31]. [32] however, means that radical measures such as load shedding as an action 

for grid stability cannot be considered as flexibility. Flexibility can also be achieved on 

the generation side if utilizing generators with flexible power output abilities. The 

authors (ibid) define flexibility as: 

The ability of power system operation, power system assets, loads, energy 

storage assets, and generators, to change or modify their routine operation for a 

limited duration, and responding to external service request signals, without 

including unplanned disruptions [32, pp. 2-3]. 

From this definition, the authors clarify the following: 1) Flexibility resources should 

include all relevant sources for both the grid itself and the users of the grid (generation, 

loads, and storage). Curtailment of intermittent renewables on the generation side is 

though not included as a flexibility resource. 2) Flexibility sources are temporarily 

activated when needed and are not permanent. 3) Flexibility is a response to an external 

signal, and for example, a battery installation for maximizing self-consumption (not 

providing to other customers on the grid) is not a flexible resource.  
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From these definitions, this thesis will consider any technology involving energy 

storages, demand response, or temporal generation as a flexibility source. The thesis will 

also view energy efficiency measures as a way of reducing peak loads but is disregarded 

in calculations. 

In addition to flexibility services, there are various measures with temporal nature able 

to increase grid efficiency but falling outside the previous definition. These are Dynamic 

Line Rating (DLR) and reconfiguration. DLR is the possibility of exceeding the normal 

carrying capacity of a line, which among other factors is primarily influenced by 

temperature. This might be possible depending on how the weather is affecting the line 

[33]. Reconfiguration is the possibility of temporarily changing power flow routes 

within a grid configuration if one part becomes congested but there is free capacity at 

some other location [34]. To increase efficiency in the grid, Svenska kraftnät offers 

services such as summation subscriptions and temporal power subscriptions. 

Summation subscriptions are the possibility for customers with connections to several 

TSO substations within one area to move power between the connection points if 

technically possible. This can be done if the total agreed power sum in the area is not 

exceeded [35]. Temporary subscriptions are the possibility for grid customers to raise 

their normally agreed power subscriptions if allowed by conditions [36]. These solutions 

are allowing more flexible grid operations in constrained conditions. 

2.4 Law and regulations 

Due to the nature of electricity transmission, grid operations constitute a natural 

monopoly market.  Since acting on this monopoly, the business of grid operators is 

strictly controlled by various regulations. This section will treat topics relevant to 

flexibility and the striving for efficient grid usage imposed by regulatory entities, existing 

as well as proposed.  

To strengthen market competition and to avoid the widespread dominance of single 

actors in the energy system, unbundling rules are imposed on grid operators due to the 

monopolistic nature of electricity transfer. This causes the prohibition of entities 

engaged in grid operations to produce or trade electricity [37]1. Such entity participating 

in a corporate group is also demanded to be organizationally separated from producing 

and trading companies within the group2. The purpose of such rules is to ensure non-

discriminatory treatment of all other actors in the power distribution system, such as 

producers and traders. The allowance for a grid company to operate at a certain 

geographical location is called grid concession. It can be given either in an area or at a 

single path3. Since acting on the monopoly, a grid concessionaire is obliged to connect 

 
1 Ellagen chapter 3, 1 a §  
2 Ellagen chapter 3, 1 b § 
3 Ellagen chapter 2 
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(and supply) an electrical apparatus if an inquirer requests so. This must be executed 

within a justifiable amount of time, and no preferential treatment of one grid customer 

over another is permitted1. Recently, proposals have been issued for new regulations 

that further tighten these requirements. These writings enforce grid operators not to be 

able to refuse the connection of a new customer before all measures (including flexibility 

options) have been exhausted. Ei proposes the following change in the law: Lack of 

capacity that can be remedied with socio-economically justified measures other than the 

expansion of the network do not constitute such special reasons2 [5, p. 14]. 

On the natural monopoly, grid operators are allowed to invoice their customers within a 

limit, known as the frame of income. It is set for each operator individually based on the 

underlying costs. The frame of income is a fixed monetary value, in advance decided 

before the start of a new four-year period. Due to this, and unlike a usual business 

company, no incentives are provided for a grid operator to gain more customers, or for 

their existing customers to increase their consumption. The revenue of connecting one 

more customer is rather seen on the invoices of the already connected consumer 

collective, since splitting the frame of income on a bigger collective generates lower per-

customer costs (assuming no grid capacity reinforcements need to be conducted).  

The purpose of the frame of income is to ensure that the grid owner has enough income 

to run grid operations efficiently, cover write-off costs, and gain a reasonable profit3. An 

overview of the input parameters to the frame of income is presented in Figure 11. For 

the purpose of this thesis, also motivated further in upcoming sections, the price 

remunerable from grid-connected customers (set by the frame of income) are assumed 

to reflect the societal cost (and thus value for alternative solutions) referred to grid 

infrastructure.  

 
1 Ellagen chapter 3 6 – 9 § 
2 Originaltext: Kapacitetsbrist som kan åtgärdas med andra samhällsekonomiskt motiverade åtgärder än 

utbyggnad av nätet utgör inte sådana särskilda skäl. 
3 Ellagen chapter 5, § 1 
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Figure 11. Input parameters to the frame of income. Author’s illustration. 

The idea of the frame of income is to cover the average costs a grid operator can expect 

and to set a level for revenue and capital costs. The latter is known as the regulatory 

WACC, in the current regulatory period set to 2.16% [38]. The operational expenditures 

are power transits, staffing, and other costs, classified as unaffectable or affectable for the 

grid operator. For the capital expenditures, the capital base provides input to annual 

write-off costs and WACC revenue interest. The capital base is the fixed assets of the 

grid operator. Thus, instead of increasing profit through the gain of more customers, a 

grid operator instead has an incentive in investing in more assets, hence expanding the 

capital base. This is due to the regulatory WACC applying to capital expenditures only. 

This phenomenon, if unreasonable compared to the utility of the investment, is called 

gold plating. It is however limited by three factors: First, a so-called norm value list sets 

the value of an asset (in most cases), not the price paid. The purpose of the norm value 

list is to reflect expected average costs for an operator to acquire assets addable to the 

capital base [39]. Thus, the values derived from this list are the foundation when 

establishing remuneration levels in the frame of income. This creates incentives for the 

operators to streamline costs when procuring assets. Table 4 shows an example of the 

list.  
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Table 4. Examples from the norm value list 2020 – 2023. [39] 

Norm code Asset type Specification 

Voltage 

[kV] Quantity 

E
co

n
o

m
ic

 w
ri

te
 

o
ff

 t
im

e 
[Y

ea
rs

] 

N
o

rm
 v

al
u

e 
 

[2
0

18
 k

S
E

K
] 

R-NR-LL-5-2 Overhead line 
FeAl 329 mm2, 42m street 

width 
123-170 1 km 50 1,114,252 

R-NR-LL-5-4 Overhead line 
FeAl 593 mm2, 42m street 

width 
123-170 1 km 40 1,380,172 

R-NR-SF-7-10 

Switchgear, 

conventional 

technology 

1 transformer breaker ABC 123 1 piece 40 3,163,114 

R-NR-T-3-5 Transformer 40 MVA 
72,5-84/ 

12-24 
1 piece 50 8,756,251 

 

Secondly, fixed write-off times prohibit over-depreciation and in addition, scraped 

assets must be removed from the capital base [40]. Write-off periods are set values in 

law [41], with an overview presented in Table 5.  

Table 5. Write-off periods used for calculating the frame of income. Based on [41]. 

Asset type 
Economic life 

span, years 

Maximum life 

span, years 

Overhead line 40 50 

Other line 50 62 

Earthworks and buildings 50 62 

Transformer 50 62 

Switchgear without secondary devices 40 50 

Station 40 50 

Control equipment 15 18 

Meters and IT equipment 10 12 

 

Third, gold plating by obtaining unreasonable amounts of assets or assets with 

unreasonably high capacities is limited by evaluations of how investments contribute to 

efficient grid usage. This parameter can lead to a reduction or increase of revenue from 

the capital base1. The Swedish Energy Markets Inspectorate still however states that the 

incentives for preventing gold plating may be too weak [40].  

An implication regarding asset regulations of the capital base is that flexibility services 

are not addable. Interpreting the unbundling rules, such services are not at all allowed 

 
1 Ellagen chapter 5, 11 § 
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for a DSO to own or even impose direct control of. Instead, for resolving grid 

congestions, the DSO procures flexibility services and is reimbursed by posting the 

expenditures as unaffectable costs. This procedure results in a weak economic profit 

incentive for a DSO to utilize flexibility services and instead promotes conventional grid 

investments for resolving grid congestions [42]. To work around this problem, the 

European Union has (as previously mentioned) issued a directive1 on the subject, stating 

the following:  

Member States shall provide the necessary regulatory framework to allow and provide 

incentives to distribution system operators to procure flexibility services, including 

congestion management in their areas, in order to improve efficiencies in the operation 

and development of the distribution system. In particular, the regulatory framework shall 

ensure that distribution system operators are able to procure such services from providers 

of distributed generation, demand response or energy storage and shall promote the 

uptake of energy efficiency measures, where such services cost-effectively alleviate the need 

to upgrade or replace electricity capacity and support the efficient and secure operation of 

the distribution system […] [43], Article 32.1.  

As mentioned in the introductory section, Ei has stated that conventional grid planning 

in a future more distributed system will not be cost-effective. On the other hand, Ei has 

also stated the following: There is also a risk of directing network companies too tightly 

towards presumably smart electricity network services since it shall not be taken for 

granted that these are the most cost-effective solutions in the long term2 [40, p. 4]. From 

this, Ei means that technology neutrality must be adopted, and the alternative that 

provides the lowest socio-economic total cost over time3 [40, p. 11] shall be chosen. The 

quotes in this section form the basis for the method motivation for this thesis. 

 
1 2019/944 
2 Originaltext: Det finns också en risk med att styra nätföretagen för hårt mot presumtivt smarta 

elnätstjänster eftersom det inte är givet att dessa långsiktigt är de mest kostnadseffektiva lösningarna 
3 Originaltext: Det alternativ som ger den lägsta samhällsekonomiska totalkostnaden sett över tid. 
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3. Literature review 

This section describes and analyzes previous works, relevant to the subjects concerned 

in this thesis. Table 6 presents an overview of cited works. Common themes are costs 

related to grid infrastructure, both the construction costs but also costs that arise when 

such construction is substandard and unable to cope with capacity requirements. Also, 

some cited works present various models of how DSM or flexibility solutions can be 

used to replace grid infrastructure and/or free up capacity.  

Table 6. Cited works in this section, including brief descriptions. 

 Key theme  

Authors or 

institute 

S
o

ci
et

al
 c

o
st

s 
re

la
te

d
 

to
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ri
d

 c
o

n
ge

st
io

n
s 

G
ri

d
 c

o
st
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u
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n
g 

D
S

M
 

Brief description 

Pöyry [44] X  Swedish GDP losses 

Stockholm’s 

chamber of 

commerce [4] 

X  Stockholm’s GRP losses 

Mims et al [45]  X 
Case study of four grid systems in the US with 

different load profiles 

Heinrich et al 

[46] 
 X 

Case study of a grid on Bornholm, Denmark. 

Simulations based on VoLL and flexibility 

services available for one or three hours. 

Klyapovskiy et 

al [34] 
 X 

Case study of a grid in Copenhagen, Denmark, 

comparing costs of conventional grid 

investments and ENS to flexibility services 

procurement. 

Thomée and 

Huang [47] 
 X 

Simulations on fictious grids in a Swedish 

context, comparing costs of conventional grid 

investments to flexibility services 

procurement. 

 



19 

 

3.1 Societal costs related to grid congestions 

In a Swedish context, two recent reports are estimating the societal costs of grid 

congestions. In 2018, Pöyry [44] made such estimations for the whole Swedish grid 

infrastructure. With a similar methodology, Stockholm’s chamber of commerce [4] in 

2020 conducted a study with a local perspective on the Stockholm region, hit hard by 

congestions. The Pöyry report’s methodology was as follows. First, key figures were set 

on four types of customers, presented in Table 7. The quantification was made as 

follows: for homes and charging infrastructure, the value is assumed to be related to 

incomes from electricity transmission. For industry, total annual consumption was 

estimated to 50 TWh. With an approximative usage of 5,000 hours per year, the average 

power requirement is 10,000 MW. With a GDP provision of SEK 3,200 billion, the value 

per available kW is SEK 320,000. For data centers, Facebook in Luleå was used as a case 

example, with a GDP provision of 7,500 SEK per required kW. Lastly, the value of wind 

power was set according to its energy provision divided by its installed capacity. With 

SEK 0.4/kWh average electric energy price, the kW value is SEK 1,000.  

Table 7. Estimated average annual GDP provision value, per customer type and installed 

available electric power, 2018 – 2030. [44] 

Customer type 
Annual value 

[SEK/kW] 

Homes and charging infrastructure 500 

Industry 320,000 

Data centers 7,500 

Wind power 1,000 

 

With key figures applied to the prognosis of denied connection inquiries related to grid 

congestions, societal costs of SEK 80 billion were referred to the year 2018. In 2030, the 

costs almost double to SEK 150 billion. Most of the costs were related to industry 

customers, and the trading zones SE3 and SE4. Similar results were concluded in 

Stockholm’s chamber report. With the development in demand combined with grid 

reinforcement pace, 2027 is estimated as the year of most constrained electricity 

provision to the city. If compared to development with unrestrained access to electricity, 

grid congestions are then probable to cause SEK 133 billion (-7.9%) in gross regional 

product losses. Congestions are also probable to prohibit the construction of 50,000 new 

homes, the absence of 117,000 jobs, and delay new public transport solutions.  

In the Pöyry report, the methodology did however not consider relocation, meaning the 

possibility for an industry with a denied inquiry on one certain place to relocate to 

another part of Sweden. Thus, when comparing the figures in the reports, it can be 

considered probable that if industries choose to establish themselves elsewhere than in 
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Stockholm, GDP losses would decrease. If companies can do this without major 

sacrifices (proposed for a region with less congestion, according to the proposal in Table 

2), the cost of grid congestions will be less. 

3.2 Grid cost savings utilizing DSM 

Extensive research on topics such as smart grids and technologies for these has been 

conducted for at least ten years. In relation, the number of studies on the cost-

effectiveness of flexibility solutions compared to conventional grid construction, are 

scarce. Listed in the following section are papers closely related to the purpose and 

methodology of this thesis. 

Mims et al [45] concluded that a deferral of grid infrastructure upgrades is one of the 

largest benefits related to energy efficiency measures. The paper studied four locations 

in the US electricity system and quantified the value of savings associated with a range 

of energy system-related costs. Lowering peak demand created benefits related to 

postponements of grid investments. Such benefits however varied heavily depending on 

geographical location and simulated load curve profiles. Table 8 presents the value of 

energy efficiency measures related to grid infrastructure in the Pacific Northwest, the 

studied region most similar to Swedish conditions. Values are categorized by the load 

shapes of end-users. The exit sign category represents appliances operating at constant 

loads all year around. For each category, the value of energy-saving is associated with 

relevant actions, like example replacing a resistor water boiler with a heat pump. Energy 

savings on air conditioning had no value, related to unconstrained grids in the 

summertime. 

Table 8. Annual grid infrastructure expenditure savings value on saving one average unit 

of energy in the Pacific Northwest grid1. [45] 

Load shape 
Transmission 

grid [SEK/kWh] 

Distribution grid 

[SEK/kWh] 

Exit sign 0.036 0.027 

Residential water heating 0.054 0.045 

Air conditioning N/A N/A 

Residential lightning 0.081 0.063 

Commercial lightning 0.054 0.045 

 

Two papers with a closer connection to this thesis are Heinrich et al [46] and 

Klyapovskiy et al [34]. Both papers developed a simulation framework and conducted 

case studies on two different Danish grids. Similarly, Thomée and Huang [47] 

 
1 The study used 2016 years USD value. 1 SEK is assumed to equal 9 USD. 
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conducted a study in a Swedish context, but on fictitious grids. Heinrich et al [46] 

estimated the economic benefits of utilizing flexibility technologies at a case test grid on 

the island of Bornholm. Here, 564 residential households were simulated to be 

aggregated and able to respond to DR requests from the DSO based on various capacity 

bids. A value of lost load (VoLL) was set to SEK1 168 per kWh, paid to customers when 

grid congestions were causing transformer tripping. In simulations, a vast number of 

scenarios were run to determine the expected benefit of procuring the DR solution.  

Results indicated that in >99% of all scenarios tested, flexibility services had a negligible 

benefit for the DSO. If procuring 100 kW of flexibility services for three hours, and 

assuming a three-hour recovery time for the same, the expected benefit was SEK 

+180,60 for the DSO. Though, if using one-hour service and one-hour recovery, the 

expected benefit was negative. This was explained by the shorter recovery time of the 

flexibility solution causing rebound effects, which were tripping transformers and 

overloading grids. The expected economic value was SEK -165,20. In contrast, 

Klyapovskiy et al [34] pointed more clearly to the benefits of utilizing flexibility 

solutions, as the DSO could save between 62.5% and 98% of the costs that would 

otherwise have had to be spent on grid infrastructure investments. However, these 

results should be viewed with caution as only a single year was examined, and flexibility 

solutions are seen as a temporary method to be able to postpone conventional 

investments, rather than to contribute to efficient grid operations in the long term.  

The methodology of the paper was as follows: The value of flexibility for the DSO was 

assumed to equal the total cost for a conventional grid investment or the cost of energy 

not supplied (ENS) to connected customers. From the latter factor, the benefit of an 

investment postponement (related to capital interest) was subtracted. The value of 

flexibility is assumed to equal the factor with the lowest price. The benefit of a flexibility 

solution is the difference between the cost of the solution and the value of flexibility. 

Thus, the flexibility solution may have a negative economic benefit. However, the results 

indicating high economic benefits for the utilization of flexibility solutions, can 

according to the authors be explained by the low probability of an N-1 event to coincide 

with high power demand. Therefore, the authors allowed themselves to circumvent 

otherwise accepted principles in grid planning when incorporating flexible resources. 

Thomée and Huang’s [47] study consisted of two parts: First, a quantification of 

flexibility services price tags and technical potentials were conducted. Included were 

different assets and services able to be utilized in DR strategies in household, service, 

industry, and transport sectors. Assets included were also battery storage. For each asset, 

the following categories were quantified: Movable power (%), endurance and recovery 

(hours), and CAPEX and OPEX costs. In the next step, conventional grid reinforcement 

 
1 In this Danish study, all values were given in DKK. All Danish krona values compared to Swedish krona 

is assumed as 1 SEK = 1,4 DKK 
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CAPEX costs were quantified utilizing three test grids, claimed to represent an average 

low voltage rural grid, a low voltage city grid, and a medium voltage regional grid. 

Running different scenario analyses, overloaded parts constituting the grid were 

upgraded at a capital cost based on the norm price list, 3.5% discount interest rate, and 

write-off times set to 40 years for all assets. When compared to price tags of flexibility 

services, results indicated a minor gain of using flexibility services in the low voltage 

grids, with total capital expenditures reductions of -0.08% and -0.19%. In the medium 

voltage regional grid though, flexibility services increased total capital expenditures by 

+23.1%.  

The limitations of the investigated papers in the previous section are that they are all 

based on the DSO perspective, not on the customer’s perspective. This notion is 

important, since the EU directive used as motivation for this thesis, highlights the 

societal costs of grid investments. The benefit for the DSO is not automatically equal to 

the benefit for customers and society. The Danish studies utilizes a case study approach, 

while the Swedish study is utilizing three fictitious grids, proposed to exemplify a 

reference grid under different geographical conditions. The problem with such an 

approach is that no two networks are alike, which in turn makes it difficult if not 

impossible to give an average answer to what the question of the value of flexibility is. 

Additionally, none of the studies addresses the question of the distributed energy 

resources of the future, and what an increased proportion of intermittent energy sources 

means for the power distribution system. How this knowledge gap is filled is presented 

in the next section. 
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4. Methodology 

This thesis uses a quantitative case study approach, utilizing business economic and 

electrical power theory methods to generate insights into the proposed research 

questions. Data collection and information extraction from both open and Vattenfall 

internal sources are utilized. The selected case study area is the parts of Uppsala and 

Stockholm where Vattenfall Eldistribution has areal concession or individual line 

concession, further on referred to as the case area. This is motivated by the fact that 

Uppsala and Stockholm have the most constrained grids while also having local 

flexibility markets in place. Figure 12 shows the areal concession in this region. 

 

Figure 12. Map of Vattenfall Eldistribution’s areal concessions in Uppsala and Stockholm, 

marked with grid identification tags. [48] 

The outline of the methodology section is as follows: Section 4.1 describes a 

methodology for running simulations to estimate grid and flexibility services 

requirements in a system with renewable power generation only. Used data are wind 

power statistics and the TSO substation consumption data of the case area. Section 4.2 

describes a methodology for estimating the economic value of flexibility for resolving 

grid congestions, in the regional grids of the case area.  
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4.1 Estimating the maximum grid reinforcements and flexibility 

requirements in a future distribution system 

An upper bound for grid expansions compared to current levels is provided by 

assuming demand in the case area is met exclusively by externally produced hydro and 

wind. All other scenarios with increased local and/or dispatchable production will 

increase grid utilization compared to the studied scenario. Calculations utilize actual 

consumption data of the selected case area. Data is collected from all TSO substation 

points and aggregated to one vectorized data set. The calculations are performed by 

using the existing case area's consumption data in an energy system whose consumption 

otherwise is assumed to grow, according to the prognoses in the background section.  

Thus, the calculations do not consider a change in the power consumption patterns of 

existing users. Still, what is changing with the presumed electric energy consumption 

increase, is that the case area has less access to the regulatory benefits of hydropower. 

Customers thereby must adapt to wind power production patterns. It is assumed that on 

year’s total, case area imported and consumed energy equals, which is described in 

equation (1). However, since power consumption does not always match generation, the 

flexibility required within the case region is given via equation (2). To reach energy 

equilibrium, a vector of statistical wind data is scaled to reach the matching of 

consumption as 

 min 𝜆 : 𝜎 ∗ (𝜆 ∗ 𝑃 ,   + 𝑷 ,   ) − 𝑃  ,      =  0 (1) 

Subject to 

𝑷 ,   ≤ 𝑥 ∗ 𝑃 ,   , 𝑥 ∈ {ℝ |0,1}, ∀ ℎ 

𝑷 ,   ≥ 𝑃 ,    ∀ ℎ 

𝑷 ,   ≤ 𝐸  

where 𝜎 is the case area energy consumption share of total domestic consumption. The 

vector 𝑃 ,    is the statistical wind power generation of the year 2020 on hourly 

resolution, collected from [24]. The constant 𝜆 is scaling wind production data for the 

total generated energy to match with energy demand. 𝑃 ,    is a variable vector set 

where each hour value is applied for valley filling, meaning that the hydropower acting 

as a flexible resource is adapting to the consumption pattern. The consumption demand 

𝑃   ,    is statistical data of incoming electric energy passing through the 

TSO substation points to the case area. Like wind power data, the year 2020 is used.  
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Since hydropower operates within constraints, hourly power values are limited by 

𝑃 ,    = 13,700 MW [19]. Since it is not possible to reduce hydropower 

production to zero, the minimum hourly production value 𝑃 ,    is set to 1,047 

MW according to [49]. The utilizable hydro energy 𝐸  is limited to 67 TWh 

annually in accordance with [1]. To prevent the hydropower from exceeding this limit, a 

variable 𝑥  is used to lower the permitted maximum power at any given hour. The 

variable is applied randomly within a certain range to each individual hourly value. 

Hydropower storage size is however assumed to be unlimited at all sites. With all 

parameters set to match energy production with consumption in total, residing is the 

flexibility requirements within the case region, calculated by 

 

Here, the flexibility requirement 𝜃  is the difference between generation and 

consumption for each hour, independent of technology. 𝜃  can adopt both positive and 

negative values, indicating how flexibility resources are utilized. Negative power values 

indicate that demand exceeds production and that users thus need to regulate their use 

(peak shaving) or that controllable power sources need to be switched on. Positive 

values mean the opposite, i.e., that users need to temporarily increase their consumption 

(peak shaping) or that, for example, energy storages can be charged. By accumulating 

𝜃 , the total energy flexibility need is also given throughout the year. The difference 

between minimum and maximum is then the maximum energy storage need if the 

entire flexibility solution were to consist entirely of such a solution. Two scenarios are 

tested, one 2020 base-case, where consumption is 127 TWh, and one 2045 challenging 

scenario where consumption is 275 TWh, according to WSP scenario B [14]. 

 𝜃 = 𝜎 ∗ (𝜆 ∗ 𝑃 ,   + 𝑷 ,   ) − 𝑃  ,   , ∀ ℎ (2) 
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4.2 Estimating the value of flexibility for resolving grid congestions 

The following section describes a model developed to calculate the economic value of 

flexibility, as an interpretation of established and proposed legal requirements from the 

EU and Ei. The model is a modification of a framework developed by Klyapovskiy et al 

[34]. It is based on a percentile measure, where percentile 100 means that a power grid 

according to conventional design can handle the expected peak load. Thus, for example, 

the 95:th percentile means that the grid is undersized, and that flexibility solutions must 

handle 5% of the expected peak load. The value of this flexibility solution is derived 

from either of two measures: 1) the price that customers pay for their distribution grid, 

or 2) the value of lost load, which will be explained later. The value of flexibility is the 

lesser of these two. To be economically efficient, the value of flexibility (VoF) measure is 

the upper limit for what a flexibility solution can cost. It is calculated by 

 𝑉𝑜𝐹 ,   % =  𝑚𝑖𝑛
𝐶𝑜𝑠𝑡  ,   ∗ 𝐶𝑎𝑝 ,   %

𝑉𝑜𝐿𝐿
 (3) 

 

given in unit SEK/kWh and year. 𝐶𝑜𝑠𝑡  ,    is the societal cost of a conventional 

grid investment, paid annually by the customer collective. 𝐶𝑎𝑝 ,   % is the capacity of 

a potential flexibility solution for replacing such investment in percentile, and 𝑉𝑜𝐿𝐿  

the societal assessment on Value of Lost Load. 𝑦𝑟 is the selected year of simulation. Each 

part of the equation is further explained in the upcoming sections.  

4.2.1 The cost of a conventional grid investment 

The societal cost for a conventional grid investment is assumed to equal the price 

remunerable for the DSO when building grid infrastructure, thereby adding assets to the 

capital base. The following equations describe in detail how each asset contributes to the 

frame of income through the capital base. Added to this, remunerable from customers 

as an unaffectable cost, are costs for increasing tariff subscriptions to overlying network. 

The cost of a conventional grid investment paid by customers in one year is 

𝐶𝑜𝑠𝑡  ,   = 𝐶𝑜𝑠𝑡  ,   + 𝐶𝑜𝑠𝑡 ,    (4) 

 

given in unit SEK/kW, year. Since this study is conducted on regional grids, the 

𝐶𝑜𝑠𝑡  ,    is the tariff to the TSO Svenska kraftnät, with a price list for the 

case area presented in Table 9. Prices in calculations are assumed to follow inflation and 

are therefore multiplied with (1 + 𝜄)  where 𝜄 is the inflation rate.  
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Table 9. TSO tariff subscription price list for the case region, 2021. [50] 

Connection point 
Feed out power 

tariff, SEK/kW 

Plenninge 121 

Botkyrka 123 

Bredåker 119 

Danderyd 122 

Ekbacken 122 

Håtuna 121 

Järva 122 

Kolbotten 123 

Koltorp 110 

Lindhov 123 

Malsta 120 

Måby 121 

Nacka 123 

Solberga 123 

Vallentuna 121 

Älvsjö 115 

Överby 122 

 

The costs for carrying through a conventional grid expansion is per kW  

𝐶𝑜𝑠𝑡 ,   =
𝑅𝑒𝑣 + 𝑊𝑟 ∗ (1 + 𝜄)

𝜂
, 𝑦𝑟 > 𝑦𝑟 . (5) 

Here, 𝑦𝑟 is the current year. Customers start paying for the installation one year after 

𝑦𝑟 , the year when the installed asset was taken into operation. 𝑅𝑒𝑣  is the revenue 

derived from the regulatory WACC, and 𝑊𝑟  the annual component write-off. The 

revenue and the write-off parts are multiplied with the statistical measure factor price 

index for buildings (FPI). However, when predicting the future of this index, it is 

assumed to follow inflation. The inflation rate 𝜄 uses 2018 as base year since this is the 

latest norm value price list year. 𝜂 is the capacity added to the grid in kW.  

The revenue part is 

𝑅𝑒𝑣 =  

⎩
⎪
⎨

⎪
⎧ 𝑉 ,   ∗ 𝑊𝐴𝐶𝐶 ∗ 1 −

𝑦𝑟 − 𝑦𝑟

𝑝
, 𝑦𝑟 − 𝑦𝑟 ≤ 𝑝

𝑉 ,   

𝑦𝑟−𝑦𝑟
∗ (1 + 𝑊𝐴𝐶𝐶), 𝑝 <  𝑦𝑟 − 𝑦𝑟 ≤ ⌊𝑝 ∗ 1,25⌋

0, 𝑦𝑟 − 𝑦𝑟  >  ⌊𝑝 ∗ 1,25⌋

 (6) 
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where 𝑊𝐴𝐶𝐶 is the regulatory weighted average cost of capital, and 𝑉 ,    the 

acquisition value for asset 𝑖 to 𝑀 according to the norm price list in the 2018 year values. 

With this method, the DSO is given a return on invested capital by the WACC interest 

in the period of 𝑝 , which is the economic lifetime of each asset 𝑖. The lifetime is the 

regulatory set values as previously described in Table 5. If the asset age is within the tail, 

the component is generating revenue decreasing each year.  

The write-off part of the investment cost is 

𝑊𝑟 =

𝑉 ,   

𝑝
, 𝑦𝑟 − 𝑦𝑟 ≤ 𝑝

0, 𝑦𝑟 − 𝑦𝑟  >  𝑝 .

 (7) 

 

Here, each asset within its economic life span generates a fixed share of its acquisition 

value decided by the write-off time, and if the component is older than its economic life 

span, the asset is fully depreciated, and the remuneration is 0. The calculations assume 

that components whose technical service life expires are replaced, and replacement 

components are put into operation in the same year. 

In calculations, the regulatory WACC will be assumed to be 3% and inflation 𝜄 to 2% 

[51]. 

4.2.2 The capacity of a potential flexibility solution 

Since the cost of conducting conventional grid construction is given as the price paid per 

kW, the factor 𝐶𝑎𝑝 ,   % is utilized to determine the value of flexibility per kWh. 𝑝% 

is the percentile. The classic method of grid dimensioning is to set the maximum grid 

capacity equal to the highest expected consumption peak i.e. 𝑝% = 100. Instead, to 

increase the grid capacity factor, 𝑝% can be lowered and the difference between 

expected consumption peak and grid capacity be replaced with flexibility. This is 

illustrated in the Figure 13 duration chart.  
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Figure 13. Illustration example of how a flexibility solution may change an annual grid 

load profile, using peak shaving and valley filling methods. 

The potential net savings from grid construction is the share of the price paid. To decide 

the value per energy unit, this is divided by the total energy that can be moved by the 

flexibility solution, further described by 

𝐶𝑎𝑝 ,   % =
𝑃 − 𝑃 %

∫ 𝑃
%

− 𝑃 %

, 𝑃 % ≥ 𝑃 . (8) 

 

Here, the numerator part is the grid construction savings share, where 𝑃  is the 

expected consumption peak (=100%), and 𝑃 % the capacity of the flexibility solution to 

lower consumption profile to percentile 𝑝%. This variable must equal or be greater than 

the average power consumption. The denominator is the sum of the energy movable by 

the flexibility solution, where ℎ𝑟
%

is the corresponding hour to the 𝑝% and 𝑃  the old 

load profile as illustrated in Figure 13. 

4.2.3 Value of lost load (VoLL) 

The second part in deciding the maximum value of flexibility is the value of lost load. 

Here results from [52] are used, where study participants were asked to evaluate their 

willingness to pay for not losing their supply of electricity. Values were classified in two 

categories: 1) A notified or unnotified interruption of electric supply, and 2) fixed or 

moving costs, respectively. In the latter category, the fixed costs of one interrupted 

supply (kW) are assumed to be the customers’ valuation of a three-minute interruption, 
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while the moving part (kWh) is the customers’ hourly valuation of lost energy supply. 

The result of this study was adopted by Ei and is therefore ratified as the Swedish official 

VoLL [53]. Table 10 presents the values in 2017 years SEK. To translate the figures to 

the actual year, enumeration by consumer price index is used (ibid), assumed to follow 

inflation rate.  

Table 10. Value of lost load according to [52], and customers weighting based on supplied 

energy by [53]. Figures in 2017 years SEK. 

Customer category 

Notified Unnotified 

Customer 

weighting 

Fixed, 

SEK/kW 

Moving, 

SEK/kWh 

Fixed, 

SEK/kW 

Moving, 

SEK/kWh 

Households 1.85 4.98 1.95 5.84 59% 

Farming 1.72 14.10 9.78 34.35 4% 

Industry 20.71 76 70.75 159.96 12% 

Trade and services 5.94 79.31 17.78 175.06 19% 

Public sector 0.92 45.16 22.18 96.01 6% 

 

To decide the average VoLL per kWh, the average length of a supply interruption must 

be decided. For this, the System Average Interruption Duration Index (SAIDI), is used, 

which in Sweden in 2018 was 97 minutes and 2019 138 minutes per year and customer 

[54], [55]. Hence, a value of 120 minutes (2 hours) is assumed. To be classified as a 

notified interruption, every customer needs to be informed before the interruption. 

Such notice is not probable to perform when speaking of capacity shortages [53]. For 

this reason, the unnotified part of Table 10 is used. The average annual period derived 

from Table 19 is two hours, and therefore, the VoLL is calculated by 
,   ∗ ,    for each customer category as presented in Table 11. 
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Table 11. Value of lost load used in calculations, 2017 SEK. 

Customer category VoLL [SEK/kWh] 
Customer 

weighting 

Households 6.82 59% 

Farming 39.24 4% 

Industry 195.34 12% 

Trade and services 183.95 19% 

Public sector 107.10 6% 

 

The individual VoLL used in result calculations is decided by 

𝑉𝑜𝐿𝐿 = (1 + 𝜄) ∗
1

∑ 𝑊 ∗ κ
∗ 𝑉 ∗ 𝑊 ∗ κ , κ ϵ {0,1} (9) 

 

Where 𝜄 is the inflation rate, 𝑐 the customer category, 𝑉  the value/kWh and 𝑊  the 

customer weighting. Depending on the geographical area supported by the proposed 

grid construction, κ decides which customer categories to count in and which not. 

4.3 Flexibility projects in Uppsala and Stockholm 

Due to the constrained grid situation in Uppsala and Stockholm, it is a region where 

Vattenfall has several ongoing flexibility projects. The following sections provide an 

overview of these projects, to create an understanding of the technologies and markets 

that currently exist to relieve the network. Examples from these projects will be used to 

conceptualize the analysis and make comparisons. 

4.3.1 sthlmflex 

sthlmflex is a collaborative test project between TSO Svenska Kraftnät and the DSO:s 

Vattenfall Eldistribution and Ellevio. The project was initially active from December 

2020 to March 2021 but has now been prolonged for two more winters. All actors able 

to reduce or increase consumption with a minimum of 0.1 MW are, after qualification, 

allowed to bid on the market. Smaller actors than 0.1 MW can participate if aggregated 

under one TSO connection point or TSO summation connection area. [56] 
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4.3.2 CoordiNet 

CoordiNet is an experimental pilot project, funded by the European Union. The project 

develops local test marketplaces in Spain, Greece, and Sweden, where Uppsala is one of 

the Swedish test sites. The purpose of CoordiNet is to enable city expansion despite 

congested grids with long lead-time (10–15 years) for reinforcements to take place. This 

is achieved mainly through a trading platform where flexibility can be procured, but also 

by coordinating actors and supporting them with real-time data and forecasts of 

consumer and grid behavior [57]. Tests are conducted from 2019 through 2021, and the 

project is to be finished in 2022. If the tested market solutions work, they will be 

permanented [58]. Flexibility is procured through the following types of agreements 

[59]: 

1) Load control agreement: A bilateral supplementary agreement to a normal 

network agreement, entailing temporal restrictions on consumption. This is 

done by the user, either allowing the grid operator to use direct control, or 

responding to notices of load reduction requests. 

2) Production control agreement: A bilateral supplementary agreement to a normal 

network agreement, where the producer is responding to the grid operator’s 

notices of production increase requests. Used in high-risk situations if the grid is 

highly constrained and no temporal subscriptions from SvK can be given. 

3) Conditional network agreements: Customers agreeing on limited power 

consumption during winter daytime. High power outputs are allowed nighttime 

during April – October. 

4.3.3 Uppsala battery storage 

With only a couple of grid-integrated batteries worldwide, Uppsala has the first piloting 

facility of its kind in Sweden, built for research and development purposes. The battery 

storage can provide 5 MW and can store 20 MWh. This capacity corresponds to 

enabling the construction of 1,700 new residential homes. According to Vattenfall 

Eldistribution, this is a quick solution, resolving grid congestions with a lead-time of just 

one year, compared to 10 years of conventional grid expansion [60]. Figure 14 shows the 

battery. 
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Figure 14. The Uppsala battery. Author’s picture. 

4.4 Data collection and processing 

The calculation models described in earlier sections utilize various data sets as input. 

The data were collected both from open sources and Vattenfall internal databases. The 

open-source data used are official statistics from Svenska kraftnät and NordPool, 

available online in spreadsheet format. Free access to all relevant internal systems of 

Vattenfall has been utilized, such as the project catalog including project descriptions 

and documentation, maps- and connection scheme tools, and substation power flow 

databases. All data used as model input is collected and processed on an hourly basis, in 

units of MWh/h or kWh/h. In cases where wanted data has been missing, damaged, or 

corrupted, either (in mild cases) extrapolation has been used to fill a certain dataset or 

replaced by other data that is considered legitimate to be used in a specific case. When 

the latter has been necessary, it is reported in the results section. Assistance in finding, 

interpreting, and complementing data and information about different projects has 

been received through correspondence with project leaders, areal managers, and 

network analysts. All data has been analyzed in MS Excel and/or Python scripts.  

To provide example data on the value of flexibility, the calculation model in section 4.2 

is applied to three projects in the current Vattenfall project management catalog. The 

projects were selected from the following criteria: 

1) The project’s main purpose is to add capacity to the grid, either by expansion to 

new areas or by reinvesting in preexisting line paths. 

2) Projects are conducted within the case area. 

3) Projects are on the regional grid level. 

The purpose of using three projects is the wide cost range that exists in grid 

construction. There is thus no general answer to what the value of flexibility is in the 

entire electrical system – It must be assessed on a case-by-case basis. Therefore, a low, 
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reference, and high-cost project are selected as input data. Each project contains a list of 

materials that generates a customer cost, a specification of the capacity contribution the 

project provides to a specific area, and a load profile linked to the area affected by the 

capacity enhancement. For comparability, the year of cost analysis selected is the first 

when all three projects are operational. 

4.5 Limitations and research quality 

The results presented in this thesis should provide an insight into possible outcomes and 

demands put on the future planning of power distribution systems. The method outline 

is thus similar to the cited previous works, where comparable approaches have been 

applied on real or fictitious example grids. The method uses only real statistics and data 

as input. The results are given credibility as they are based on real events and real 

projects, which take into account the complexity in grid construction. Using sample 

data can however also prevent certain presumed corner cases from being included in the 

analysis, which is a weakness. The Covid-19 pandemic has also made parts of the work 

more difficult, such as information gathering and data processing. Following are other 

method simplifications: 

1) In all calculations, the maximum grid capacity is assumed to equal the annual 

peak electricity flow in one line or substation, in the selected simulation year. 

2) The simulations in section 5.1 are based on 2020 data only. This may affect 

results since it is one year only. Also, 2020 was a WWW-year (Wet, Windy, and 

Warm) [11] and may thus not be representative for an average year. The usage of 

this data is however motivated by the rapid wind power technology 

development, making the latest available data most interesting to examine. 

3) Regarding the 2020 warm temperatures, 2019 is instead selected as the 

simulation year in section 5.2. An expanded discussion on this topic is 

conducted in the sensitivity analysis in section 5.3.2. 

4) Some costs addable to the frame of income have been neglected when estimating 

conventional grid construction prices. These are operation expenditures such as 

maintenance, administrative costs, and the like. These costs have been neglected 

with the motivation that overhead costs for administration will still be needed 

when incorporating flexibility solutions in the grid, and the flexibility services 

will also need maintenance. 
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5) The model described in section 4.2, utilized in section 5.2 assumes three general 

simplifications: 

a. The model focuses on capacity-related issues only. In real grid planning, 

attention must be taken to redundancy and several other safety issues. 

Such considerations may affect the value of flexibility. 

b. One unit of capacity in the regional grid is assumed to imply 

requirements of increasing the TSO substation tariff 1:1. This is not 

necessarily the case in reality, due to aggregation effects.  

c. The total price paid for consuming one kWh also includes costs for the 

energy itself, and for low voltage customers, also local grid costs. These 

costs are outside the method used, and can thus make the use of the 

VoLL measure a little skewed as it should include all costs. 

4.6 Ethical considerations 

The research performed in this thesis is dependent on access to (and the help with 

interpretation of) unpublished data, owned by the studied case company. Thus, the 

possible biases that may occur due to the close collaboration with the studied case 

company must be considered by the reader. Major consideration has also been taken to 

the integrity of Vattenfall's customers and collaboration partners, plus an awareness of 

national security issues. For these reasons, some details of data sources, projects, assets, 

business cases, management systems, and the like, have been omitted from publication.  

To ensure good research practice, the study's methods and data sources are reported as 

openly as possible, to ensure reproducible results with high integrity. Sensitive data are 

placed in appendix 1, only available to the case company's employees and partners 

under non-disclosure agreements. The calculation methods used have however been 

fully reported in this section. Thus, any actor can use data from the proposed open 

sources, and/or an actor with access (for example another grid operator) can, for 

example, use its consumption data, project catalog, material list, etc. to test the models’ 

validity.  
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5. Empirical results and analysis 

5.1 Maximum grid reinforcements and flexibility requirements in a future 

distribution system 

Table 12 presents the results of the two tested scenarios, providing indications of the 

grid reinforcement requirements and flexibility solution capacity specifications.  

Table 12. Results from simulations on grid reinforcement and demand response 

requirements. 

Simulation year 2020  2045  

Annual domestic consumption [TWh] 127 275 

Hydropower maximum production [MW] 13 700 13 700 

Hydropower minimum production [MW] 1 047 1 047 

Annual domestic wind power production 

[TWh] 
63 210 

Case area grid reinforcements   

Peak demand [MW] 2,378 2,378 

Peak production [MW] 2,348 2,996 

Grid reinforcement dimensioning factor Demand Production 

Grid reinforcement requirement +0% +26% 

Grid capacity factor 61% 49% 

Case area flexibility requirements   

Maximum peak shaving [MW] 703 1,402 

Hours peak shaving 883 3,287 

Maximum peak shaping [MW] 759 1,690 

Peak shaping hours 921 2,786 

Accumulated flexibility services [GWh] 123 352 

Random hydro fuel saver 0% <4% 

 

In the 2020 case, no grid reinforcements are required since the peak production of 

hydro and wind (2,348 MW) does not exceed the demand peak of 2,378 MW this year. 

Thus, it is demand that becomes the dimensioning factor for the grid capacity. This 

result partly refutes the claim that grids cannot be dimensioned according to load peaks 

in a distribution system with large parts of intermittent energy production. This general 

result should however be viewed with caution and local congestions may still cause 

problems, requiring reinforcements in many parts of the electrical system. Also, the 
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conclusion of these results is not that the grid has a copper-plate status today since 

congestions are a fact, and reinforcements are required today. For the 2045 case, the 

opposite applies, and the production peak of 2,996 MW becomes the dimensioning 

factor. The result of this is that the production power output exceeds the demand levels 

of 2,378 MW by +26%, creating a lower grid capacity factor. This can be detected in 

Figure 15, where the 2045 scenario is plotted. As visualized in the background section, 

production and consumption correlate positively based on season, where production 

and consumption decline during summertime. The grid reinforcement requirements are 

visualized by the high production peaks (green color), with the dimensioning peak hour 

occurring in November.  

 

Figure 15. The 2045 scenario plotted. 

Just as with grid capacities, the 2045 scenario also creates bigger flexibility challenges 

than the 2020 case. This is explained by a shrinking share of hydropower access for the 

case area. The maximum peak shaving (703 or 1,402 MW) and peak shaping (759 or 

1,690 MW) figures (confer Table 12) are the maximum differences between consumers’ 

instantaneous consumption preferences and the power production in one single hour. 

This space needs to be filled with flexibility services. If all differences accumulate into an 

imagined energy storage solution, the requirements for the case area becomes 123 or 

352 GWh. The accumulated flexibility services, visualized by the black line in Figure 15, 

also show the long charge and discharge periods which may complicate the use of DR 

technologies. 

 

-100

0

100

200

300

400

500

1,000

1,500

2,000

2,500

3,000

Ja
n

Fe
b

M
ar

ch

A
pr

il

M
ay

Ju
ne

Ju
ly

A
ug

Se
pt

O
ct

N
ov

D
ec

G
W

h

M
W

Production (left axis)

Consumption (left axis)

Acumulated flexibility services (right axis)



38 

 

The result of a grid capacity reinforcement of +26% supports the suggestion that 

expansion of intermittent energy sources and efficient grid utilization indeed are 

conflicting interests. A deepened analysis on this subject however reveals that the 

commitments on grid reinforcements can be relieved with relatively small measures. 

One proposal is to limit the maximum production power levels not to exceed the 

maximum consumption power demand, again making consumption the dimensioning 

factor of the grid. The excess amount of wind energy produced would according to this 

suggestion be curtailed. The proposal is illustrated in Figure 16, where the green 

production and blue consumption lines of Figure 15 are plotted as a duration chart. 

 

Figure 16. The 2045 scenario plotted as a duration chart, and the suggested wind power 

energy curtailment visualized. The new production has a set limit equaling peak 

consumption and thus, no grid reinforcement becomes necessary.  

If implementing this suggestion, no grid reinforcements (compared to peak 

consumption levels) are necessary. The curtailed amount of wind energy reaches 2.48 

TWh or 1.18% of the total production. This curtailment would have to be compensated 

with more wind power plants or other energy-producing sources. The option of wind 

power energy curtailment is probably an attractive option since extra investments in 

grid infrastructure can then be omitted. This view is shared by for example [15], 

estimating the total domestic wind power energy curtailment requirements to 3 TWh in 

a future calculation scenario. 
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5.2 The value of flexibility for resolving grid congestions 

This part aims to determine the economic value of flexibility for resolving grid 

congestions and increase capacity factors.  Table 13 presents the three selected projects 

and their key information and characteristics. The first part of the table shows the basic 

classifications and assumptions about each project. The type of selected project is 

impacting the low, reference, or high-cost classifications, where a connection switch is a 

simple measure to add capacities to the grid, and an advanced cabling project creates 

greater costs for customers. Also impacting the cost profile is the TSO substation tariff, 

generating various cost profiles. The costs are according to the method in this section 

divided with the assumed net addition of capacity to the provided area, measured in 

MW. The Funbo project, expected operational in 2023, enables cost comparisons 

between the projects with the first year in 2024. Last, the assumed customer types and 

the load profile of provided area set different prerequisites and are impacting the value 

of flexibility for each area.  

Each project is described and analyzed in detail in upcoming sections. All information 

presented in this section is Vattenfall internal material and correspondences unless 

other sources are mentioned. 

Table 13. Overview on selected projects characteristics 

Category Brillinge Funbo Rosersberg 

Information    

Case Low cost Reference High cost 

Project type 
Connection 

switch 

Overhead lines 

grid expansion 

Cabling grid 

expansion 

TSO Substation Bredåker Bredåker Måby 

Added capacity, MW 19 40 103 

Expected first year of 

operation 
N/A* 2023 2021 

Customer characteristics    

Customer type(s) Mix 
Households  

+ farming 
Industry 

Resulting VoLL, SEK/kWh 88.88 10.20 224.38 

Load profile    

Selected substation Fyrislund Lagga Bredden 

Grid capacity factor 62% 38% 50% 

 

*No date decided yet, but if started, the project can be finished quickly. 
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5.2.1 Low-cost case: Brillinge 70 kV connection switch 

Project description 

The area of Brillinge in Uppsala municipality holds a connection switch with the same 

name, connecting an overhead line with a cable. The overhead line connects upstream 

to the Bredåker TSO substation situated to the northeast, and the cable continuing south 

is supporting the Uppsala city grid with electricity through the Fyrislund substation. 

Along with the overhead line, there is another unconnected overhead line running in 

parallel. Since holding a bigger line area, connecting the cable with the Bredåker 

substation through a thicker overhead line will increase the Uppsala grid capacity and 

increase overall redundancy. The project has no planned finishing date but is for 

calculations assumed to be put into operation in 2021. 

Project gains 

Finalizing the project will give Uppsala an estimated power increase ability ranging from 

14 to 19 MW. The range is explained by dependence on where loads are connected 

downstream. Calculations, in this case, assume 19 MW. If given allowance to increase 

subscription from overlying grid, this power increase would allow for a net addition of 

electricity consumption for the whole municipality. If not given the allowance, the 

reconfiguration still increases the regional grid capacity by removing bottlenecks and 

increasing redundancy. This allows for adding capacity to the downstream grid in the 

affected geographical area, assuming that other consumers under the same TSO grid 

connection points can be flexible in anticipation of increased subscriptions from the 

TSO. 

Asset list and derived costs 

For conducting the project, only a limited amount of material is needed, presented in 

Table 14. Instead, most of the project costs are related to reconfiguration of protection 

and control equipment, plus documentation of implemented changes. With the short 

material list, the remunerable DSO income in 2024 becomes only SEK 0.57/kW. This 

regional grid is connecting to the TSO substation Bredåker, with a substation tariff of 

2024 SEK 126.28/kW.  

Table 14. Costs for conducting the Brillinge connection switch project. 

Asset type 
Economic write 
off time [Years] 

Total norm value 
[2018 SEK] 

Cables 50 206,000 
Total  206,000 
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Load profile and VoLL 

The load profile chosen in this case is data from the Fyrislund substation. The load 

profile is presented in Figure 17. This load profile has the highest capacity factor of the 

cases, with an average usage of 62% of 𝑃 . Since the Brillinge connection switch 

increases the capacity in a big geographical area of Uppsala, the Value of Lost Load is 

assumed to be based on a weighted average of all customer categories. Thus, in 2024 the 

VoLL becomes SEK 88.88. 

 

 

Figure 17. Fyrislund 70 kV T1 and T2 aggregated  

load profiles of 2019 as duration chart. 

Value of flexibility 

The value of flexibility is presented in Figure 18. In the figure, the X-axis is the 

percentile of dimensioned grid capacity, in this case with 𝑃  of 19 MW. Choosing a 

flexibility solution to peak shave consumption from 𝑃  and downwards thus means to 

lower the grid percentile capacity. The value of such a flexibility solution is represented 

by the yellow dashed line in Figure 18, which equals the minimum value of either the 

price or the VoLL curve (in accordance with Equation (3)). For example, utilizing 

flexibility services instead of choosing the conventional method of grid construction for 

the top 20% of grid capacity yields a grid percentile of 80% or a 15.2 MW grid capacity. 

This corresponds to an average flexibility value of SEK 0.3 per kWh. The larger the 

traded flexibility volumes, the lower the price per kWh becomes. At the 62:th percentile, 

there is no more value in flexibility trading since 𝑃  is reached.  
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Figure 18. Value of flexibility per kWh in the Brillinge case. 

5.2.2 Reference cost case: Funbo grid expansion 

Project description 

Funbo is a village in a cluster of countryside villages 10 km direct east of Uppsala city 

center. Today, the area is supported by an old overhead line and associated equipment. 

The connection, built in the ’70s, is strained under today’s demands. With municipal 

expansion plans for the area, the assets have to be replaced to add capacity. This is done 

through the construction of a new overhead line connecting upstream to the Brillinge 

connection point mentioned earlier. Downstream, new transformers will connect the 

new installation to the local grid. The assets are expected to be taken into operation in 

2023. The project is considered a reference project since it holds both overhead line and 

transformer constructions, with all parts air-insulated. This yields a fair example of a 

normal capacity adding grid construction, with many parts involved but at the same 

time resulting in a low construction price thanks to the relatively simple technology and 

construction methods. 
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Project gains 

The grid reinforcement is a part of a municipal expansion plan for the area. The Funbo 

area is planned to grow with 800 – 1200 residences, plus services, and minor businesses 

and workplaces [61]. Calculations assume that the project will generate a net capacity 

provision of 40 MW to the area. 

Asset list and derived costs 

The costs of the Funbo project consist mainly of transformers, buildings, and 

approximately 12 km of overhead line. The project also includes various switchgear and 

the purchase of land for the construction of the substation. The complete material list is 

presented in Table 15. With the material list, the remunerable DSO income in 2024 

becomes SEK 81.16/kW. Since connecting to the same TSO substation as Brillinge, the 

tariff is SEK 126.28/kW.  

Table 15. Costs for conducting the Funbo grid expansion project. 

Asset type(s) 
Economic write 
off time [Years] 

Total norm value 
[2018 SEK] 

Transformers 50 16,120,870 
Switchgear 40 9,408,153 

Control equipment 15 782,266 
Overhead lines 50 23,706,908 

Station base cost and building 50 6,493,994 
Total  56,512,191 

 

Load profile and VoLL 

Consumption data for Funbo is not available, hence available data from the nearest rural 

village with similar prerequisites are used. Chosen consumption data is taken from the 

Lagga substation, situated approximately 10 km south. The load profile is presented in 

Table 12. This load profile has the lowest capacity factor of the tested cases, with an 

average usage of 38% of 𝑃 . For the Value of Lost Load, Funbo customer categories 

are assumed to be households and farming. Thus, in 2024, the VoLL becomes SEK 

10.20. 
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Figure 19. Lagga 20 kV transformer load profile of 2019 as duration chart. 

Value of flexibility 

The value of flexibility is presented in Figure 20. In this case, the low VoLL has a big 

impact on results, limiting the value of flexibility up to the 79:th percentile, before the 

grid construction price renders a lower average kWh value. This would indicate that the 

price paid for the top 21% of grid capacity is unreasonably high. 

 

Figure 20. Value of flexibility per kWh in the Funbo case. 
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5.2.3 High-cost case: Rosersberg new cable and substation 

Project description 

Rosersberg is an area with strong industrial growth, located in the Sigtuna municipality. 

The area will be provided with electricity by one new indoor station located in 

Rosersberg, connecting to an existing upstream station through approximately 10 km 

long cables. The project has many characteristics creating higher costs and has also 

encountered several setbacks, resulting in increased costs and delays. First, the cables are 

laid through rock shafts, which makes the process significantly more expensive 

compared to average costs for cabling. In addition, the cabling process is further 

complicated due to the crossing of other infrastructure and leisure areas. Second, some 

parts of the plan had to be revised to enable one customer to relocate its connection, a 

change appealed by some stakeholders. Third, the discovery of unexploded ammunition 

and toxic wastes created further sanitation costs. The grid is to be taken into operation 

in 2021. 

Project gains 

Emerging industries were in 2011 predicted to increase the areas’ future capacity 

demand 5–10 times compared to existing loads. The project enables to replace the area's 

low-voltage local network supply with medium-voltage regional grid supply. The total 

reinforcement contribution to the area is 103 MW. The grid construction is assumed to 

be fully operational in 2021. 

Asset list and project associated costs 

Due to the severe conditions, costs for the cabling part of the project are almost double 

compared to the norm value list. Because of this, the cable is added to the capital base as 

its acquisition value instead of the norm value. Furthermore, the indoor design of the 

station requires gas-insulated components, which makes the project significantly more 

expensive than, for example, the Funbo project, utilizing simpler air-insulated solutions. 

With the material list presented in Table 16, the remunerable DSO income in 2024 

becomes SEK 141.11/kW, higher than the Måby TSO substation tariff of 

SEK 128,41/kW. 

Table 16. Costs for conducting the Rosersberg project. 

Asset type(s) 
Economic write 
off time [Years] 

Total norm value 
[2018 SEK] 

Transformers 50 29,262,970 
Switchgear 40 43,752,261 

Cables 50 176,500,000 
Station base cost and building 50 10,790,701 

Total  260,305,932 
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Load profile and VoLL 

Consumption data from the Rosersberg area is not available. Instead, data from the 

Bredden industrial and service area 8 km south of Rosersberg is chosen. It has a capacity 

factor of 50% compared to 𝑃 . The load profile from the substation is presented in 

Figure 21. The Rosersberg cable and substation is supporting an industrial area, thus the 

Value of Lost Load is 2024 SEK 224.38. 

 

 

Figure 21. Duration chart of Bredden 70 kV 2019 load profile. 
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Value of flexibility 

The value of flexibility is presented in Figure 22. Just as with all figures on this subject 

(presenting the value of flexibility for the other projects), note the logarithmic scale on 

the Y-axis. 

 

Figure 22. Value of flexibility per kWh in the Rosersberg case. 
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5.2.4 Cross-sectional analysis of the different projects 

Varying prerequisites of the different analyzed grid projects of this section prove that 

the economic value of flexibility is highly dependent on grid configuration, geographical 

location, consumer types, load profiles, requirements, and the like. First, material lists 

and added capacity in different projects impact the cost of one installed kW 

conventional grid capacity. In the tested cases, the high-cost case has a 248x higher cost 

compared to the low case. However, with costs of capacity increasements to the 

overlying grid, adding the TSO substation tariff to the price tag of customers connected 

to the regional grids makes the difference less dramatic. Still, there is a difference, as 

visualized in Figure 23. 

 

Figure 23. Cross-sectional exam of the costs for adding one kW conventional grid capacity 

in the tested cases. 
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load profiles of the different areas supported by the grid installation. Part one of Table 
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savings in the percentile measurement. A lower grid utilization thus creates more rapid 

gains in saving grid capacity, especially illustrated by the Funbo case. Part two of the 

table presents, in the same manner, the estimated economic value of flexibility of one 

saved kWh. The figures presented to set the long-term upper limit of what to pay in a 

flexibility procurement process. All flexibility market tradeoff prices should 
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Figure 18, Figure 20, and Figure 22 in the results section).  
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Table 17. Merged results from the different evaluated cases, with required hours and the 

value of flexibility, after grid percentile measure. 

 Brillinge Funbo Rosersberg 

Peak shaving hours per percentile   

99% 3 1 2 

95% 46 7 14 

90% 276 16 51 

80% 1 215 58 320 

70% 2 747 314 1 092 

Value of Flexibility, percentile, average SEK/kWh  

99% 57.63 10.20 141.79 

95% 7.72 10.20 36.64 

90% 1.58 10.20 13.90 

80% 0.32 10.20 3.23 

70% 0.14 3.17 0.98 

 

With these maximum prices set, it is up to flexibility market actors to decide whether to 

take part under such conditions or not. A glimpse at the winter of 2021 shows that in 

January – March, 2,276 MWh of flexibility were called off at the sthlmflex market. The 

average call-off price was 0.49 SEK/kWh, with minimum and maximum call-off prices 

ranging from 0.2 to 5 SEK/kWh [62].  

The value of flexibility can also be analyzed in kW, by utilizing integral calculations on 

the established kWh values. Figure 24 presents the maximum value of flexibility per 

installed kW flexibility solution capacity. Just as previously, the value cannot exceed the 

grid construction price per kW, since if so, flexibility is not the more cost-effective 

solution. The VoLL measure is however further limiting this value, most apparent in the 

Funbo case, creating a plot appearing to increase exponentially. Brillinge’s curve flattens 

out at 7 MW, explained by the fact that the flexibility solution then achieved the average 

power usage. The squiggly appearance of the Rosersberg curve is explained by the low 

resolution that arises due to the values being derived from hours in the load profile, in 

combination with a relatively large installed grid capacity.  
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Figure 24 Maximum price remunerable for a flexibility solution at a certain capacity. 
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increases the remunerable income of such assets. 
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Table 18. WACC-based sensitivity analysis of customer costs for grid construction, 

compared to 3% used in results calculations.  

 Brillinge Funbo Rosersberg 

WACC SEK/kW % SEK/kW % SEK/kW % 

2% 0.46 -19.7 58.08 -19.4 101.11 -19.3 

3% 0.57 - 72.08 - 125.33 - 

4% 0.68 +19.7 86.08 +19.4 149.54 +19.3 

5% 0.80 +39.3 100.08 +38.8 173.76 +38.6 

6% 0.91 +59.0 114.08 +58.3 197.98 +58.0 

 

The results from Table 18 prove that the regulatory WACC has big implications on 

customer costs. As shown in the previous paragraph, a WACC between 2% – 6% is not 

an unlikely outcome. Going from the lowest level to the highest almost doubles the 

prices. Added to this are the tariffs paid to the TSO, also affected by WACC. In addition, 

as shown in the background section in Figure 2, the age of the Swedish transmission 

grid is high. It is therefore likely that the necessary investments will increase costs for 

these tariffs. 

5.3.2 Load profiles 

As mentioned in section 0, the insecurities in the outcome of peak loads further 

complicate the value of flexibility estimations. Table 19 presents the different annual 

peak loads for the case area and their deviations from the case year of 2019 used in the 

calculations. 

Table 19. Peak loads in the case area in 2013 – 2020. 2019 is the base year. 

Derived from Vattenfall internal databases. 

Year 
Case area peak 

demand [MW] 

Deviation, % 

2013 2,842 +1.6 

2014 2,632 -5.9 

2015 2,611 -6.6 

2016 3,047 +9 

2017 2,781 -0.5 

2018 2,881 +3 

2019 2,796 - 

2020 2,378 -14.9 
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These figures may make the value of flexibility higher in some years while lower in 

others. One suggested solution to this problem is to estimate the value of flexibility 

between multiple years, and thus save funds from low-load years, to increase 

remunerations in high load years.  

5.3.3 The Funbo+ option 

In all grid construction projects, the weakest asset becomes the dimensioning factor of 

the added net provision to a supported area. One example of this is the Funbo grid 

expansion project, where the 40 MVA transformer is the asset limiting a higher capacity 

output. It could, without any other revisions, be switched to a 63 MVA transformer, 

thereby creating a per kW lower customer cost. In flexibility terms, this could be seen as 

adding necessary capacity for the highest percentiles at a low marginal cost. The figures 

are presented in Table 20. The lower marginal costs for the top grid capacity, in this 

case, are challenging the prices remunerable for a flexibility solution. 

Table 20. Alternative setups of the Funbo grid.  

Case 
Customer total 

costs 2024, SEK 

Customer costs 2024, 

SEK/kW 

Funbo original setup, 40 MVA 3,246,527 81.16 

Funbo+ option, 63 MVA 3,358,617 53.31 

Funbo+ option, marginal costs  

40 – 63 MVA 
112,090 4.87 
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6. Discussion 

The Swedish power distribution system faces big challenges in the years to come. This 

statement is motivated by an expected increase in energy demand, aging and congested 

grid infrastructure (with long reinforcement lead-times), and big uncertainties in 

prognoses estimating the size and composition of the energy mix. The results and 

analysis in section 5.1 illustrate possible requirements for the Swedish power 

distribution system, with decommissioned nuclear power and heavy build-out of wind 

power. According to the results of the 2045 simulation, the annual domestic wind power 

production requirement is 210 TWh, a high figure but still within the scope of the 

background section cited prognoses.  

The main conclusion from the results regarding grid capacities is that the reinforcement 

requirements could become absent. As previously argued, the 2020 simulation shows 

that demand is the dimensioning factor for the grid. This would imply that power 

sources providing energy to the case area, could be replaced overnight to hydro and 

wind power without any grid reinforcement requirements, at least on a regional level 

within the case area. This could also be true in the 2045 simulation if utilizing small 

curtailment measures. Again, this result refutes the claim that load peaks cannot set the 

grid dimensioning requirements, in a power distribution system with an increasing 

share of intermittent power production. It also refutes the claim that weather-dependent 

generation and efficient grid usage are conflicting interests, since if utilizing the 

proposed curtailment measures, grid utilization for production and consumption are 

about equal.  

Instead, the results on flexibility requirements in the mentioned simulations show that 

the regulating advantages of hydropower are not enough, and large-scale flexibility 

measures must help consumers adapt to the intermittent power production. According 

to the cited definitions of flexibility used in this thesis, there are three main options for 

achieving the suggested required flexibility requirements. If using DR only in the 2045 

scenario, a response would be required in 70% of the year's hours. Such long periods of 

DR (sometimes stretching over months) will not alone be a feasible solution. If using 

energy storage only, it would require storage capacities of 352 GWh for the 2045 

scenario. If this figure were to be conceptualized with the 20 MWh Uppsala battery, 

17,600 such facilities would be needed. This only within the case area, i.e., the Vattenfall 

Eldistribution’s concession areas in Uppsala and Stockholm. This option does not 

constitute a feasible solution both with regards to costs and areal requirements.  

The feasible alternative (if it even exists) is instead likely to consist of a mix between the 

mentioned technologies, also including adjustable power sources, domestic or imported. 

A challenge with such sources is that they must be compatible with CO2 neutrality goals 

to curb climate change. A practical implication on this subject is how the future 

electricity market should be designed. Operators of flexible technologies must be 
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remunerated somehow, which probably requires changes in energy market design and 

legislation. A question here is e.g., unbundling rules and the allowance for a DSO to own 

and control flexibility solutions, but also larger questions about the whole energy market 

design, such as a transformation from an energy-only market into a situation with 

capacity payments.  

There are however possibilities of remuneration receivings for the flexible technologies 

if also utilizing them for increasing efficiency in grid operations. The different presented 

load profiles of section 5.2 generally show a low average grid utilization, ranging from 

38% to 62%. These figures are however derived from simplifications, and grid utilization 

in reality may be even lower since capacities are set for any future expected peak, and in 

addition, there are security margins to cope with uncertainties and redundancy. This 

thesis has proposed a model for estimating the maximum remuneration levels. 

Maximum is an important notion, since exceeding this limit either remunerates 

customers more than necessary or exaggerates the cost of conducting a conventional 

grid expansion, thus not fulfilling the interpreted requirements of the EU directive 

944/32.1. The value could however increase if flexible technologies eliminate the 

mentioned congestion rents in the TSO grid. 

The model is developed by inspiration from works in section 3.2, where different 

economic measures and methods are composing different ways of estimating the value 

of flexibility. Common to the previous works is that estimations of how the flexible 

technologies generate sometimes positive and sometimes negative benefits, in terms of 

cost-effectiveness and system stability. Both [34], [46], and [47] compare (in various 

ways) a DSO:s costs for conventional grid expansions to proposed costs for flexibility. 

Such comparisons are a subject beyond the scope of this thesis and instead, it is up to 

market actors to participate under such remuneration levels or not. As stated in the 

result analysis though, flexibility volumes on the sthlmflex market are called-off well 

within the scope of the estimated figures. There is therefore both technical and financial 

potential of utilizing flexible resources in the long term, to increase the efficiency of grid 

operations.  

In the short term, it can be argued that the value of flexibility could be even higher than 

the proposed levels. Flexibility services give the potential of meeting expected rapid 

developments in grid capacity requirements, with short lead-times compared to 

conventional grid construction. The annual remunerable price for one kW of 

conventional regional grid capacity in this thesis’ estimations ranges between SEK 

126.85 to 269,52. In comparison, the average GDP provision of an industry customer 

supported by the same kW is as estimated by [44] SEK 320,000. This could potentiate a 

much higher short-term flexibility value, if the alternative is that such customer decides 

to move its operations abroad due to grid capacity shortages on existing site. A question 

in the long term is however the feasibility of relying on relatively untested flexibility 

technologies. If choosing to incorporate a flexibility solution instead of conducting a 
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conventional grid investment, the system may expose itself to a great risk if the 

flexibility services become unavailable. This risk factor is not probable to be eliminable 

in the same manner as a copper-plate grid, planned to cope with all conceivable load 

scenarios.  

Overall, the results and analysis of this thesis provide insights into the value of flexibility 

in the future power distribution system. It can, based on the results in this thesis, be 

argued that the main role of flexibility in the future electric power distribution system is 

to help consumers to adapt to intermittent generation, at times during long periods, 

rather than to increase grid usage and resolving congestions. As discussed, there are 

possibilities for remuneration receivables for the required flexibility services if replacing 

conventional grid reinforcement requirements. An important notion regarding this 

subject is however that an undersized grid infrastructure, requiring the customers to 

peak-shave their consumption, also implicates the inability of peak shaping 

consumption to match intermittent production patterns. In other words, savings on grid 

capacity may lose the benefits of copper-plate access to weather-dependent generation.  

As the background section discusses, such generation is generally assumed to give low 

kWh electricity prices compared to the other CO2 friendly (but higher cost) option of 

nuclear power [25], [26]. The claimed cheap wind power energy prices are however 

exaggerated since the price tag does not reflect the entire system cost that arises from a 

far-reaching implementation of this type of energy generation. This is in line with the 

argumentation of [27]. Hence, the wind energy price plus the costs of implementing this 

thesis’ estimated flexibility requirements (and possibly grid reinforcements) is a more 

relevant figure to compare against the system cost of a system also holding nuclear 

power generation. These issues provide further perspectives on the role of flexibility 

services to create societal benefits and must be considered in public policy design, 

regulating the energy market. Another issue creating implications for DSO:s is that the 

value of flexibility can depend heavily within a grid concession area, and there is thus a 

need of finding a way to manage and evaluate this issue in an effective way. 

6.1 Further research 

The results with regards to how a heavy increase of intermittent power generation could 

impact the future requirements on grid expansion and flexibility requirements should 

be interpreted as a general worst-case scenario. Thus, the results of the simulations 

performed are setting the upper limits for grid expansions and flexible resources. Several 

factors are making a milder outcome more probable. For example, technology 

development and increasing geographic distribution of wind power will yield a higher 

total grade of utility and hence make production more stable, reducing the issues 

connected to intermittency [15]. Also, an expansion of other generation technologies 

(presumably local production within the case area) may relieve the system from the 

worst-case flexibility requirements. These proposals are suitable for examination in 
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future studies, preferably through methods that study individual parts of the treated 

power distribution system in closer detail. Further research should also examine the 

techno-economical possibilities of relying on flexibility services, in contrast to 

conventional grid investments. The quoted previous works in this thesis have only 

conducted such studies through simulations in computer environments. One proposal 

is to test appropriate flexibility technologies and methods as a case study, including to 

examine end-users experiences of using such technologies. Further research could also 

widen the scope and limitations but still utilize this thesis’s methods. For example, this 

thesis has only briefly examined congestions appearing in the TSO grid, and completely 

omitted to study possible local grid congestions. Future studies on flexibility market 

procurement (tradeoff volumes and prices) possibilities and outcomes, and flexibility 

tariffs design, are also a highly topical subject. 
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7. Conclusions 

This work has presented an overview of challenges related to a Swedish electricity 

system in change, with a focus on electric grid capacities. The work has presented and 

addressed the statements issued by regulatory entities that concern the future design and 

dimensioning of network infrastructure, primarily regarding flexibility issues. Key 

deliverables in the work are simulations of the network capacities and flexibility needs 

that may be necessary for the event of a powerful expansion of what the work has 

termed as intermittent electricity generation. A model has also been developed to 

calculate the maximum value of flexibility for resolving local grid congestions. All 

calculations have been utilizing real case data provided from regional grids in the 

Uppsala/Stockholm areas.  

Presented data of the investigation proves that grid utilization today generally can be 

improved. The result from simulations also indicates that the grade of utilization may 

become lower if incorporating more intermittent electricity generation, in this work 

represented by wind power. The work has also shown that the problem is not as 

dramatic as proposed, thus falsifying the claim that classic grid dimensioning methods 

will be unfeasible in a future system with expanded weather-dependent generation. This 

however requires the small wind power curtailment, which highly increases grid 

utilization with only small losses of energy. The challenges with grid dimensioning are 

also rather referred to as the uncertainties in forecasts on the configuration of the future 

electric generation. 

Nonetheless, the implementation of flexibility services in grid infrastructure can play a 

relevant role in increasing grid usage and creating economic benefits for connected 

customers. This thesis has proposed a model for estimating the maximum feasible price 

payable for such services, for them to be beneficial for society. The model uses a "recipe" 

of the following input parameters, to estimate the value of a flexibility solution at each 

given point in the grid: Material list, necessary for a proposed conventional grid 

reinforcement; Supplied area's customer composition and load profile; Tariffs price to 

the overlying grid. One important conclusion using the model is that the value of 

flexibility must be determined on a case-by-case basis, as there is great variation in 

conditions even within a limited region. Likewise, there is a great potential for flexibility 

solutions to improve cost-effectiveness in grid operations, but the risk of a weak and 

undersized grid is that society suffers large welfare losses. Another overall conclusion 

from the work carried out in this thesis is also that the main role of flexibility solutions 

is to enable consumers to adapt electricity consumption with the intermittent 

generation, rather than solving grid congestions, motivated by the poor matching 

between production and consumption, resulting in long periods of required demand 

response and/or immense energy storages solutions. 

  



58 

 

References 

 

[1]  Energimyndigheten, "Scenarier över Sveriges energisystem 2020," 2021. [Online]. 

Available: http://www.energimyndigheten.se/nyhetsarkiv/2021/sveriges-

energisystem-2050--sa-kan-det-se-ut/. 

[2]  Energimyndigheten, "Årlig energibalans," [Online]. Available: 

https://www.energimyndigheten.se/statistik/den-officiella-

statistiken/statistikprodukter/arlig-energibalans/. [Accessed 19 04 2021]. 

[3]  K. Sahlén, E. Antonsson and J. Bergerlind, "Kartläggning av hur planerade 

nätinvesteringar avhjälper kapacitetsbrist i elnätet," 2020. [Online]. Available: 

https://www.ei.se/Documents/Projekt/Kapacitetsuppdraget/200615%20-

%20Kartl%C3%A4ggning%20av%20hur%20planerade%20n%C3%A4tinvestering

ar%20avhj%C3%A4lper%20kapacitetsbrist%20v%201.0.pdf. 

[4]  Stockholms handelskammare, "Elbrist kortsluter Sverige," 2020. [Online]. Available: 

https://www.chamber.se/rapporter/elbristen-koertsluter-sverige.htm. 

[5]  E. Axberg, T. Alkefjärd, P. Grahn, C. Jigvall, J. Karlsson, T. P. S. Karlsson, J. Sidén, V. 

Nylander, Claes and C. J. Wallnerström, "Kapacitetsutmaningen i elnäten," 

Energimarknadsinspektionen, 2020. 

[6]  D. Hess, M. Wetzel and K.-K. Cao, "Representing node-internal transmission and 

distribution grids in energy system models," Renewable Energy, vol. 119, 2017.  

[7]  Svenska kraftnät, "Systemutvecklingsplan 2018-2027," 2017. [Online]. Available: 

https://www.svk.se/siteassets/om-oss/rapporter/2017/svenska-kraftnats-

systemutvecklingsplan-2018-2027.pdf. 

[8]  Hou710, "ElectricityPriceArea.svg," Wikimedia Commons, 2015. 

[9]  V. Gliniewicz, "Economic Impact Assessment of using Congestion Management Methods 

to enable Wind Power Integration on Gotland," KTH, Stockholm, 2016. 

[10]  Svenska kraftnät, "Årsredovisning 2020," [Online]. Available: 

https://www.svk.se/siteassets/om-oss/organisation/finansiell-

information/arsredovisning-affarsverket-svenska-kraftnat-2020.pdf. 

[11]  Svenska kraftnät, "Årsredovisning 2018," [Online]. Available: 

https://www.svk.se/siteassets/om-oss/organisation/finansiell-

information/arkiv/svenska-kraftnat-arsredovisning-2018.pdf. 

[12]  Energimyndigheten och SCB, "Electricity supply, district heating and supply of natural 

gas 2019. Final statistics," 2020. [Online]. Available: 

https://www.scb.se/contentassets/f3fea1fd8f6040e8b78b9408f49adbc8/en0105_20

19a01_sm_en11sm2001.pdf. 

[13]  Svenska kraftnät, "Långsiktig marknadsanalys 2021," 2021. [Online]. Available: 

https://www.svk.se/siteassets/om-oss/rapporter/2021/langsiktig-marknadsanalys-

2021.pdf. 



59 

 

[14]  WSP, "Brister, beslut och balans i elsystemet - Så kan ekvationen gå ihop," 2021. [Online]. 

Available: 

https://app.emarketeer.com/a/plink/redir/545f25e41f667a454a0cf3b4bb0fc77758

7d74367a72e00756e3c236f3da232231e16848/aHR0cHM6Ly93d3cud3NwLmNvb

S8tL21lZGlhL0luc2lnaHRzL1N3ZWRlbi9Eb2N1bWVudHMvMjAyMS9FbHN5c

3RlbWV0LXNhLWthbi1la3ZhdGlvbmVuLWdhLWlob3AucGRm/scramble. 

[15]  NEPP, "Energisystemet i en ny tid - Halvtidsrapport från NEPP:s andra etapp," 2019. 

[Online]. Available: https://www.nepp.se/pdf/Halvtidsrapport_mars_2019.pdf. 

[16]  Svenskt näringsliv, "Högre elanvändning år 2045 - Samhällsutvecklingen och 

klimatomställningen kräver mer el," [Online]. Available: 

https://www.svensktnaringsliv.se/bilder_och_dokument/2spdr2_hogre-

elanvandning-2045pdf_1138079.html/Hgre+elanvndning+2045.pdf. 

[17]  Regeringskansliet, "Mål för energipolitiken," [Online]. Available: 

https://www.regeringen.se/regeringens-politik/energi/mal-och-visioner-for-

energi/. [Accessed 31 03 2021]. 

[18]  Svenska kraftnät, "Elstatistik," [Online]. Available: https://www.svk.se/om-

kraftsystemet/kraftsystemdata/elstatistik/. 

[19]  J. Molin, E. Hagner, J. Bruce and J. Helbrink, "Rapport effektutbyggnad vattenkraft," 

2016. [Online]. Available: https://www.skekraft.se/wp-

content/uploads/2020/12/Effektutbyggnad_vattenkraft_-

_sveriges_storsta_kraftprod__alvar.pdf. 

[20]  Svensk vindenergi, "Statistics and forecast Q4 2020," 2021. [Online]. Available: 

https://svenskvindenergi.org/wp-content/uploads/2021/02/Q4-2020-Statistics-

and-forecast-Svensk-Vindenergi-2020-02-08-FINAL.pdf. 

[21]  Svenska kraftnät, "Verksamhetsplan med investerings- och finansieringsplan 2021-2023," 

2020. [Online]. Available: 

https://www.svk.se/link/6f2aa6260e3446aea0bc60ae18416c7a.aspx. 

[22]  Svensk vindenergi, "Vindkraftsscenario till 2040 Svensk vindenergis bedömning," 2020. 

[23]  SCB, "Årlig energistatistik (el, gas och fjärrvärme)," [Online]. Available: 

https://www.scb.se/hitta-statistik/statistik-efter-amne/energi/tillforsel-och-

anvandning-av-energi/arlig-energistatistik-el-gas-och-fjarrvarme/. 

[24]  NordPool, "Historical Market data," [Online]. Available: 

https://www.nordpoolgroup.com/historical-market-data/ . 

[25]  Energimyndigheten, "Vindkraftstatistik 2017. ER 2018:13," 06 2018. [Online]. Available: 

https://www.energimyndigheten.se/globalassets/statistik/officiell-

statistik/statistikprodukter/vindkraftsstatistik/vindkraftstatistik-2017.pdf. 

[26]  Energy technologies institute, "ETI Nuclear Cost Drivers Project: Deliverable 

Documentation," 20 04 2018. [Online]. Available: 

https://d2umxnkyjne36n.cloudfront.net/documents/D7.3-ETI-Nuclear-Cost-

Drivers-Summary-Report_April-20.pdf?mtime=20180426151016. 



60 

 

[27]  Qvist, Staffan, "Kraftsamling Elförsörjning Långsiktig Scenarioanalys," 07 07 2020. 

[Online]. Available: 

https://www.svensktnaringsliv.se/material/rapporter/kraftsamling-elforsorjning-

langsiktig-scenarioanalyspdf_1144807.html/Kraftsamling+elfrsrjning+-

+Lngsiktig+scenarioanalys.pdf. 

[28]  Council of European Energy Regulators, "CEER Paper on DSO procedures of 

Procurement of Flexibility," 2020. [Online]. Available: 

https://www.ceer.eu/documents/104400/-/-/f65ef568-dd7b-4f8c-d182-

b04fc1656e58. 

[29]  Cambridge university press, "Cambridge dictionary," 2021. [Online]. Available: 

https://dictionary.cambridge.org/dictionary/english/flexibility. 

[30]  B. N. Silva, M. Khan and K. Han, "Futuristic Sustainable Energy Management in Smart 

Environments: A Review of Peak Load Shaving and Demand Response Strategies, 

Challenges and Opportunities," Sustainability, no. 12, 2020.  

[31]  J. Aghaei and M.-I. Alizadeh, "Demand Response in smart electricity grids equipped with 

renewable enrergy sources: A review," Renewable and Sustainable Energy Reviews, 

vol. 18, pp. 64-72, 2013.  

[32]  M. Z. Degefa, I. B. Sperstad and H. Sæle, "Comprehensive classifications and 

characterizations of power system flexibility resources," Electric Power Systems 

Research, no. 194, 2021.  

[33]  ENTSO-E, "Dynamic line rating (DLR)," [Online]. Available: 

https://www.entsoe.eu/Technopedia/techsheets/dynamic-line-rating-dlr. 

[Accessed 12 05 2021]. 

[34]  S. Klyapovskiy, S. You, A. Michiorri, G. Kariniotakis and H. W. Bindner, "Incorporating 

flexibility options into distribution grid reinforcement planning: A techno-

economic framework approach," Applied Energy, vol. 254, 2019.  

[35]  Svenska kraftnät, "Förändringar i transmissionsnätstariffen 2021 främjar 

flexibilitetslösningar," 02 06 2020. [Online]. Available: https://www.svk.se/press-

och-nyheter/nyheter/allmanna-nyheter/2020/forandringar-i-

transmissionsnatstariffen-2021-framjar-flexibilitetslosningar/. [Accessed 13 05 

2021]. 

[36]  Svenska kraftnät, "Tariff, prislistor, avtal och abonnemang," 20 01 2021. [Online]. 

Available: https://www.svk.se/aktorsportalen/systemdrift-elmarknad/anslut-till-

transmissionsnatet/transmissionsnatstariffen/tariff-prislistor-avtal-

abonnemang/. [Accessed 13 05 2021]. 

[37]  Sveriges Riksdag, "Ellag (1997:857)," [Online]. Available: 

https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-

forfattningssamling/ellag-1997857_sfs-1997-857. [Accessed 06 04 2021]. 

[38]  Energimarknadsinspektionen, "Fastställande av intäktsram enligt ellagen, Vattenfall 

Eldistribution AB + Appendices," Mail correspondance 2020-04-22, DNR 2019-

100675, 2019. 

[39]  P. Ekström and H. Gåverud, "Förslag normvärdeslista 2020-2023," 2019. [Online]. 

Available: https://www.ei.se/Documents/Forhandsreglering_el/2020-

2023/Dokument/Normvardeslista_elnat_2020-2023_Rapport.pdf. 



61 

 

[40]  C.-J. Wallnerström, J. Carlsson, M.-L. Eriksson, S. Pandur and T. Alkefjärd, "Ökade 

incitament för kostnadseffektiva lösningar i elnätsverksamhet, Förslag till 

lagändring," 2020. [Online]. Available: 

https://www.ei.se/Documents/Publikationer/rapporter_och_pm/Rapporter%202

020/Ei_PM2020_01.pdf. 

[41]  Svensk författningssamling SFS 2018:1520, "Förordning om intäktsram för 

elnätsverksamhet," 2018. [Online]. Available: 

https://svenskforfattningssamling.se/sites/default/files/sfs/2018-08/SFS2018-

1520.pdf. 

[42]  R. Husblad, G. Morén, J. Nordström, J. Vendel Nylander, L. Tedebrand and S. Wahlberg, 

"Ren energi inom EU Ett genomförande av fem rättsakter," [Online]. Available: 

https://www.ei.se/Documents/Publikationer/rapporter_och_pm/Rapporter%202

020/Ei_R2020_02.pdf. 

[43]  "DIRECTIVE (EU) 2019/944 OF THE EUROPEAN PARLIAMENT AND OF THE 

COUNCIL of 5 June 2019 on common rules for the internal market for electricity 

and amending Directive 2012/27/EU (L 158/125)," 14 06 2019. [Online]. 

Available: https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=OJ:L:2019:158:FULL&from=EN. 

[44]  Pöyry, "Trångt i elnäten - Ett hinder för omställning och tillväxt? Slutrapport," 2018. 

[Online]. Available: 

https://www.energiforetagen.se/globalassets/energiforetagen/nyheter/2018/2018-

08-16-poyryrapporten.pdf. 

[45]  N. Mims, T. Eckman and C. Goldman, "Time-varying value of electric energy efficiency," 

Ernest Orlando Lawrence Berkley National Laboratory, Berkley, CA, 2017. 

[46]  C. Heinrich, C. Ziras, A. L.A. Syrri and H. W. Binder, "EcoGrid 2.0: A large-scale field 

trial of of a local flexibility market," Applied Energy, vol. 261, 2020.  

[47]  L. Thomee and Y. Huang, "Samhällsekonomiska kostnader och nyttor av smarta elnät," 

2021. [Online]. Available: 

https://www.ei.se/download/18.1a478d39178a69490b746/1617712863057/DNV%

20GL-Samh%C3%A4llsekonomiska-kostnader-och-nyttor-av-smarta-

eln%C3%A4t.pdf. 

[48]  Nätområden.se, Lantmäteriet, Svenska kraftnät, "Nätområden.se," 2010. [Online]. 

Available: https://www.natomraden.se/. [Accessed 19 04 2021]. 

[49]  S. Qvist, "Modellering av svensk elförsörjning," 2020. [Online]. Available: 

https://www.svensktnaringsliv.se/material/rapporter/modelleringpdf_1144809.ht

ml/Modellering.pdf. 

[50]  Svenska kraftnät, "Prislista 2021 för transmissionsnätet," 2020. 

[51]  Sveriges riksbank, "Inflationsmålet," 20 02 2018. [Online]. Available: 

https://www.riksbank.se/sv/penningpolitik/inflationsmalet/. [Accessed 15 05 

2021]. 

[52]  F. Carlsson, M. Kataria, E. Lampi and P. Martinsson, "Kostnader av elavbrott för svenska 

elkunder," Institutionen för nationalekonomi med statistik, Göteborgs 

universitet, Göteborg, 2019. 



62 

 

[53]  Energimarknadsinspektionen, "Beräkning av värdet av förlorad last (VoLL)," 2021. 

[Online]. Available: 

https://ei.se/download/18.6f9b6b2617714873b45f1838/1613489129164/Ber%C3%

A4kning-av-v%C3%A4rdet-av-f%C3%B6rlorad-last-VoLL-Ei-PM2021-01.pdf. 

[54]  C. J. Wallnerström, M. Dalheim and M. Seratelius, "Leveranssäkerhet i Sveriges elnät 

2019 Statistik och analys av elavbrott," 2020. [Online]. Available: 

https://www.ei.se/download/18.6f9b6b2617714873b45f11d6/1613487466312/Lev

eranss%C3%A4kerhet-i-Sveriges-eln%C3%A4t-2019-Ei-R2020-08%20.pdf. 

[55]  C. J. Wallnerström, M. Dalheim and M. Seratelius, "Leveranssäkerhet i Sveriges elnät 

2018 - Statistik och analys av elavbrott," 2019. [Online]. Available: 

https://www.ei.se/download/18.5b0e2a2a176843ef8f56cacf/1611643039262/Lever

anss%C3%A4kerhet-i-Sveriges-eln%C3%A4t-2018-Ei-R2019-05.pdf. 

[56]  Svenska kraftnät, "sthlmflex," [Online]. Available: https://www.svk.se/sthlmflex. 

[Accessed 18 05 2021]. 

[57]  CoordiNet, "Sweden," [Online]. Available: https://coordinet-project.eu/pilots/sweden. 

[Accessed 31 03 2021]. 

[58]  Svenska kraftnät, "CoordiNet," [Online]. Available: https://www.svk.se/utveckling-av-

kraftsystemet/forskning-och-utveckling/pagaende-fou-projekt/coordinet/. 

[Accessed 31 03 2021]. 

[59]  Vattenfall, "CoordiNet," [Online]. Available: https://www.vattenfalleldistribution.se/vart-

arbete/kapacitetsutmaningen/coordinet/. [Accessed 31 03 2021]. 

[60]  Vattenfall Eldistribution, "Batterilager Uppsala," [Online]. Available: 

https://www.vattenfalleldistribution.se/vart-

arbete/kapacitetsutmaningen/batterilager/. [Accessed 31 03 2021]. 

[61]  Uppsala Kommun, "Förbjupad översiktsplan för Funbo," 2011. [Online]. Available: 

https://www.uppsala.se/contentassets/4376dd5bf49d42efa7cb76c270125b91/fordj

upad-oversiktsplan-funbo.pdf. 

[62]  Y. Ruwaida, B. Johansson and L. Shumacher, "sthlmflex - En rapport om sthlmflex: En 

lokal flexibilitetsmarknad i stockholmsregionen," 2021. [Online]. Available: 

https://www.svk.se/siteassets/2.utveckling-av-kraftsystemet/forskning-och-

utveckling/sthlmflex/sthlmflex-rapport-vintern-2020_2021.pdf. 

 

 




