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Abstract 

Deregulated electricity markets enable power generation resources to be allocated efficiently in the short-

term through competitive bidding on the power exchange, thus resulting in the lowest generation cost 

possible given the power plants currently available. With increasing shares of intermittent power sources 

and prospects of substantial changes in baseload power, as seen recently in Sweden, it is of interest to be 

able to predict electricity market outcomes given certain changes in the power system. For example, in 

light of new power plant investments, a changed future power mix may impact the potential for specific 

power plants or technologies to be recruited in the market clearing process, thus affecting the overall 

profitability of said plant. Based on previous foundational work on the electricity market simulation tool 

EDGESIM, this report describes the refinement and development of a detailed electricity market model, 

with the emphasis of creating an accurate representation of the Nordic power market. Using Sweden as 

the primary area of focus, the model was set up to replicate the Nord Pool power exchange and validated 

against historical market data from the Swedish price areas in the Nordic market. Overall, the model 

reproduced market outcomes relatively accurately, with cases reaching as low as 8% average deviation in 

the Swedish market as a whole (per hour and per week) over the simulated period. This was achieved 

through the implementation of, primarily, detailed hydro reservoir modeling, technical constraints on 

different power generation technologies and systematic outage handling. Furthermore, a preliminary 

future scenario forecast of the Swedish electricity system and its energy mix was simulated using the new 

EDGESIM model developed.  
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Sammanfattning 

Avreglerade elmarknader möjliggör för kraftproduktionsresurser att tilldelas effektivt på kort sikt, genom 

anbudsförfarande på elbörsen. Detta resulterar generellt i att den lägsta produktionskostnaden som 

möjligt, givet tillgängliga kraftresurser, åstadkoms. Med ökande andel intermittenta kraftkällor och 

potentiella större förändringar i Svensk baskraft, är det av intresse att kunna förutsäga utgången på 

elmarknaden efter specifika förändringar i kraftsystemet. Vid exempelvis nya kraftverksinvesteringar kan 

en förändrad framtida elmix påverka potentialen för specifika kraftverkstekniker att rekryteras på 

marknaden, vilket i sin tur påverkar den totala lönsamheten av nämnda investering. Baserat på tidigare 

grundläggande arbete på simuleringsverktyget EDGESIM, beskriver denna rapport utvecklingen av en 

detaljerad elmarknadsmodell, med tyngdpunkten i att skapa en tillförlitlig modell av den nordiska 

elmarknaden. Med Sverige som primärt fokus utvecklades modellen till att efterlikna elbörsen Nord Pool 

och valideras mot empirisk data från de svenska prisområdena på den nordiska marknaden. Modellen 

kunde efterlikna faktiska marknadsutfall relativt väl, med modelleringsfall där avvikelsen från faktisk 

produktionsnivå i genomsnitt var 8 % för den svenska elmarknaden i sin helhet (på timbasis och på 

veckobasis).  Detta uppnåddes framför allt genom detaljerad vattenmagasinsmodellering, tekniska 

begränsningar i olika elproduktionstekniker och systematisk hantering av avbrott. Dessutom simulerades 

en preliminär prognos för det svenska elsystemet och dess energimix med den nya EDGESIM-modell 

som utvecklats. 
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1 Introduction 

The Swedish electricity grid is facing major changes in the years to come. Both an increase of renewable 

power sources as well as a potential phase out of baseload nuclear power plants create an environment in 

which actors on the electricity market must be able to cope with substantial changes in terms of technical 

and market related aspects in the short- and long-term future [1]. The Swedish power system has for long 

been characterized by robustness, clean production and relatively low prices. The issues mentioned above, 

however, as well as increased uncertainty in terms of policies regarding nuclear energy in the latest years, 

have created a situation in which these qualities may not be taken for granted.  

As the power mix changes towards increased installed generation capacities of renewables, with or without 

reinvestments in nuclear power, more pressure is put on the grid being able to cope with intermittent 

power production. This usually entails requirements of increasing the transmission capacity in some areas, 

as well as introducing sufficient short-term balancing power. Effort is also being devoted to use the 

demand side as a power balancing measure, using for example hourly prices to influence customers to 

reduce or increase their power usage as well as smart grid technologies [1].  

Given the substantial changes in the power mix and structure of the electricity grid expected, a vast 

number of potential scenarios for the future electricity system of Sweden (and, indeed, the whole of 

Europe) can be considered in order to assess the potential and economic feasibility of different 

technologies. In order to assess the impact that different changes in the power system will have on factors 

such as transmission, energy mix, power balance and electricity prices – to name a few – it is of value to be 

able to accurately simulate the power system and the power market. This is particularly interesting in light 

of new power plant and grid related investments, where, for example, the profitability of a specific power 

plant is dependent on it being recruited to a sufficiently high degree. In a liberalized electricity market, 

such as the Nord Pool power exchange, the main driving force for power plant recruitment is the spot 

electricity price that results from the market players bidding against each other in order to satisfy the 

expected load. Thus, a tool that can model the electricity market accurately is interesting in many regards. 

1.1 Objectives 

This thesis is mainly focused on developing such a model, based on an electricity market simulation tool – 

EDGESIM. Previous work [2] has laid the foundation and given the preliminary results for the use of this 

tool. The construction of an accurate model of the Nordic power market, with emphasis on Sweden, as 

well as assessing central scenarios for the future electricity system of Sweden, are the main objectives of 

this report. More specifically, the objectives can be summarized as: 

 Development of an electricity system model of short-term power plant dispatch, including the 

price areas of the Nord Pool power market; 

 Model validation against market data, through simulation of recent historic periods; 

 Preliminary assessment of probable future market outcomes, based on simulation of a future 

scenario using the new EDGESIM model 

1.2 Report structure 

The report is structured in the following manner: firstly, a literature review has been done, where the 

structure of the Swedish electricity system is described, i.e. how the market is set up and the current status 

of the power mix and grid, as well as recent developments in terms of policies and other events possibly 

affecting the future of the system. Secondly, a number of different scenarios regarding the future of the 

Swedish electricity system, developed by different actors, are described and compared. Thirdly, a literature 

review has been performed concerning modelling of electricity grids and electricity markets. Using this 

information, the following chapter is devoted to implement improvements and additional modeling 

features into the EDGESIM software. Then, results of validation simulations as well as future scenario 

simulations are presented, followed by a discussion on potential issues and suggestions for further work.   
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2 Literature review 

This chapter contains a summary of the information gathered in the initial phases of the thesis work. The 

aim of the literature review was mainly to provide the theoretical frame of reference in which the further 

work on the EDGESIM tool would be performed. More specifically, this meant describing the current 

electricity system of Sweden – its market structure, power mix, transmission capabilities and recent 

developments in terms of policy and other influential events. Furthermore, a number of scenarios on the 

future structure of the Swedish grid from various sources have been assessed and compared. Lastly, 

previous work on modelling of electricity grids and electricity markets in general has been consulted.  

2.1 The electricity system 

The Swedish electricity production is currently dominated by nuclear and hydropower, which has also 

been the case for the last decades, as evident by Figure 1. At present, however, the Swedish electricity grid 

cannot merely be studied by itself, as it is now part of an integrated network both in terms of physical 

connections as well as a market integration with surrounding countries.  

 

Figure 1. Electricity production in Sweden per type since 1970 [3]. 

 

The process of increasing integration with neighboring countries started with the deregulation of the 

Swedish electricity market in 1996, where competition was introduced for the production of electricity. 

Managing of local grids, however, remained (and still does) regulated monopolies. The development of the 

electricity market has since gradually progressed. As of 1999, all electricity customers are free to choose to 

purchase electricity from any power trading company. Separated from the trading of electricity, however, 

is still the fee for being connected to and utilizing the local grid, which are run as local monopolies. The 

final cost for the consumer is hence made up of the price of purchasing the produced electricity (plus any 

related fees and taxes), plus the separate fee from the local grid company. [4] 

2.1.1 Nord Pool Spot 

Practically all electricity trade in the Nordic countries is now done through Nord Pool Spot, a power 

market in which electricity trading and related settlements are done on an hourly basis – both on the so 

called day-ahead markets and the intraday markets (see below). Nord Pool is owned by the power grid 
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operators in the Nordic and the Baltic countries and presently manages day-ahead and intraday power 

trade in nine European countries, and trading involving companies from 20 countries [5]. The number of 

power markets encompassed by Nord Pool has expanded over the years, beginning with the deregulation 

of the Norwegian power market in 1990. After the Swedish deregulation in 1996, a mutual power 

exchange was founded with Norway. Finland joined the Nord Pool exchange in 1998 and by the year 2000 

the Nordic market was wholly integrated as Denmark entered the common power market [6]. At present 

time, Nord Pool is the NEMO1 in the Nordic and Baltic countries, Austria, France, Germany and Great 

Britain, and with market coupling to even more countries [5].  

2.1.1.1 Day-ahead market 

The Nord Pool physical power market consists of two different markets for power trading, termed Elspot 

and Elbas. The Elspot market is the day-ahead market in which short-term trade with physical power 

contracts is performed for each hour of the following day. A spot price for each of these hours and per 

price area (see below) is hence determined in advance, based on the equilibrium price level corresponding 

to (predicted) aggregate supply and demand of the area in question. [7] 

All members of the exchange submit bids for each delivery hour at noon the day before, which in turn are 

used to construct hourly aggregate demand and supply curves. The system price is calculated as the 

unhindered market clearing price corresponding to the aggregate supply and demand for the whole of the 

Nordic and Baltic countries, i.e. without transmission and trading capacities between bidding areas2 taken 

into account (see Figure 2). [8] 

The system price is calculated after area price calculations have been done in all price areas, in which 

calculated flows between the Nordic areas of DK1, DK2, NO2 and SE4 and the Netherlands and 

Germany have been taken into consideration (see Figure 3). Area prices are calculated in the same manner 

using aggregated demand and supply bids, but under the constraints posed by regulations and physical 

transmission capacities between areas.  

                                                      
1 Nominated Electricity Market Operator: an actor defined in EU Commission Regulation 2015/1222, stating that at 
least one NEMO per state bidding zone manages the day-ahead and/or intraday bidding process, following 
guidelines on capacity allocation and congestion handling [64]. 
2 The system is constructed so that the Nordic countries form one bidding area when calculating the system price, 
whereas the Baltic countries and Poland are set as one bidding area each [8]. 

Figure 2. Illustration of hourly system price in the Nord Pool market, as calculated from the total demand and total supply 

within the Nordic and Baltic countries. 
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More specifically, the price calculation is based on maximizing social surplus according to the social 

welfare function stated in Equation (1), where 𝑎 is a geographical area, 𝑑𝑎  is the demand in area 𝑎, 𝐷𝑎 is 

the demand function of area 𝑎, 𝑠𝑎 is the supply in area 𝑎, 𝑆𝑎 is the supply function of area 𝑎 and 𝑛 is the 

total number of areas [9].  

max∑[∫ 𝐷𝑎(𝑥)𝑑𝑥 −∫ 𝑆𝑎(𝑦)𝑑𝑦

𝑠𝑎

0

𝑑𝑎

0

]

𝑛

 (1) 

 

Hence, through the supply and demand bids proposed by the members of the market at closing time the 

supply and demand functions can be constructed, in turn enabling the calculation of social surplus (i.e. 

consumer utility minus producer cost). The maximization of social surplus can then be done under the 

restrictions of volume constraint (the accepted volume for any bid is within limits); area balances 

(accepted supply equals accepted demand, including net import); transmission capacities (any transmission 

between areas is within physical limitations); maximum transmission ramp rates (the difference in 

transmission between areas in two consecutive hours should not exceed the maximum allowed deviation). 

[9] 

By an iterative process, area prices are calculated with regards to transmission capabilities between areas 

and according to the above mentioned rules. This ensures that should the spot price in an area be lower 

than in another area, the transmission capacity is fully utilized to export power from a low price region to 

a high price region. If transmission capabilities are fully utilized, and there still exists a price difference 

between the areas, the actual price in the different areas will also be different. In other words, as long as 

the maximum transmission capabilities are not exceeded between price areas, the system price is the only 

price for that specific hour and equal in all price areas. [8] 

2.1.1.2 Intraday market 

Elbas is the intraday market in which physical adjustments necessary for grid stability continuously are 

managed and traded. Trade on Elbas thus constitutes a market for balancing power for grid stability and 

can be traded down to an hour before actual power delivery. Whereas final real-time balancing actions are 

taken by the grid operators (in each country), the intraday market provides a way for market members to 

further adjust their short-term positions, especially at times of unforeseen changes in supply and demand 

in comparison with the positions taken on the day-ahead market. With increasing share of intermittent 

power production, e.g. from wind power, the intraday market has become increasingly important. [7], [10]  

2.1.2 Transmission capacities and price areas 

As illustrated in Figure 3, the Swedish electricity grid is (as of November 1 2011) divided into four price 

areas (SE1, SE2, SE3 and SE4). The Nordic and Baltic power market is thus made up of 15 price areas in 

total. The rationale for this division of the power market is to allow market forces to address physical 

bottlenecks in the electricity grid. This means that borders between price areas are set where frequently 

occurring bottlenecks in power transmission occur, in turn inducing price signals on the market to 

transmit the maximum possible net power into areas of high demand. As mentioned earlier, whenever the 

maximum transmission capacity between two price areas is not exceeded this results in the price being the 

same in both areas. [1] 

The actual transmission capacity between price areas varies depending on moment by moment 

circumstances. Installed capacities between the Swedish price areas and connected areas as of February 

2016 are summarized in Table 1.  
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2.1.3 Future grid development 

A number of different factors affect the planned investments on grid development, both within countries 

and transmission capacities between countries. On the European level, EU directives with the stated goal 

of creating an ever more integrated electricity market to promote increased competition and energy 

security within the union are major driving forces for investments in increased transmission capacities 

between countries. The European council implored member states in 2014 to rapidly implement measures 

to reach the goal of achieving transmission capacities corresponding to at least 10% of the installed power 

production capacity in each state. At the time of writing, twelve countries in the outskirts of the union are 

below the goal of 10% interconnection, whereas the Nordic region and Sweden lie well above that goal – 

the latter at a theoretical interconnection level of around 25-30%. [1] 

 

 

 

 

 

Figure 3. Price areas in the Nord Pool market, including present transmission capacities (in MW) between areas (as of mid-

day 8 February 2016) [65].  
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Table 1. Installed transmission capacities and minimum capacities (where applicable) between price areas connected to the 

Swedish price areas SE1, SE2, SE3 and SE4. [11] 

Connection Installed capacity Minimum capacity 

SE1 → SE2 3300 MW 2500 MW 

SE2 → SE1 3300 MW 3300 MW 

SE2 → SE3 7300 MW 5500 MW 

SE3 → SE2 7300 MW 7300 MW 

SE3 → SE4 5300 MW 3500 MW 

SE4 → SE3 2000 MW 2000 MW 

SE1 → FI 1500 MW - 

FI → SE1 1100 MW - 

SE3 → FI 1200 MW - 

FI → SE3 1200 MW - 

SE1 → NO4 600 MW 300 MW 

NO4 → SE1 700 MW 500 MW 

SE2 → NO4 300 MW 100 MW 

NO4 → SE2 250 MW 0 MW 

SE3 → NO1 2095 MW - 

NO1 → SE3 2145 MW - 

SE2 → NO3 1000 MW 700 MW 

NO3 → SE2 600 MW - 

SE3 → DK1 680 MW - 

DK1 → SE3 740 MW - 

SE4 → DK2 1300 MW - 

DK2 → SE4 1700 MW - 

SE4 → LT 700 MW - 

LT → SE4 700 MW - 

SE4 → PL 600 MW - 

PL → SE4 600 MW - 

SE4 → DE-TenneT 615 MW - 

DE-TenneT → SE4 600 MW - 
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2.1.3.1 ENTSO-E 

Increasing harmonization within the EU regarding energy policy and the aim for a common electricity 

market, combined with increasing shares of intermittent power sources, put increasingly tougher demands 

on grid flexibility and transmission capacity. Whereas the planning of the Swedish national grid previously 

was done primarily from a national and Nordic perspective, the growing integration with the rest of 

Europe has partly shifted focus to also expanding the transmission capacity to the rest of the continent. 

2009 saw the creation of the European Network of Transmission System Operators (ENTSO-E), where TSOs 

from 34 European countries cooperate on grid planning, operation and markets. Among the major 

projects performed by ENTSO-E, the Ten Year Network Development Plan (TYNDP) is of importance for 

illuminating current and planned investments in grid reinforcement of European interest. [1] 

As part of the 2014 issue of the TYNDP four different scenarios for the year 2030 across the involved 

countries was used, representing different levels of international electricity market integration and level of 

transition to renewable technologies. The scenarios include net power generation capacities of different 

types of power plants on a country by country level, as well assumptions on fuel prices, production 

efficiencies and hourly demand. The scenarios in the TYNDP are stated to be analyzed in order to identify 

the most beneficial investments in grid reinforcements, through the use of a cost-benefit analysis. The 

future scenarios for 2030 in terms of generation capacities for Sweden is presented in section 2.1.4.3. [12] 

The 2014 issue of the TYNDP identifies generation to be the main driver for grid development by the 

year 2030, especially new generation from wind and solar. New wind power is often located at sites 

different from current power plant sites, giving a need for grid investment to be able to transmit the new 

generation capacity. At the same time, nuclear is expected to be phased-out in Germany, Belgium and 

Switzerland, as well as a reduction to 50% in France. Although some new investment in nuclear power is 

anticipated, the overall effect is expected to be a net reduction in nuclear between 0 and 25 GW. New 

hydropower is imagined to increase the present capacity of 198 GW by 20-40%, depending on scenario. 

Combining these anticipated changes in the European power mix, the study has identified around 100 

bottlenecks in the European electricity grid that need to be upgraded to be able to accommodate the 

future power flows needed. [12] 

Three general types of bottlenecks are recognized to be of importance, given the stated progression, when 

it comes to secure a reliable electricity system – market integration, generation connection and security of 

supply – as illustrated in Figure 4. In line with the national considerations in Sweden, the TYNDP sees 

grid upgrades in the Nordic region mainly to be focused on removing bottlenecks between price areas to 

promote domestic and international market integration.  

When it comes to transmission capacities between countries the TYNDP has used reference values 

representing an outline of the current capacities for use in the four scenario assessments. Connections to 

and from Sweden remain roughly unchanged as of today in these reference values, with the exceptions of 

increased capacities to Finland and Germany. These are approximately the same increases as stated in the 

development plan the Swedish national grid, presented in the next section. 

Apart from the considerations taken in the TYNDP scenarios, however, are more local analyses done by 

the (among others) different TSOs. Especially for the Swedish and Nordic case, recent developments in 

terms of policy, particularly on nuclear power, have illuminated the potential uncertainty in future energy 

balance and security of supply for the region. 

2.1.3.2 Svenska Kraftnät 

The Swedish TSO Svenska Kraftnät is responsible for maintenance and investments in the national grid in 

Sweden and maintaining grid stability at all times. As mentioned, a major driving force for upgrading the 

national grid’s transmission capacity is to promote further market integration, through reinforcements of 

the power lines between the four price areas in Sweden. In choosing the amount of investments to 

dedicate to these upgrades, however, Svenska Kraftnät makes cost-benefit analyses, comparing the costs 
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of upgrading to the societal gains they would induce. In other words, it is not necessarily economically 

viable to upgrade the grid to never experience bottlenecks. There is a stated goal, nonetheless, to remove 

the bottlenecks between the current price areas in the long run. Just as in the European case, Svenska 

Kraftnät identifies connection of new generation and reinvestments in existing infrastructure to be the 

other most important driving forces for investments in the national grid. [1] 

Svenska Kraftnät has also stated some central challenges that are to be expected in the following years, in 

turn affecting what grid investments that might be needed as well as operational circumstances. While the 

Swedish grid mainly has been designed to accommodate hydro and nuclear power, the increase in 

renewable power sources, both on larger and smaller scales, coupled with a reduction in the nuclear 

baseload production in the years to come, certainly exemplifies some of the challenges that are expected. 

More specifically, the currently low electricity prices and already increasing renewable share, coupled with 

recent increased taxation for nuclear power, have significantly changed the outlook for the Swedish 

electricity system. As the conventional nuclear power runs at the margin of profitability under these 

circumstances, E.ON and Vattenfall have announced the intention to shut down two reactors in 

Figure 4. Map of the main bottlenecks in the European electricity grid identified by the TYNDP. [12] 
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Oskarshamn and two reactors in Ringhals before 2020 [1]. Investments to keep nuclear reactors running 

further have also been under review by owners following the unprofitable situation for nuclear power. 

Vattenfall has also informed that a complete premature shutdown of Swedish nuclear power can be 

expected, should the special taxation on nuclear power not be withdrawn [13]. 

Should a rapid phase-out of the Swedish nuclear power plants occur, much faster than previously 

expected, the impact on the grid and its stability would be substantial. Primarily, the natural inertia of the 

system would be significantly lower, as heavy synchronous generators currently provided by the nuclear 

plants no longer would be able to provide rotational inertia for stabilizing the frequency of the grid. As 

conventional generation with synchronous generators, such as nuclear or hydropower, is increasingly 

replaced with non-synchronous renewable generation the overall frequency inertia of the system drops. 

This in turn implies that changes in the power production or usage will lead to more rapid changes in the 

grid frequency, giving rise to increased volatility and risks for operational problems. Overall, Svenska 

Kraftnät recognizes the trend toward more intermittent generation and lower system inertia to mainly 

cause potential problems with power delivery at every moment and grid stability, rather than supply and 

demand in terms of energy. The case of Germany highlights the potential issue of heavily subsidized 

renewable generation crowding out conventional power, due to unprofitable conditions [1]. As this might 

cause problems with regards to maintaining grid balance, as described above, discussions on how to make 

sure there is enough generation capacity at all times is bound to occur also in Sweden when more nuclear 

power is phased out – be it through directed subsidies for balancing power or through removal of 

subsidies and taxation for certain generation types.  

Svenska Kraftnät has constructed a scenario for the electricity system deemed as a reasonable 

development until 2025, as a basis for the overall grid development plan. It contains estimates for installed 

generation capacities in all of the Swedish price areas and is presented in further detail in the next section. 

When it comes to currently planned investments in the national grid the reader is referred to the grid 

development plan. A number of planned or potential grid upgrades for increasing the transmission 

capacity between price areas can, however, be of further interest in this study and are summarized in Table 

2. 

Table 2. Future changes in transmission capacities between price areas, including projects already underway and potential 

ones. [1] 

Connection Transmission 

capacity change 

Operational 

from 

Status 

SE1 – SE2 + 1200 MW 2020-2025 Pending 

SE1 – FI + 1250 MW* 2025-2028 Pending 

SE2 – SE3 + 500 MW (or more) 2020-2025 Pending 

SE3 – SE4 + 1325 MW** 2016 Construction 

SE4 – DE-TenneT + 700 MW 2025 Planned 

 

*The pending project concerns a third AC line between the countries. Should the new line be in the same 

order of magnitude as current connections, an estimate based on the average capacity of current lines is a 

transmission capacity increase of 1250 MW. The line is, however, not planned at this stage.  

**Estimated from a stated increase of up to 25% of current capacity.  

 

2.1.4 Power mix and energy scenarios 

This subsection presents a number of different scenarios regarding the energy usage and generation 

capacities anticipated in the future to be compared and, if deemed relevant, used in the later EDGESIM 

modelling. The current power mix is dominated by nuclear and hydropower, as seen in Table 3 and Table 
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4. A general surplus of power in the northern price areas and a general deficit in the southern areas is 

evident by Figure 5, mainly due to the higher population density in the southern regions combined with a 

surplus of hydropower production in the north. SE3 has the highest overall consumption of electricity and 

also features all present nuclear power production. Given the on-going phasing-out of the nuclear 

reactors, combined with the recent increased uncertainty of the pace at which it will take place, the risk for 

future power shortage is most pronounced in SE3. Svenska Kraftnät sees new generation capacity as the 

primary measure for meeting this issue, combined with improved transmission capacity between SE2 and 

SE3 [1].  

 

Table 3. Installed generation capacity (in MW) per price area in 2015. [14] 

Type SE1 SE2 SE3 SE4 Sum 

Hydro 5 176 8 040 2 591 348 16 155 

Nuclear 0 0 9 528 0 9 528 

Wind 478 1 467 1 986 1 489 5 420 

CHP (district heating app.) 160 270 2 300 951 3 681 

CHP (industrial app.) 122 316 602 335 1 375 

Other condensing thermal power 0 0 743 1 005 1 748 

Gas-turbines, diesel etc. 0 0 980 577  1 557 

Solar power n/a n/a n/a n/a 79 

Other 1 1 1 2 6 

Total 5 937 10 094  18 731 4 707 39 549 

 

Table 4. Net electricity production per type in Sweden (in TWh), 2009-2013. [14] 

Type 2009 2010 2011 2012 2013 

Hydro 65.3 66.8 66.7 78.5 61.0 

Nuclear 50.0 55.6 58.0 61.4 63.6 

Wind 2.5 3.5 6.1 7.2 9.9 

CHP (district heating app.) 9.3 12.4 9.6 8.8 8.5 

CHP (industrial app.) 5.9 6.2 6.4 6.0 5.6 

Other condensing thermal 

power 

0.7 0.5 0.8 0.7 0.6 

Gas-turbines, diesel etc. 0.02 0.03 0.01 0.01 0.01 

Total production 133.7 144.9 147.5 162.4 149.2 

Domestic use 138.4 147.0 140.3 142.9 139.2 

Net import 4.7 2.1 -7.2 -19.6 -10.0 
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Examining the Nordic and Baltic countries in their totality, as shown in Figure 6, Norway and Sweden 

have a slight surplus of electricity whereas Finland and Denmark have a slight deficit. As Norway is 

expected to be able to increase its hydropower production the yearly net export of power from Norway 

can be expected to increase slightly or remain as today. The case for Sweden can at present be deemed as 

more uncertain, heavily dependent on the evolution for the nuclear power and the implementation of new 

generation and transmission capacity. Finland can be expected to remain dependent on imports until the 

Olkiluoto 3 nuclear reactor becomes operational. Denmark might decrease its independency on power 

even further, but is well connected to neighboring countries and is so not expected to be in any actual 

shortage. [15] 
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Figure 6. Yearly production and consumption of electricity in the Nordic and Baltic countries, for 2015.  

Source: Nord Pool Spot 
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Figure 5. Yearly production and consumption of electricity per price area in Sweden, for 2015. Source: Nord Pool Spot 
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2.1.4.1 Energimyndigheten 2030 scenarios 

The Swedish Energy Agency (Energimyndigheten) constructs a long-term energy scenario every second 

year. The most recent forecast gives figures for the energy usage and supply for 2030, in which the 

scenarios regarding the electricity system are of interest in this study. The scenario constructed for 

electricity production assumes that the nuclear power generation will increase until 2020, due to upgrades 

in the existing power plants, and then decrease until 2030 when three reactors have been decommissioned. 

This stands in stark contrast to the most recent developments regarding the Swedish nuclear reactors, as 

explained in previous sections, and can be explained primarily by the fact that this scenario was 

constructed in 2014. Furthermore, wind power increases substantially until 2030, as well as industrial 

CHP. Detailed figures regarding this scenario are presented in Figure 7. Two additional scenarios have 

also been constructed, as sensitivity cases in regards to the reference scenario. These are based on a case 

with higher GDP growth and a case with higher fossil fuel prices, respectively. The overall impact on the 

power mix and electricity use is, however, quite small, as seen in Table 5, and mainly only affects the net 

import of electricity on the margin. [16] 

As evident by Figure 7 and Table 5, the forecast done by Energimyndigheten assumes that domestic 

demand for electricity more or less stagnates and stabilizes just above today’s level. This is motivated by 

an assumed stagnated overall energy use in the industries as well as decreased demand in the built 

environment, the latter through efficiency increases (such as more heat pumps) and a decreased overall 

heating need. [16] 
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Figure 7. Yearly electricity production per type in the Reference scenario [16], combined with the actual production in 2013 

for comparison [14]. 
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Table 5. The three scenarios for the electricity production and use (in TWh) in 2030, as forecasted by Energimyndigheten. 

[16] 

Type Reference 

case 

Higher GDP Higher fossil 

fuel prices 

Hydro 69 69 69 

Nuclear 57 57 57 

Wind 17 17 17 

CHP (district heating app.) 13 13 12 

CHP (industrial app.) 7.4 7.4 7.4 

Other condensing thermal power 0 0 0 

Gas-turbines 0 0 0 

PV 0.1 0.1 0.06 

Total production 164 164 162 

Domestic use 143 144 141 

Net import -21 -20 -21 

 

The electricity generation is in the aforementioned scenarios based on the results of an electricity and 

district heating model termed MARKAL-NORDIC. The use of coal has been restricted in the running of 

this model (to 5 TWh) resulting in that no coal condensing power is constructed in the scenario. This 

limitation is motivated by political reasons deemed to restrict the actual coal power being used, even 

though this boundary condition in the actual model functions differently. Regarding installed generation 

capacities, the report on this long-term scenario does not explicitly state any figures for 2030, except for 

the nuclear power. The latter is assumed to have an installed generation capacity of 7.9 GW in 2030, with 

82% availability. [16] 

2.1.4.2 Svenska Kraftnät 2025 scenario 

As previously mentioned, the Swedish TSO Svenska Kraftnät has constructed a scenario considered a 

probable development until 2025, for use in the planning of the national grid. Contrasting with the 

scenario created by Energimyndigheten, this scenario has recently updated assumptions regarding the 

nuclear generation capacities, as well as for wind power and electricity use. More specifically, four reactors 

are set to be decommissioned before 2020 in this scenario, whereas the other six continue to operate until 

the 2040s. Wind generation capacity is assumed to be expanded more rapidly than previously assumed and 

mainly concentrated to new parks in SE1 and SE2. The electricity use is, in accordance with the 

assumptions made by Energimyndigheten, estimated to remain unchanged as of today. [1] 

The main uncertainty in this scenario is emphasized to be the future nuclear generation capacities and at 

what point in time the reactors actually will be decommissioned. The hydropower is considered fully 

developed in Sweden, although refurbishing of old plants can be expected to give a slight increase in rated 

power. The overall impact on hydro electricity generation is, however, estimated to be a minor decrease in 

Sweden, mainly due to bigger local environmental concerns around involved rivers. Wind power currently 

has substantial expansion plans. The effects of the four price areas should stimulate more construction in 

the south of Sweden in the long run, although the north provides more attractive locations in terms of 

wind conditions and lower population density. SE3 presently has the greatest installed wind power 

capacity, whereas most new developments are concentrated to SE2. The scenario constructed by Svenska 

Kraftnät assumes an increase of wind power to around 28 TWh by 2025. The assumed distribution of 
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installed generation capacities for 2025 can be seen in Table 6. The overall impact of installed generation 

capacity in Sweden for the 2025 scenario is illustrated in Figure 8. SE1 and SE2 are not expected to 

experience any power shortages in this scenario. The greatest risk for power shortage is presently in SE4, 

but as more nuclear power is decommissioned in SE3 the issue of power balance will be more prominent 

also here, as discussed in previous sections. The resulting yearly energy balance per price area can be seen 

in Figure 9. [1] 

 

Table 6. Installed generation capacity (in MW) per type and price area in 2025, as assumed in the base scenario by Svenska 

Kraftnät. [1] 

Type SE1 SE2 SE3 SE4 Sum 

Hydro 5 200 8 000 2 600 300 16 100 

Nuclear 0 0 6 700 0 6 700 

Wind 1 300 4 100 2 900 2 200 10 500 

CHP 300 700 3 300 1 200 5 500 

Condensing thermal power & 

gas-turbines 

0 0 1 700 1 600 3 300 

Solar 0 0 100 300 400 

Total 6 800 12 800 17 300 5 600 42 500 
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Figure 8. Overall installed generation capacities in 2025, for the scenario created by Svenska Kraftnät [1], as compared with the 

actual generation capacities in 2015 [14]. 
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2.1.4.3 ENTSO-E scenarios 

ENTSO-E has through the work with the 2014 edition of the TYNDP constructed four scenarios for the 

development of the electricity system in Europe until 2030, including anticipated levels of demand, 

generation capacities and transmission capacities on a country by country basis. These four “visions” can 

be seen as four different possible extremes of the future, not necessarily what is probable to occur, and so 

aims to provide a range of pathways in which the actual development is likely to be captured. The four 

scenarios differ mainly in terms of the pace of change going towards a low-carbon system and the level of 

European integration in terms of energy policy and electricity markets. Also included in the different 

scenarios are assumptions on fuel prices and CO2 prices. The stated characteristics of these scenarios 

regarding power generation and demand are summarized in Table 7. [12] 

The installed generation capacities in these four scenarios are summarized in Table 8, whereas 

corresponding annual demand and generation levels are presented in Table 9. As with other previously 

made scenarios the nuclear capabilities are overestimated in these scenarios when recent developments 

have been taken into account. Comparing the nuclear generation capacity today with the figures in the 

scenarios indicates that all four scenarios assume that the current overall nuclear power in Sweden will 

remain unchanged until 2030, which at this time is unlikely.  

Apart from the TYNDP, ENTSO-E has also constructed scenarios and forecasts on a slightly closer 

timeframe. The 2015 Scenario Outlook & Adequacy Forecast (SO&AF) focuses on forecasts until 2025 and 

relies on the current status of the grid and commissioned projects and national outlooks for each 

electricity system’s forecasted generation capacities. The SO&AF covers two scenarios for the 

development until 2025 – a “Conservative scenario” (Scenario A) and a “Best estimate scenario” (Scenario 

B). Scenario A includes additional investments in generation and decommissioning that are very likely to 

occur, combined with the highest expected levels of load forecasted by national TSOs. Scenario B 

includes the new generation capacity encompassed in Scenario A, plus future power plants deemed as 

reasonably credible by national TSOs. Decommissioning is in this scenario only assumed when there are 

official statements confirming such events. Loads are in Scenario B, in accordance with Scenario A, taken 

as the highest expected level forecasted by national TSOs. Also included in Scenario B are expected or 

existing support schemes for renewables. [15] 
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Figure 9. Yearly energy balance per price area in the 2025 scenario simulated by Svenska Kraftnät. [1] 
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Table 7. Summary of some key characteristics of the four scenarios in the 2014 TYNDP. [12] 

Vision 1 Vision 2 Vision 3 Vision 4 

Electricity demand on 

lowest level 

Electricity demand 

slightly higher than in 

Vision 1 

Electricity demand 

higher than in Vision 2 

Electricity demand 

higher than in Vision 3 

No demand response Demand response 

potential partially 

used 

Demand response 

potential partially 

used 

Demand response 

potential fully used 

No electric plug-in 

vehicles 

Electric plug-in 

vehicles (with flexible 

charging) 

Electric plug-in 

vehicles (with flexible 

charging) 

Electric plug-in vehicles 

(with flexible charging 

and generation) 

Smart grid partially 

implemented 

Smart grid 

implemented 

Smart grid partially 

implemented 

Smart grid implemented 

CCS not commercially 

deployed 

CCS commercial 

deployment is 

facilitated 

CCS not commercially 

deployed 

CCS is commercially 

deployed 

Low degree of 

European electricity 

market integration 

High degree of 

European electricity 

market integration 

Low degree of 

European electricity 

market integration 

High degree of European 

electricity market 

integration 

Worse economic 

conditions 

Worse economic 

conditions 

Favorable economic 

conditions 

Favorable economic 

conditions 

Low CO2 prices and 

high primary energy 

prices 

Low CO2 prices and 

high primary energy 

prices 

High CO2 prices and 

low primary energy 

prices 

High CO2 prices and low 

primary energy prices 

 

Table 8. Installed generation capacities in Sweden 2030 (in MW), as specified in the four scenarios of the TYNDP. [12] 

Type Vision 1 Vision 2 Vision 3 Vision 4 

Gas 0 0 0 0 

Gas CCS 0 0 0 0 

Hard Coal 0 0 0 0 

Hard coal CCS 0 0 0 0 

Hydro 16 203 16 203 16 203 16 203 

Lignite 0 0 0 0 

Lignite CCS 0 0 0 0 

Nuclear 9 952 9 952 9 952 9 952 

Oil 660 660 660 660 

Other non-RES 490 490 10 10 

Other RES 5 340 5 340 5 300 5 300 

Solar 0 0 1 000 1 000 

Wind 6 250 6 250 11 100 19 000 

Total 38 895 38 895 44 225 52 125 
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Table 9. Annual demand and electricity generation per type (in GWh) for the four 2030 scenarios in the TYNDP. [12] 

Type Vision 1 Vision 2 Vision 3 Vision 4 

Annual demand 146 000 149 371 157 427 159 885 

Gas 0 1 016 0 0 

Gas CCS 0 0 0 0 

Hard Coal 0 610 0 0 

Hard coal CCS 0 0 0 0 

Hydro 70 440 62 953 66 314 62 451 

Lignite 0 0 0 0 

Lignite CCS 0 0 0 0 

Nuclear 69 670 57 121 69 627 69 111 

Oil 0 34 0 0 

Other non-RES 0 0 56 56 

Other RES 18 091 18 089 18 078 18 078 

Solar 0 0 0 918 

Wind 13 143 13 143 0 43 550 

Dump energy 0 0 337 1 220 

Total generation 38 895 38 895 44 225 52 125 

Net import -25 345 -3 597 3 015 -35 499 

 

The generation capacities considered for Sweden in the SO&AF 2025 scenarios are summarized in Table 

10. As seen there, this assessment differentiates between installed capacities and reliably available capacity 

at the reference time. The main reason for separating these amounts can be traced to the fact that the 

SO&AF focuses on assessing the actual available power balance, on an international level, not merely 

installed capacities. [15] 

2.1.4.4 Svensk Energi/Profu scenarios 

A 2010 study conducted by Profu, as part of the assessment of the future Swedish energy system by 

Svensk Energi, has developed scenarios of the electricity system until 2050. As in the scenario assessments 

done by Energimyndigheten, this study uses the energy system modelling tool MARKAL to construct 

scenarios. Two different scenarios have been evaluated – a reference case scenario, in which measures to 

reduce greenhouse gas emissions are not intensified as compared to today, and a “vision scenario” 

characterized by a goal of a carbon neutral energy system by 2050. Both scenarios include assumptions 

regarding fossil fuel prices, CO2 prices, energy demand and the status for Swedish nuclear power. As with 

other previously made scenarios on this topic, the conditions for Swedish nuclear power are more 

uncertain now than at the time of writing of this study. The two scenarios evaluated differ mainly in terms 

of assumptions regarding the nuclear power, where the reference scenario assumes no new reactors (and a 

60-year lifetime of existing ones) and the “vision scenario” includes the construction of new reactors after 

2030. [17] 
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Table 10. Installed generation capacities per type (in GW) in the 2025 scenarios given in the SO&AF for Sweden. The 

figures presented below are estimates for a January day at 19:00. Net generating capacity refers to the total installed capacity, 

whereas remaining capacity refers to the currently available capacity when current load and unavailable have been subtracted. 

[15] 

Type Scenario A Scenario B 

Nuclear Power 7.10 7.90 

Lignite 0.00 0.00 

Hard Coal 0.00 0.00 

Gas 0.69 0.69 

Oil 1.30 1.30 

Mixed Fuels 0.00 0.00 

Wind 7.20 8.60 

Solar 0.00 0.00 

Biomass 5.00 5.20 

Hydro power 16.20 16.20 

Not Clearly Identifiable Energy Sources 0.00 0.00 

Net generating Capacity 37.49 39.89 

Maintenance and Overhauls 1.01 1.07 

Outages 1.54 1.63 

System Service Reserve 2.00 2.00 

Unavailable Capacity 14.41 15.84 

Reliable Available Capacity 23.08 24.05 

Load 23.05 23.05 

Load Management 0.00 0.00 

Remaining Capacity 0.03 1.00 

Spare Capacity 0.00 0.00 

Margin Against Seasonal Peak Load 3.43 3.43 

Adequacy Reference Margin 3.43 3.43 

Simultaneous Importable Capacity for 

Adequacy 

10.34 11.79 

Simultaneous Exportable Capacity for 

Adequacy 

10.28 11.63 
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The scenarios constructed in the MARKAL tool relies on a number of input parameters, e.g. price levels, 

data regarding existing power plants, demand and transmission capacities. The resulting power mix for 

2050 is then mainly a modelling result, in which the different conditions specified by each scenario yields 

different outcomes regarding investments in new power plants. Similar to previous work with for example 

EDGESIM, the target function in MARKAL is generally to minimize the total system cost when choosing 

the pathway forward over the years simulated. A notable exception to this endogenous approach regarding 

new power plant investments in the Profu study is the Swedish nuclear power, which is regarded as 

already planned in the model (and hence as sunk costs). In other words, the reference scenario includes 

the existing reactors (with 60 years of total lifetime) as a boundary condition, whereas the “vision 

scenario” assumes that new reactors in total amounts to the same installed generation capacity as of today. 

Concretely, this means that the nuclear reactors are either phased out completely by 2050, or remain stable 

at around 10 GW (with 76 TWh production per year). [17] 

The results of the two scenarios regarding Swedish power production are presented in Figure 10. As 

expected by the different boundary conditions in the two scenarios, the Swedish nuclear power plays a 

major role in the resulting overall power mix. The study concludes that depending on whether the nuclear 

reactors are phased out or replaced, net export of power will either increase substantially – providing 

neighboring countries (notably Germany and Poland) with considerable amounts of electricity – or 

decrease substantially, eventually making Sweden a net importer of power. [17] 

 

2.1.4.5 Comparison of scenarios 

The development of the installed generation capacities in Sweden have notable similarities, mainly 

regarding hydropower and CHP that across all scenarios up until 2030 more or less remain at today’s 

levels, as evident by Figure 11. Installed wind power is expected to increase substantially, likely reaching 9-

10 GW by 2030. The main discrepancy between the scenarios compared here involves the Swedish 

nuclear power – as can be expected, considering the findings described in previous sections. Generally 

stated, there are two pathways ahead for the nuclear generation capacity – either a notable reduction in the 

coming years, or reinvestment securing that generation capacity remains approximately at today’s amount.  

 

 

 

Figure 10. Swedish electricity production per type and year in the reference scenario (left) and the “vision scenario” (right). 

Gas power includes CCS after 2030. [17] 
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In terms of annual electricity production, the scenarios considered for Sweden in previous sections give 

quite differing results, primarily for the nuclear, wind and gas power, as seen in Figure 12. For the nuclear 

electricity produced, the assumptions used when constructing these scenarios have all been based on most 

of the current reactors being in service also will be in the near future. Only in the Profu reference scenario 

for 2050 has all nuclear reactors been decommissioned, whereas other scenarios assume a slight decrease 

or increase by 2030. Given the increased uncertainty regarding the future of Swedish nuclear reactors, as 

previously discussed, these figures cannot be seen as reliable forecasts and should rather be deemed as 

potential results given different decisions made today.  

A notable difference compared to other scenarios can be seen in the Profu reference scenario for 2050, in 

which gas power has taken a substantial fraction of total production. The main reason for this is that 

nuclear power has been completely decommissioned in this scenario, while CCS technology has been 

commercialized for gas-fired power plants, making it economical to invest in substantially more gas power 

given existing financial incentives regarding emissions and energy. As mentioned earlier, however, this 

scenario still results in Sweden becoming a net importer of electricity rather than an exporter.  
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2.1.5 Power plant details 

Also relevant when it comes to modeling the electricity market is to accurately account for the 

characteristics of the individual power plants. Although it may not be necessary to simulate each particular 

power plant in an electricity market simulation, it can still be of importance to take the general 

characteristics into account. The previous version of EDGESIM, for instance, relies on specifying a 

number of reference power plants of each type per region simulated, which in turn makes up the total 

installed generation capacity. This means that characteristics of each type of reference power plant needs 

to be specified prior to running the simulation, e.g. nominal power output, start-up times, limitations on 

lower and upper output limits, etc. For this reason, this section presents the results of a compilation of 

some of the relevant power plant types in Sweden based on individual generation capacities.  

2.1.5.1 Power units in Sweden 

A complete analysis of every power plant in Sweden would be beyond the scope of this study. Some input 

regarding the details of individual power plants in Sweden is, however, sought. Nord Pool provides details 

of a fraction of existing power plants (or more accurately power units3) in Sweden and the other Nordic 

countries and was hence used as a basis for details of generation capacities of individual power plants in 

this study. The results of this investigation can be found in Table 11.  

                                                      
3 The Nord Pool database typically handles power plants on a per power generation unit basis, rather than on a 
power plant basis. This means that one particular power plant can be composed of several power units that each can 
be of different technologies and recruited separately.  
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Table 11. Number of power generation units (typically a generator set in a power plant) and their respective generation 

capacities, summarized per power type and region. Note that the following data is based on power units included in the Nord 

Pool database at time of writing (April 2016), which does not include every power unit in Sweden (c.f. Table 3). [18]–[26] 

 
* Combined cycle gas-turbine: Units included in this category may be either gas-turbines or steam turbines in a CCGT 

plant. Most CCGT plants are found in SE4 and typically also employ CHP technology for district heating purposes. 

** Open cycle gas-turbine: Simple gas-turbines for electricity generation, typically for reserve power and backup 

purposes.  

Unit type SE1 SE2 SE3 SE4 Total 

Hydro water reservoir      

Net generation capacity  4 223 MW 2 737 MW 556 MW 0 MW 7 525 MW 

Number of units 28 57 11 0 97 

Average power/unit 151 MW 48 MW 51 MW - 78 MW 

Hydro run-of-river and 

pondage 

     

Net generation capacity  0 MW 216 MW 0 MW 0 MW 216 MW 

Number of units 0 3 0 0 3 

Average power/unit - 72 MW - - 72 MW 

Hydro (unspecified)      

Net generation capacity  240 MW 1 700 MW 0 MW 0 MW 1 940 MW 

Number of units 2 1 0 0 3 

Average power/unit 120 MW 1 700 MW - - 647 MW 

Hydro (overall 

average) 

     

Net generation capacity  4 463 MW 4 653 MW 556 MW 0 MW 9 681 MW 

Number of units 30 61 11 0 103 

Average power/unit 149 MW 76 MW 51 MW - 94 MW 

Nuclear      

Net generation capacity  0 MW 0 MW 9 709 MW 0 MW 9 709 MW 

Number of units 0 0 16 0 16 

Average power/unit - - 607 MW - 607 MW 

CHP 

(biomass/waste/fossil 

fuels) 

     

Net generation capacity  0 0 1 013 MW 0 1 013 MW 

Number of units 0 0 10 0 10 

Average power/unit - - 113 MW - 113 MW 

Condensing thermal 

(oil) 

     

Net generation capacity  0 MW 0 MW 500 MW 670 MW 1 170 MW 
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Number of units 0 0 2 2 4 

Average power/unit - - 250 MW 335 MW 293 MW 

CCGT*      

Net generation capacity  0 MW 0 MW 0 MW 708 MW 708 MW 

Number of units 0 0 0 3 3 

Average power/unit - - - 236 MW 236 MW 

OCGT**      

Net generation capacity  0 MW 0 MW 128 MW 497 MW 625 MW 

Number of units 0 0 3 7 10 

Average power/unit - - 43 MW 71 MW 63 MW 

 

As seen in Table 11 the overall installed generation capacity per technology and region does not match the 

total installed generation capacity of today, as presented in previous sections. A merging of the data of 

these two tables may therefore be necessary to accurately represent the Swedish electricity system in a 

simulation context (see section 4.3.1).  

2.2 Electricity market modeling 

A number of different tools for modeling of electricity markets and power systems currently exist, 

developed by various entities. Many of these are based on linear programing, in which a function (often 

total cost) is sought to be minimized, subject to a number of constraints and boundary conditions (such as 

physical power balance, demand and transmission capacities). The type of model that should be used 

indeed depends on what aspect of the power system and electricity market one aims to study. For 

example, the model can be constructed more or less deterministic depending on whether market 

members’ behavior in relation to certain stipulated conditions is to be assessed dynamically through total 

cost optimization, or whether the power mix in place is completely or partially fixed beforehand. Either of 

these modeling conditions can be employed in various scenario assessments, depending on the type of 

scenario and its goals. A general purpose of modeling an electricity market, however, can arguably be to 

explore the behavior of market players given different operating conditions. This section aims to give an 

introduction to the general methods that can be employed when simulating electricity markets and a 

summary of previously created tools for this purpose.  

2.2.1 General procedures 

If the goal of the simulation is to assess the behavior of the electricity market under different scenarios or 

conditions, the sought information may sometimes be a probability distribution of certain outcomes – for 

example the total cost, the number of power shortage hours or the number of load shedding events. Two 

common types of models for simulation of electricity markets in this way are probabilistic production cost 

simulations (PPC) and Monte Carlo simulations, respectively. The PPC approach relies on analytical 

calculations and so requires relatively substantial simplifications of the representation of the electricity 

system to avoid too demanding calculations. A major assumption and limitation in PPC modeling is the 

treating of the electricity system as only one area (in contrast to several areas with connecting transmission 

lines), making this approach suitable primarily for simple electricity market models. As this study aims to 

explicitly take transmission capacities (e.g. between price areas) into consideration, as well as the 

potentially more complex issues surrounding the current electricity system, the PPC method will not be 

further explored here. A Monte Carlo approach to electricity market simulations essentially has no 

theoretical limitations regarding the governing equations in the model and is only limited by the 

computational power available. It relies on the equivalence between calculating the probability distribution 
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of result variables and predicting the performance of the electricity market, and so makes use of Monte 

Carlo methods to quantify these variables. [27] 

The basis of setting up an electricity market model is to state the governing equations describing the 

electricity system and market. Depending on the scenarios considered, the mathematical model of the 

market will have some constant input parameters (not changing between scenarios) and others that are 

scenario specific. Furthermore, the model includes equations describing the power generation and costs 

related to different power plants as well as equations and inequalities constituting the physical restrictions 

that always need to be met for power balance. The overall function that describes the electricity market 

thus often becomes relatively complex, as multiple considerations and limitations need be taken into 

account simultaneously. In other words, the governing equations and inequalities describing the electricity 

market (with its associated operating costs for power plants, load, way of functioning, etc.) and the 

physical grid (with its actual limitations on transmission capacities and interconnections between areas) 

together form an optimization problem that needs to be solved subject to a target function. The common 

practice to solving this type of problem is using linear programming, as described in the following 

subsection. [27] 

2.2.1.1 Linear programming 

The main objective when modeling an electricity market can usually be reduced to an optimization 

problem. In other words, a set of variables, 𝑥 = {𝑥1, 𝑥2, … , 𝑥𝑛}, that optimizes the function 𝑓(𝑥), subject 

to specified limitations, are sought. These limitations may be of both equality constraints, 𝐺𝑖(𝑥) = 0, (𝑖 =

1,2,… ,𝑚𝑒) and inequality constraints, 𝐺𝑖(𝑥) ≤ 0, (𝑖 = 𝑚𝑒 + 1,… ,𝑚), as well as allowed values for the 

optimization variables themselves, 𝑥𝑙 ≤ 𝑥𝑗 ≤ 𝑥𝑢 (𝑗 = 1,2… , 𝑛). In electricity market modeling this 

optimization can often take the following form: minimize the objective function (e.g. the total cost in the 

system), subject to the constraints set by physical transmission capacities, the need for power balance and 

load – to name a few. [28] 

Linear programming can be applied when solving certain types of optimization problems, where the 

objective function 𝑓(𝑥) and all constraints, 𝐺𝑖(𝑥), 𝑥𝑗 ∈ 𝒳, are linear equations. This is normally the case 

when setting up the governing equations for an electricity market, which is beneficial in the sense that 

commercial software can be used in the optimization process, yielding relatively quick solutions even with 

thousands of variables. [27] 

In order for the problem to be solved efficiently, the objective function, the inequality and equality 

constraints and bound constraints should generally be expressed in matrix form. This results in the 

problem statement to find a vector 𝑥 that minimizes the objective function 𝑓, subject to constraints as 

follows: 

 

min{𝑓𝑇𝑥} (2) 

subject to (3) 

𝐴𝑥 ≤ 𝑏, (4) 

𝐴𝑒𝑞𝑥 = 𝑏𝑒𝑞 , (5) 

𝑥𝑙 ≤ 𝑥 ≤ 𝑥𝑢 (6) 

 

Depending on the circumstances, e.g. what algorithm is being used in solving the linear optimization 

problem, it can be necessary to state the problem in another form, for example eliminating the inequality 

matrix equations and setting the bounds for the optimization variables only as non-negative. This can be 

done by introducing slack variables that do not have any actual meaning in the problem context, but 
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merely serve to enable rewriting of the inequality constraints into equality constraints, combined with non-

negative conditions for all the optimization variables.  

Certain types of linear optimization problems require that all unknown variables are integers, so called 

integer linear programming problems. If only some of the optimization variables are required to be 

integers, which can be the case when modeling electricity markets, the problem is of mixed-integer linear 

programming type. As mixed-integer problems put additional restrictions on the solving of the problem 

compared to if the optimization variables were all continuous, the algorithm used is somewhat more 

complicated. Commercial software is, however, also available for these problems.  

A common approach is to use a linear programming based branch-and-bound algorithm to systematically 

search for the optimal solution. For a minimization problem, this method starts with relaxing the initial 

mixed-integer linear problem into one without integrality restrictions, forming the so called root node in 

the search tree (as illustrated in Figure 13). This linear problem (LP) can then quite straightforwardly be 

solved, resulting in a solution 𝑥𝐿𝑃 that potentially is fractional. As 𝑓𝑇𝑥𝐿𝑃 ≤ 𝑓
𝑇𝑥, since the LP has fewer 

restrictions than the mixed-integer linear problem (MIP), the subsequent imposing of the integrality 

restrictions will likely yield a higher value of the objective function. The root node solution thus 

constitutes a first lower bound to the initial MIP solution, whereas the upper bound is any feasible 

solution. Various methods for getting upper bounds exist, that can be applied either before or after 

branching in the branch-and-bound process, but are not explicitly discussed here. After the 𝑥𝐿𝑃 solution 

has been acquired, the next step is to impose integrality on a variable that is fractional in the LP solution, 

but that is supposed to be an integer in the initial MIP. If this variable has a fractional solution 𝑥𝑗 in the 

LP solution, such that  𝐽 ≤ 𝑥𝑗 ≤ 𝐽 + 1, then 𝑥𝑗 acts as a branching variable by imposing the integer 

constraints 𝑥𝑗 = 𝐽 and 𝑥𝑗 = 𝐽 + 1, respectively, in two new branched MIPs. Then, these slightly more 

restricted problems are solved, yielding two optimal solutions for each branch. The most optimal solution 

of these two sub-MIPs is then also the most optimal solution to the root node LP, and its corresponding 

branch is the one along which the search process continues – if necessary. This process of branching, 

based on integer variable restrictions, then continues until all constraints of the initial MIP are satisfied. 

[29],[30] 

Figure 13. Illustration of the branch-and-bound algorithm for solving mixed-integer linear programming problems. Source: 

Gurobi Optimization 
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2.2.1.2 A multi-node model 

Depending on the scope and desired data in an electricity market simulation some simplification of the 

actual power system when describing it in terms of governing equations is usually necessary. A useful 

approach can be to divide the power system into several areas or nodes, connected via transmission lines 

with specified transmission capacities, as illustrated in Figure 14. Within each area there can then be power 

plants and loads. Power balance must always be met in each area, and hence in the system as a whole. An 

area can be of any chosen size, depending on the scope of the study – a country, a price area within a 

country, a region, a city, etc.  

A relatively simple electricity market model, that follows the setup presented in Figure 14, can be one in 

which the total generation cost (plus a penalty cost for load shedding) is to be minimized, subject to 

power balance in each node (generation + import = load – load shedding + export) and restrictions in 

generation and transmission capacities [27]. Using the following the input parameters in the model; 𝐶𝐺𝑔 

(cost function for generation in power plant 𝑔), 𝐶𝑈𝑛 (penalty cost for unserved load in area 𝑛), 

𝐺𝑔,𝑚𝑎𝑥 (maximum generation in power plant 𝑔), 𝐷𝑛 (load in area 𝑛), 𝐿𝑛,𝑚 (loss function for transmission 

from area 𝑛 to area 𝑚), 𝑇𝑛−𝑚 (transmission capacity from area 𝑛 to area 𝑚) and 𝑊𝑛,𝑚𝑎𝑥  (maximum non-

dispatchable generation in area 𝑛); with the optimization variables 𝐺𝑔 (generation in thermal power plant 

𝑔), 𝑃𝑛,𝑚 (transmission from area 𝑛 to area 𝑚), 𝑈𝑛 (unserved power (shed load) in area 𝑛) and 𝑊𝑛 (non-

dispatchable generation in area 𝑛); the optimization problem to be solved can be expressed as stated in 

Equations (7) through (12).  

 

min{∑𝐶𝐺𝑔
𝑔

(𝐺𝑔) +∑𝐶𝑈𝑛(𝑈𝑛)

𝑛

} (7) 

subject to  

∑𝐺𝑔 +𝑊𝑛 +∑(𝑃𝑚,𝑛 − 𝐿𝑚,𝑛(𝑃𝑚,𝑛))

𝑚𝑔

= 𝐷𝑛 − 𝑈𝑛 +∑𝑃𝑛,𝑚
𝑚

, (8) 

Figure 14. A multi-node electricity system model, where three areas (𝐴1, 𝐴2 and 𝐴3) are connected by transmission lines 

with capacities 𝑇𝑛−𝑚. Each node has either overall load 𝐷𝑛, generation 𝐺𝑛 or combinations of both load and generation.  
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0 ≤ 𝐺𝑔 ≤ 𝐺𝑔,𝑚𝑎𝑥 , (9) 

0 ≤ 𝑃𝑛,𝑚 ≤ 𝑇𝑛−𝑚, (10) 

0 ≤ 𝑈𝑛 ≤ 𝐷𝑛, (11) 

0 ≤ 𝑊𝑛 ≤ 𝑊𝑛,𝑚𝑎𝑥 . (12) 

 

As these expressions constitute linear equations in terms of the optimization variables, linear 

programming can effectively be used when solving this problem. For more complex simulation situations, 

more variables, governing equations and constraints can be added. The overall approach can nevertheless 

remain approximately the same. The most important factors to consider when setting up the model are, 

however, that the equations and constraints are correctly representing the electricity market being 

simulated, as a slight error in these may lead to the solution not being the optimal one with regards to the 

desired model.  

2.2.2 Power plant models 

Modeling of individual power plants can be done on a very detailed level, incorporating specific 

components and energy flows within the power plant, as well as on a more simplified black-box approach 

only using aggregate inputs and outputs. When simulating an entire electricity market, it is for the clear 

reasons of computational power, time and avoiding too complex models reasonable to construct more 

simplified models for each power plant, for later use in a larger electricity system model. This subsection 

aims to present the formal expressions that are deemed suitable as governing equations for different types 

of power plants in the context of electricity market simulation.  

2.2.2.1 Hydropower 

The output from a hydropower plant depends on a number of different factors depending on the location, 

type and size. In general, however, the power output �̇�ℎ𝑦𝑑𝑟𝑜 can be expressed as Equation (13), where 𝜌 

is the water density [kg/m3], 𝑔 is the gravitational constant [m/s2], 𝐻 is the (net) hydraulic head [m], �̇� is 

the water flow [m3/s] and 𝜂𝑡 is the turbine efficiency.  

 

�̇�ℎ𝑦𝑑𝑟𝑜 = 𝜌𝑔𝐻�̇�𝜂𝑡 

 

(13) 

The net hydraulic head is generally smaller than the gross head available (i.e. the total height difference 

between the inlet and outlet of the hydropower plant), as various losses due to friction, channel geometry, 

transitions, etc. The choice of turbine type, its associated efficiency function and equations for estimating 

head losses are all factors that can be calculated using various empirical equations, when designing and 

modeling a hydropower plant. As a result, the relation between water flow and power output is non-linear, 

as both losses and efficiencies change non-linearly with flow rate. The relative overall efficiency (power 

output compared to theoretically available power) can hence take the form as illustrated in Figure 15. For 

use in a broader electricity market simulation, however, the governing equations should ideally be as 

simple as possible (even linear), yet remain sufficiently accurate.  
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As also illustrated in Figure 15, the overall power output can despite the fluctuations in the relative 

efficiency remain fairly smooth, when plotted as a function of the discharge flow rate. Hence, the 

governing equation describing the power output from an individual hydropower plant can often be 

approximated by a linear or piecewise linear function, while still being relatively accurate. Since the gross 

head in a specific hydropower plant normally does not change substantially, an approximation describing 

the power output only as a function of the discharge flow rate can be beneficial when simulating an 

electricity market. By introducing the production equivalent 𝛾, defined as the fraction of generated electric 

energy to the corresponding volume of discharge let through the power plant, 

 

𝛾(𝑄) =
𝐸ℎ𝑦𝑑𝑟𝑜(𝑄)

𝑄
, (14) 

 

it is possible to, in turn, create an expression describing the power output as a function of the discharge 

flow rate. This, of course, relies on the production equivalent being known beforehand and needs to be 

identified for each particular hydropower plant. As the goal often is to use an expression describing power 

output as a function of the discharge flow rate, defining the marginal production equivalent, 

 

𝜇(𝑄) =
𝑑𝐸(𝑄)

𝑑𝑄
, (15) 

 

allows for the subsequent writing of the sought expression of power output versus flow rate: 

 

𝐸ℎ𝑦𝑑𝑟𝑜(𝑄) = 𝜇(𝑄)�̇� (16) 

 

The marginal production equivalent can be approximated as constant, either over the entire interval of 

discharge flow rates or as different constants within different intervals, in turn allowing the equation 

describing the power output to be linear or piecewise linear, respectively. Apart from the governing 

equation for power output, constraints can of course also be put on what flow rate levels that are allowed, 

for example due to maximum and minimum capacities or efficiency related issues. [27] 

Figure 15. Example of the relative efficiency versus water flow rate (left) and the overall power output versus water flow rate 

(right), for a particular hydropower plant. [27] 
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Also necessary when modeling the hydropower plants within an electricity system is to keep track of water 

flows and reservoir levels. Depending on the type of hydropower plant (dam or run-of-river plants), the 

operation will affect the water flow rates in streams as well as reservoir levels in the associated dams. In 

many cases the same river or stream contains several subsequent hydropower plants, in turn causing a 

hydrological coupling between the plants that potentially needs to be considered. This can normally be 

achieved by setting up equations describing the water balance at each location and then letting these serve 

as constraints in the overall modeling. Generally, Equation (17) describing the reservoir content 𝑀 at 

reservoir 𝑖 needs to be satisfied for each time step 𝑡  modeled, where 𝑀𝑖,𝑡 is the reservoir content at 

reservoir 𝑖 at end of time step 𝑡, 𝑄𝑖,𝑡 is the discharge from reservoir 𝑖 during time step 𝑡, 𝑆𝑖,𝑡 is the spillage 

from reservoir 𝑖 during time step 𝑡, 𝜏𝑗,𝑖 is the time delay for water from upstream reservoir 𝑗 to reach 

reservoir 𝑖 and 𝑉𝑖,𝑡 is the local inflow to reservoir 𝑖 during time step 𝑡. 

𝑀𝑖,𝑡 = 𝑀𝑖,𝑡−1 − 𝑄𝑖,𝑡 − 𝑆𝑖,𝑡 +∑𝑄𝑗,𝑡−𝜏𝑗,𝑖
𝑗

+∑𝑆𝑗,𝑡−𝜏𝑗,𝑖
𝑗

+ 𝑉𝑖,𝑡 , (17) 

The time delay 𝜏𝑗,𝑖  does in actuality depend on a number of different factors, such as season, water flow 

and reservoir levels, making it complicated to model it on a hydrological basis in the context of electricity 

system modeling. A simplified approach is to assume a constant time delay for the connection between 

reservoirs 𝑖 and 𝑗. For the case of a simulation using time steps of one hour, where the time delay between 

reservoirs 𝑗 and 𝑖 is ℎ𝑗 hours and 𝑚𝑗 minutes, a weighted average of the discharge from upstream reservoir 

𝑗 into reservoir 𝑖 at time step 𝑡 can be expressed as 

𝑄𝑗,𝑡−𝜏𝑗,𝑖 =
𝑚𝑗

60
𝑄𝑗,𝑡−ℎ𝑗−1 +

60 −𝑚𝑗

60
𝑄𝑗,𝑡−ℎ𝑗 

(18) 

In some cases, it may also be necessary to model the storing of water in the reservoirs. For example, this 

could be decisions regarding the amount of water that should be stored at the end of the time horizon or 

incorporating the value of stored water in the overall cost optimization. The former condition is rather 

simple and only constitutes a boundary condition to be achieved at the end of the considered time period. 

The latter involves constructing a function describing the value of stored water, such as Equation (19), 

where 𝐵𝑖 is the value of the water stored in reservoir 𝑖, 𝜆𝑒 is the expected future electricity price, 𝑀𝑖,𝑇 is 

the water content in reservoir 𝑖 at the end of the time period and 𝛾𝑘  is the expected future production 

equivalent in power plant 𝑘 (including downstream of 𝑖). 

𝐵𝑖(𝑀𝑖) = 𝜆𝑒𝑀𝑖,𝑇∑𝛾𝑘
𝑘

 (19) 

Evidently, there are multiple factors that can be considered when modeling the hydropower plants within 

the electricity system. Depending on the scope of the electricity market simulation and whether the level 

of detail has a major effect on the simulation result or not, more or less of the governing equations 

presented above can be included in the overall setup of the simulation [27].  

2.2.2.2 Thermal power 

The category of thermal power plants includes all types of power plants that produce electricity through a 

heat generating process. These include condensing thermal power plants (either with fuel combustion or a 

nuclear reaction to produce heat in the boiler), combined heat and power plants (CHP), combustion 

engines and gas-turbines. As in the case for hydropower, all of these types of power plants can be 

modeled in vast detail, but for use in a large electricity market model a simplified approach to the 



-38- 
 

individual power plant models is preferred. Generally, the power output 𝐸𝑇𝑃 from a thermal power plant 

can be described as a function of the heat input, as specified in Equation (20), where 𝑄𝑓𝑢𝑒𝑙  is the heat 

input from fuel and 𝜂 is the overall electric efficiency of the power plant.  

𝐸𝑇𝑃 = 𝑄𝑓𝑢𝑒𝑙𝜂 (20) 

The efficiency of the power plant is, however, also a function of the power output and generally has its 

peak value at the plant’s nominal power output. Since a function describing the cost of generating power 

in each power plant is sought for the simulation of an electricity market, and the generation cost in a 

thermal power plant can be traced to the fuel input (plus various operation and maintenance costs), the 

equation above should ultimately be rewritten into a variable cost function. This yields Equation (21) 

describing generation cost 𝐶𝐺  as a function of power output, where 𝐶𝑓𝑢𝑒𝑙 is the specific fuel cost (possibly 

including variable O & M costs), 𝐸𝑇𝑃 is the electric power output, ℎ𝑓𝑢𝑒𝑙  is the heat content of fuel and 

𝜂(𝐸𝑇𝑃) is the overall electric efficiency of the power plant. 

𝐶𝐺(𝐸𝑇𝑃) = 𝐶𝑓𝑢𝑒𝑙
𝐸𝑇𝑃

ℎ𝑓𝑢𝑒𝑙𝜂(𝐸𝑇𝑃)
 (21) 

Since the efficiency typically varies with output in a non-linear way the generation cost function can be 

approximated by linear or piece-wise linear functions, based on data on power output and fuel input over 

the range of applicable outputs, to simplify it for use in the overall electricity market model [27].  

Apart from the direct costs associated with continuous generation, thermal power plants normally also 

have costs related to start-ups – especially notable for large plants performing a cold start. These can be 

traced to the fact that start-ups for many types of thermal power plants take some time to complete, 

ranging from minutes for engines and gas-turbines to several hours for large steam cycle plants. In many 

cases there is also a lower limit 𝐸𝑇𝑃,𝑚𝑖𝑛 for the power generation, apart from the obvious upper 

limit 𝐸𝑇𝑃,𝑚𝑎𝑥 , that needs to be considered once the power plant is online. By introducing the unit 

commitment binary variable 𝑢𝑡 the constraints on the power output can be addressed universally 

according to Equation (22)-(23), where 𝐸𝑇𝑃,𝑡 is the electric power output during time step 𝑡. 

 

𝑢𝑡𝐸𝑇𝑃,𝑚𝑖𝑛 ≤ 𝐸𝑇𝑃,𝑡 ≤ 𝑢𝑡𝐸𝑇𝑃,𝑚𝑎𝑥 (22) 

𝑢𝑡 = {
1 (if committed)
0 (else)

 (23) 

 

In other words, the above constraint on the power generation applies, due to the unit commitment 

variable, when the power plant is committed as well as not. By tracking the status of the unit commitment 

variable for each power plant and each time step, costs associated with start-ups can also be tracked. Since 

the start-up time (and hence cost) of a thermal power plant can be seen to be directly related to the 

current temperature of the boiler in relation to its operational temperature, a general equation for start-up 

costs 𝐶𝑠𝑡𝑎𝑟𝑡 in a thermal power plant can be expressed as Equation (24), where 𝑡𝑜𝑓𝑓𝑙𝑖𝑛𝑒  is the time offline 

since last commitment, 𝐶𝑐𝑜𝑙𝑑 𝑠𝑡𝑎𝑟𝑡 is the start-up cost from cold state, 𝜏𝑏𝑜𝑖𝑙𝑒𝑟 is the thermal time constant 

of the boiler and 𝐶𝑠𝑡𝑎𝑟𝑡,𝑓𝑖𝑥𝑒𝑑 are fixed start-up costs.  
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𝐶𝑠𝑡𝑎𝑟𝑡(𝑡𝑜𝑓𝑓𝑙𝑖𝑛𝑒) = 𝐶𝑐𝑜𝑙𝑑 𝑠𝑡𝑎𝑟𝑡(1 − 𝑒
−𝑡𝑜𝑓𝑓𝑙𝑖𝑛𝑒/𝜏𝑏𝑜𝑖𝑙𝑒𝑟) + 𝐶𝑠𝑡𝑎𝑟𝑡,𝑓𝑖𝑥𝑒𝑑 (24) 

The above equation thus allows for consideration of the gradual temperature drop that occurs after a 

power plant goes offline and relates the start-up cost at a later stage to how long this decline has 

progressed. If the power plant only will be offline for a short period of time it may be reasonable to keep 

using fuel and maintain the boiler temperature, although not generating power. The amount of heat 

required for this can for a specific power plant be seen as fixed, and occurs whenever the plant is online. 

For such a case the start-up costs are only dependent on the time (and hence fuel consumption) that has 

passed between the stop and start of electricity production. [27] 

Depending on the type of thermal power plant there may also be constraints on ramp rates as well as 

allowed up and down times. For example, a large thermal power plant cannot increase or decrease its 

power output instantaneously, nor can it be turned on and off at any time irrespective of whether it was 

running the hour before or not. Regardless of whether detailed modeling of the start-up costs as a 

function of boiler temperature is to be included in the electricity market model or not, these aspects of 

ramp rates and minimum up and down times can be necessary to consider in the simulation. In general, 

this means that unit commitments variables or start-and-stop variables might have to be included among 

the optimization variables, together with more detailed limits on allowed generation levels. The latter will 

mean that, in each time step simulated, the current minimum and maximum generation levels are 

functions of the previous actual generation level, in order to model the ramp rates allowed. [27] 

2.2.2.3 Wind power 

The power output from a wind power plant or wind turbine farm is by its nature intermittent and non-

dispatchable. Generally, the available power output at any moment is completely dependent on the current 

wind speed and the size of the turbine itself – the latter determining the allowed wind speeds that can be 

utilized to produce power. By definition, the power available 𝑃𝑤𝑖𝑛𝑑   in a cross section 𝐴 of flowing air can 

be expressed as Equation (25), where 𝜌𝑎𝑖𝑟 is the density of air and 𝑣 is the wind speed.  

𝑃𝑤𝑖𝑛𝑑 =
1

2
𝜌𝑎𝑖𝑟𝐴𝑣

3 (25) 

A conventional wind turbine cannot, however, extract more than around 59% of this available power – a 

physical limitation known as the Betz limit. The actual power extracted from a real turbine naturally lies 

below the Betz limit due to non-ideal conditions. The power output also depends on the design and 

capacity of the wind turbine itself, characteristically resulting in a power output profile as illustrated in 

Figure 16. More specifically, there is a cut-in wind speed that needs to be reached before the wind turbine 

can produce its minimum amount of power. With gradually increased wind speeds above the cut-in speed, 

the power output reaches the rated capacity relatively rapidly, resulting in a near cubic power-wind speed 

relationship within this interval. Above the rated wind speed, a pitch-controlled wind turbine (which now 

is most common) can regulate its aerodynamics to keep power output at the rated capacity until the wind 

reaches the cut-out wind speed, where the turbine shuts down for safety reasons.  
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In the context of electricity market simulation, the power produced by wind turbines hence needs to be 

described in terms of wind speed at relevant locations and a function describing the output in terms of the 

wind speed. As the wind speed is known a priori to the simulation, either through available wind data or 

modeled stochastically, the wind speed is not part of the optimization variables and hence does not need 

to be kept within linear equations. Following the typical power output profile illustrated in Figure 16, a 

piecewise function for the power output 𝐸𝑤𝑖𝑛𝑑  can be expressed as Equation (26), where 𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 is 

the rated power output of wind turbine, 𝑣𝑐𝑢𝑡−𝑖𝑛 is the cut-in wind speed, 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡 is the cut-out wind 

speed and 𝑣𝑟𝑎𝑡𝑒𝑑  is the design wind speed.  

𝐸𝑤𝑖𝑛𝑑 = {

0 𝑣 < 𝑣𝑐𝑢𝑡−𝑖𝑛
𝑎𝑣3 + 𝑏𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 𝑣𝑐𝑢𝑡−𝑖𝑛 ≤ 𝑣 < 𝑣𝑟𝑎𝑡𝑒𝑑

𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑
0

𝑣𝑟𝑎𝑡𝑒𝑑 ≤ 𝑣 ≤ 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡
𝑣 > 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡

} (26) 

𝑎 and 𝑏 are coefficients that can be determined for a specific wind turbine by letting 𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑 =

𝑎𝑣𝑟𝑎𝑡𝑒𝑑
3 − 𝑏𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑  and 0 = 𝑎𝑣𝑐𝑢𝑡−𝑖𝑛

3 − 𝑏𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑, and solving the system of equations [31].  

In reality there may be deviations from both the idealized power curve and the power curve provided by 

the wind turbine manufacturer when the wind turbine is in use. A number of factors can be the reason for 

this; non-ideal conditions at the site; local variations in wind speed (especially if the power output from a 

wind turbine farm is reduced to the idealized turbine model above) and outages – to name a few. To 

account for these non-ideal situations, it can be necessary to derive more detailed models for wind turbine 

farms, for example taking into account the spatial distribution of the actual turbines and the varying wind 

speed this entails – in contrast to the more straightforward approach of assuming the same wind speed for 

all turbines within a certain region. [31] 

In the context of electricity market modeling it is, at the same time, preferable to keep models of the 

individual power plants as simple as possible, yet sufficiently accurate. To account for the factors 

mentioned above, it may therefore be beneficial to perform stochastic simulations of wind speed variation 
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Figure 16. Idealized power curve for a wind turbine. The constant power output at wind speeds above the rated wind speed 

and below the cut-out wind speed is achieved through active pitch control of the turbine blades or passive stall design. Modern 

pitch controlled turbines can have power curves quite close to the idealized version above.  
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and outages, to have a more probable result of the overall market outcome or deriving a power curve 

representing all wind power in a specific area based on empirical data.  

Regarding the costs of power generation for wind turbines, the marginal generation cost is usually close to 

zero, since no fuel or other type of input is required for production. In the electricity market model, it is 

therefore common to set the generation cost of wind power to zero, since operation and maintenance 

costs often can be regarded as independent of actual production.  

2.2.2.4 Photovoltaics 

As for the case of wind turbines, photovoltaic (PV) power is an intermittent source, that entirely depends 

on the current conditions at the location where the technology is employed. For use in a broader 

electricity market model it is once again desirable to keep the governing equations for the individual power 

plants as simple as possible. The power output from a PV cell is dependent on total irradiation, the 

conversion efficiency (including inverters) and the incidence angle of the sunlight (taking into account the 

solar cell’s surface relative to the incoming radiation). The overall process of converting irradiation into 

electric power can be described in great detail, taking into account various factors in each step of the 

conversion. Here it is, however, desirable with a governing equation reduced to a simple one correlating 

the actual power output to the current irradiation and current overall efficiency. Equation (27) captures 

the most fundamental behavior of the power output from solar cells in a simple way, where 𝐸𝑃𝑉(𝑡) is the 

current power output from the PV cell, 𝐸𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 is the rated capacity of PV cell at nominal irradiation, 

𝐼(𝑡) is the current total irradiation, 𝐼𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the total irradiation at nominal conditions (approximately 

1 000 W/m2) and 𝐼𝐴𝑀(𝑡) is an incidence angle modifier.  

𝐸𝑃𝑉(𝑡) = 𝐸𝑃𝑉,𝑟𝑎𝑡𝑒𝑑 (
𝐼(𝑡)

𝐼𝑛𝑜𝑚𝑖𝑛𝑎𝑙
) 𝐼𝐴𝑀(𝑡) (27) 

The equation above implicitly assumes that the electric conversion efficiency remains approximately 

unchanged and that the power output is directly proportional to the fraction of current irradiation and 

nominal irradiation. The incidence angle modifier, which is a function of time, adjusts the overall 

efficiency depending on the relative location of the sun and the PV panel. The IAM hence depends on 

location and how the panel has been mounted.  

For use in the electricity market simulation this equation provides a simple but accurate estimate of power 

output from PV panels in each time step. The main issue to consider is the resolution of the model in 

relation to the real life installations, i.e. how large of an area containing PV panels that can be reduced to 

just one instance of the equation above. This, naturally, depends both on how much of an impact the 

power output from PV installations has on the overall system (in turn mainly depending on how large the 

installed capacity is and in what areas), as well as how much the irradiation potentially differs between 

different geographical locations.  

Lastly, the modeling can rely on historical irradiation data per location for use in the electricity market 

simulation. Some consideration should also be taken of the variability of the irradiation, either through 

incorporating capacity reserve requirements in the power system or through stochastic modeling.  

2.2.3 Available tools 

As previously mentioned there are several tools available for simulation of electricity markets – 

commercially, academically or otherwise developed software. This section aims to provide an overview of 

two of the commonly used tools currently available. The overall structures of each tool and its approach 

to electricity market simulation, as well as any specific features compared to others, are summarized.  
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2.2.3.1 MARKAL/TIMES 

As mentioned in previous sections the MARKAL model is a well utilized tool for simulating energy 

systems and for scenario development in various circumstances. Similar to other tools for simulating 

electricity markets MARKAL is fundamentally based on linear programming for solving an optimization 

problem – normally minimizing the total system cost – subject to boundary conditions, such as 

efficiencies for different technologies, environmental regulations, transmission capacities and demand in 

different sectors. A difference compared to other tools for simulating electricity markets, MARKAL is in 

many ways a broader tool for assessing the outcome several years ahead, given a certain starting point in 

terms of demand, existing power mix and data regarding state of included power plants (age, efficiency, 

lifetime, etc.) as well as projections for demand in the future and price development of various 

technologies and other potentially influential factors. This means that the result of a MARKAL model run 

is data driven, giving results in terms of final power mix and performance indicators within the simulation 

time horizon as a consequence of the inputs specified at the starting point. The model is based on total 

system cost minimization, and hence aims to achieve intertemporal partial equilibrium on energy markets 

(not necessarily restricted to electricity generation and its corresponding primary energy sources) within 

the specified time scope of the simulation. More concretely, this means that the model aims to supply 

energy services at minimum global cost by making both operating decisions for existing energy supplies 

and investment decisions to meet demand, region by region, as specified into the model. In this sense, the 

model can be seen to be demand driven, e.g. based on projections, and calculates the changes in the 

energy supplies that are optimal in terms of maximizing total surplus for the simulated time horizon – 

subject to the boundary conditions specified by the user. As with many other tools for this kind of 

simulations, the above described approach is based on the assumption that all markets involved are 

perfectly competitive. Certain constraints or boundary conditions set by the user can, however, force the 

model to deviate from the perfect competition equilibrium. [32] 

TIMES is the successor of the MARKAL tool, and so based on a similar approach for the technical and 

economic modeling of energy systems, where either the entire energy sector or a subset of it may be 

simulated. As with MARKAL, this tool is primarily suited for exploring possible energy futures in the 

medium- to long-run, based on different scenarios (i.e. projections of various relevant drivers, such as 

economic growth, policies etc.). Some of the main features included in TIMES, but not in MARKAL, are 

the option to use variable length time periods, flexible time slices for any commodity simulated, more 

flexible process models, investment and dismantling times and costs for facilities modeled, age-dependent 

variables and more realistic temporal depictions of investment cost payments. [33] 

For the scope of this study the MARKAL/TIMES tools are mainly interesting in terms of comparison 

with other tools and for potential insights for the simulation task at hand. Since this study aims to simulate 

the electricity market primarily in Sweden within a more determined environment and narrower scope, the 

approach used in these tools is deemed to be too broad and hence not optimal for answering the main 

questions posed here.  

2.2.3.2 PLEXOS 

The PLEXOS Integrated Energy Model is a commercially available software that has been used in various 

circumstances, including both research and commercial related ones. Its primary use is in simulating 

power markets, with features such as price forecasting, operational optimization for power plants, 

investment analysis, transmission capacity planning and risk analysis through stochastic modeling. A main 

quality of the software is its flexibility regarding time resolution and simulation horizon, being able to 

model both short-term behaviors down on a minute-basis and long-term trends in terms of decades. [34] 

The fundamental modeling of power plant dispatch and, as a result power market outcome, in PLEXOS is 

achieved through mixed-integer linear programming. The objective function to be minimized includes 

operational costs, such as fuel costs, emission costs and cycling costs, as well as penalty costs for unserved 

energy or failure to meet reserve requirements. Overall constraints include system energy balance within 
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each time period simulated and water balance equations required for modeled hydro and pumped storage 

power plants. Component operation constraints (can) include maximum and minimum generation limits, 

allowed downtimes, ramp rates and various start/stop profiles (hot, warm, cold). [35],[36] 

When solving the optimization problem of minimizing costs in each time step, PLEXOS also maintains 

consistency across the time periods within the simulated horizon. This means that in order to circumvent 

issues related to constraints across time steps (such as unit commitment for large units) a forward-looking 

time period is employed, giving the optimizer information about what happens ahead of the current time 

step. Using this approach, both the sought time period and the forward-looking time period is solved for, 

although only results for the actual simulation period are saved. The length of the forward-looking period 

can be set by the user and should reflect the time scale used in the overall simulation. [35] 

Intermittent renewable power sources, such as wind and PV, are set to have zero marginal cost of 

generation by default in PLEXOS. This can, however, be changed by the user if deemed necessary. The 

output from intermittent power sources can be modeled either deterministically or using stochastic 

methods. The former can for example rely on historic wind data for the simulated region, whereas the 

latter simulates output through stochastic models of the wind speed. [37] 

Depending on the scope and time scale that is sought to be modeled, PLEXOS can also simulate random 

outages and maintenance. Random outages are modeled using Monte Carlo simulations, with outages 

arising at random times throughout the year with corresponding mean repair time distributions. 

Maintenance can be modeled either by a specified schedule or endogenously in the model. The latter will 

make the model calculate an optimal maintenance schedule based on the annual maintenance rate and the 

average time to repair a certain unit. [35]–[37] 
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3 EDGESIM 

This chapter aims to provide an overview of the EDGESIM electricity market simulation tool, describing 

its general approach to model electricity markets, structure and included features in its original version. In 

general, the information presented in this chapter is based on a report describing simulations and 

governing equations of the previous iteration of EDGESIM [2]. The next chapter presents additional 

features that have been added to the model as a result of this thesis project.  

3.1 General approach 

EDGESIM simulates a specific electricity market using a multi-node power grid model, analogous to the 

one presented in section 2.2.1.2. In other words, a certain geographical area is represented by a node in the 

power system, in which a time-dependent load requirement and installed generation capacities of different 

power plant types are included. Using the available installed generation capacities, the load in each node is 

then sought to be met for each hour of the simulated time period using the available generation capacities 

in the power system, subject to inter-regional transmission capacity restraints (i.e. between nodes). Each 

generation type is associated with a marginal cost of power production and the tool seeks to minimize the 

total generation cost within each simulated hour, comparable to what is in actuality achieved through the 

hourly market clearing process at the Nord Pool power exchange.  

As previously outlined in section 2.2, the latter stage of the modeling can be reduced to an optimization 

problem, effectively solved by a linear programming solver. EDGESIM thus employs linear programming 

software for the optimization of power plant recruitment for each simulated hour, as part of the overall 

working process of the tool. Other vital steps in the overall simulation includes the setting-up of the 

electricity market to be simulated, prior to the optimization step, and the post-processing of the data 

acquired from the complete optimization. Section 3.2 describes the general workflow of the software in 

more detail.  

3.1.1 Power plant models 

EDGESIM distinguishes between different power plants mainly in terms of the equations governing the 

power output. Non-dispatchable power, in this context wind power, is treated to have negligible marginal 

cost of production, resulting in this generation being recruited first in most circumstances whenever wind 

production is available. The hourly wind power generated is, in turn, a function of the current wind speed 

of the location at which the wind power capacity is installed. Dispatchable power, i.e. hydropower and 

thermal power, generally has a higher marginal cost of production. Thermal power plants of different 

types are governed by the same type of equations, only varying in terms of parameter values to account 

for different generation costs, efficiencies etc., whereas hydropower generation considers reservoir levels 

and discharge associated with a certain amount of power generated. More detailed descriptions of these 

models can be found in the next chapter, where the equations and assumptions made in the further 

development of the tool are presented. 

3.1.1.1 Wind power 

The general approach in EDGESIM to model the hourly wind power generated is to use an idealized 

power curve, comparable to the one presented in section 2.2.2.3. This results in a piecewise function 

describing the power output, in which the generated power is zero whenever the governing wind speed 

value is above or below the cut-out and cut-in wind speeds, respectively, and with varying production with 

wind speeds within this interval. Wind speed can be provided for each geographical area simulated (i.e. 

each node) to account for variations between different locations. This spatial differentiation of wind speed 

is, however, not more accurate than the size of the simulated area each node represents. In other words, 

the same wind speed is assumed in the whole area within each node.  
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3.1.1.2 Thermal power 

Thermal power is mainly governed by equations describing power output as a function of thermal power 

input (fuel input) and generation cost as a function of the fuel input (and other operational costs). The 

models also differentiate between the thermal power input required to keep generators synchronized with 

the grid, but not generating any net electricity, and the electrical output above this level as a function of 

the heat input. Costs associated with startups are included, as so called equivalent hours of operation and 

maintenance, meaning that the additional cost of a plant startup is evaluated in terms of the operation and 

maintenance cost corresponding to a certain number of hours of normal operation.  

3.1.1.3 Hydropower 

Hydropower is modeled as simplified hydroelectric dams with an associated reservoir size. Power output 

at a certain time requires discharge of reservoir content in the amount necessary to produce the required 

power, subject to maximum generation capacity of the plant. The reservoir, in turn, can be refilled at a 

specified refill rate. Maximum and minimum levels of the reservoir put constraints on how much of the 

reservoir content that can be utilized during the simulated time period. Marginal costs of generation are 

typically lower for hydropower than for thermal power, as the reservoir content is not associated with any 

cost. Hence, generation costs are mainly a function of the operational and maintenance costs associated 

with a certain amount of power generated.  

3.1.2 System constraints 

As previously outlined, the system constraints in EDGESIM are primarily those regarding the power grid 

model, including area (or node) distribution and transmission limitations between areas. For each 

simulated hour, demand is sought to be met within each area at the lowest generation cost possible. 

Furthermore, variable renewable generation requires reserve generation capacity to be allocated to 

dispatchable generation at all times, corresponding to a specified fraction of the current intermittent 

generation. The same reserve requirement also applies for the current load, although typically less variable 

than intermittent power generation. In other words, the intermittent nature of variable renewable power 

sources, as well as potential forecast errors regarding load, leads to some level of forecast error that needs 

to be accounted for by having dispatchable generation at standby. Although this error is deterministically 

calculated in EDGESIM for each hour, and hence known beforehand, the reserve power requirement 

provides a way to model the real-life issues of intermittency and associated short-term changes in load and 

power production.  

3.2 Software structure 

EDGESIM has been designed primarily using MATLAB for system generation and data handling, the 

GNU MathProg language for specification of the linear programming model, and the Gurobi mixed-

integer linear programming solver for the optimization stage of the simulation. Figure 17 shows the 

overall software structure of EDGESIM, primarily in terms of the core MATLAB routines used for 

system generation and data handling, as well as interaction with other software for linear programming 

model generation and the subsequent optimization.  
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Figure 17. Flow chart illustrating the software structure of EDGESIM, including brief descriptions of each step.  



-48- 
 

4 Methodology 

This chapter describes the approach used for meeting the main goals of the thesis project – the 

construction of a simulation model of (primarily) the Swedish electricity market and validation of the 

model against actual market data. This was primarily achieved by improvement of the EDGESIM tool, by 

incorporating additional features into its model setup, updating input data to match the actual power 

system as closely as possible, and the model by validating results against actual market data of today. 

Subsequently, a simulation of a future scenario for the Swedish power market performed, mainly as a 

preliminary indication of what is to be expected given a certain change in the power mix.  

The general method of meeting the objectives of this project can be summarized as depicted in Figure 18. 

Firstly, a general model of the power system and the electricity market was configured. This system model 

primarily concerns equations governing the necessary energy balance in the grid and the overall market 

objective function. Secondly, models for power plants of different technologies were set up. This 

encompassed models for power generation, plant dispatch and, depending on technology, the resources 

used for generating electricity – e.g. fuel for thermal power and stored water for hydropower. Also vital 

when setting up the power plant models was to find suitable parameter values for use in the simulation, 

including both technical characteristics of the power plants as well as generation costs for each relevant 

technology.  

Furthermore, EDGESIM was configured to be able to handle dynamic simulation of all price areas 

included in the Nord Pool power exchange – 15 regions in total. Apart from the necessary programming 

and data handling needed, this step also included the setup of suitable power generation capacities and 

demand for each simulated region, in order to replicate the actual power system to a reasonable extent. In 

addition, interregional transmission capacities between regions were configured to match the actual 

installed capacities of today, where applicable.  

The final major feature added into EDGESIM was the dynamic handling of outages, both for simulated 

power plants and interregional transmission lines. By configuring parameters of installed generation 

capacities to be set as time-dependent, the possibility to simulate power plant outages was attained. For 

use in the subsequent validation simulations, a number of approaches for estimating time-dependent 

outages were employed, as further described later in this chapter.  

Figure 18. Flow-chart illustrating the major steps taken to meet the goals of this thesis project.   
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With EDGESIM configured and given proper input data, validation simulations could be conducted. 

Emphasis was put on replicating the market outcome seen in the first half of 2016, using input data on 

primarily demand, installed capacities, outages and hydro reservoir levels of the corresponding period. By 

comparing the simulated generation levels in the four Swedish price areas with the actual ones, both on an 

hourly basis and on a weekly basis, the accuracy of the model could be assessed. Finally, a simulation of a 

future 2025 scenario for the Swedish power system was conducted, giving an indication of likely electricity 

market outcomes given forecasted changes in power mix and transmission capacities.  

4.1 System model 

The main objective of the EDGESIM power plant dispatch simulation is to meet a required load using the 

available generation capacities at the lowest cost possible, analogous to what is achieved in the market 

clearing process at Nord Pool Spot. This needs to be done for each hour simulated and at the same time 

respect the constraints put on the system, most notably the physical limits regarding transmission 

capacities and hydropower reservoir contents. Formally, the main objective function used in the new 

version of EDGESIM can for each hour simulated ℎ, be expressed as Equation (28) and (29), where 

𝐶𝐺(𝑖, ℎ) is the generation cost function for power plant 𝑖 at timestep ℎ [SEK], 𝐶𝑈 is a fictitious penalty 

cost for unserved load [SEK/MWh], 𝑈𝑛,ℎ  is the unserved load in region 𝑛 at timestep ℎ [MWh], 𝐷𝑛,ℎ  is 

the demand in region 𝑛 at timestep ℎ [MWh], 𝐸𝑖,ℎ  is the electricity production by dispatchable power plant 

𝑖 at timestep ℎ [MW], 𝑁 is the subset of power plants located in region 𝑛, 𝐸𝑛,ℎ
𝑤𝑖𝑛𝑑  is the wind power 

generated in region 𝑛 at timestep ℎ [MW], 𝜂𝑡𝑟𝑎𝑛𝑠 is the transmission efficiency, 𝑇𝑚,𝑛,ℎ  is the transmitted 

power from region 𝑚 to region 𝑛 at timestep ℎ [MW] and 𝑇𝑛,𝑚,ℎ is the transmitted power from region 

𝑛 to region 𝑚 at timestep ℎ [MW]. 

min {∑𝐶𝐺
𝑖

(𝑖, ℎ) +∑𝐶𝑈𝑈𝑛,ℎ
𝑛

} (28) 

subject to  

𝐷𝑛,ℎ =∑𝐸𝑖,ℎ
𝑖∈𝑁

+ 𝐸𝑛,ℎ
𝑤𝑖𝑛𝑑 +∑(𝜂𝑡𝑟𝑎𝑛𝑠𝑇𝑚,𝑛,ℎ − 𝑇𝑛,𝑚,ℎ) + 𝑈𝑛,ℎ

𝑚

 (29) 

In reality, the transmission losses are typically a function of the amount of power currently being 

transmitted. Here the simpler approach of a constant efficiency has been used, by default set to 97%. In 

addition to the load-meeting criteria above, a certain amount of the capacities available of dispatchable 

power plants currently online need to be reserved as backup power. The reason for this is to account for 

the uncertainty in primarily wind power output, as forecasts normally differ from actual production. 

Although the wind production always is known beforehand in the model, this allows for consideration of 

the actual challenges posed by intermittent power sources. In addition, demand forecasts can differ from 

the load actually experienced at a given time, albeit to a lower extent. Therefore, a reserve requirement can 

be formulated as Equation (30), where 𝑅𝑖,ℎ  is the reserve capacity allocated to dispatchable power plant 

𝑖 at timestep ℎ [MW], 𝜆𝐷 is the demand forecast error and 𝜆𝑤𝑖𝑛𝑑  is the wind power forecast error.  

∑𝑅𝑖,ℎ
𝑖

=∑(𝜆𝐷𝐷𝑛,ℎ + 𝜆𝑤𝑖𝑛𝑑𝐸𝑛,ℎ
𝑤𝑖𝑛𝑑)

𝑛

 (30) 
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In other words, the system as a whole must allocate enough reserve capacity to the dispatchable power 

plants online at each time step to be able to meet the potential fluctuations in demand and wind power 

output. The demand forecast error was a default assumed to be around 1.5%. The wind power forecast 

error was estimated from comparing the wind power forecasted at Nord Pool for each hour of 2015, with 

the actual wind power produced for the corresponding times. This resulted in an average forecast error of 

around 19%, although with fairly large fluctuations. Nevertheless, this value was used as a default for the 

wind power forecast error.  

The generation cost function included in the main objective function is power-type specific. The details of 

its parameters and structure can be found in the following sections.  

4.2 Power plants 

A number of technical and cost-related values are needed as input data when modeling the power system. 

In EDGESIM, these include thermal power input versus electric power output (i.e. electrical efficiency for 

thermal plants), fuel costs, fixed and variable maintenance costs, nominal and part-load efficiencies, etc. 

This section provides details regarding the governing equations and reference input data used for the 

power plant types that have been added into EDGESIM. Some of the assumptions and governing 

equations remain unchanged compared to the previous iteration of the tool [2], whereas others have been 

revised or added as part of the further development during this thesis work.  

4.2.1 Hydropower 

Hydropower plants are modeled in a manner similar to the way done in the previous version of 

EDGESIM, although with updated input values and a vastly more detailed consideration of reservoir 

levels and refill rates. The overall approach for the Swedish hydropower generation capacity was to reduce 

the hundreds of actual hydropower plants across Sweden into four large plants – one for each price area 

(or node) – and set up these plants to represent the characteristics of the hydropower capacities within 

these areas, respectively, as accurately as possible. This primarily concerns identifying the actual installed 

capacities in each region, the actual overall reservoir capacities per region and an appropriate way to model 

the refill rate of each reservoir. As described in section 2.2.2.1, hydropower plants can be modeled quite 

extensively if necessary, taking into account factors such as hydrological coupling and detailed water flows. 

For the aim of this project, however, it was deemed sufficient to model the hydropower within each 

Swedish region in the more simplified manner described above, as reservoir limitations and refill rates 

were still accounted for in a general sense.  

4.2.1.1 Reservoir model 

The way reservoirs are modeled has been updated compared to the previous EDGESIM version, where 

reservoir content was specified in terms of hour equivalents (see section 2.2.2.1) and the reservoir refill 

rate was set as a constant average. Limits on minimum and maximum reservoir content provided indirect 

ways of restricting the amount of hydropower that could be used during the simulated period.  

The approach has now been revised to instead measure reservoir content in terms of megawatt hours, 

thus directly indicating how much available energy that is stored at any time. Using this method, relatively 

detailed data of actual reservoir levels provided by Svensk Energi [38] could be consulted to provide 

realistic input data regarding reservoir capacities, levels and refill rates. As seen in Figure 19, the overall 

reservoir levels in Sweden follow a characteristic pattern, where the early weeks of the year’s lower refill 

rates and higher demand of electricity drains the reservoirs, while the opposite occurs during the summer. 

Instead of an average constant refill rate, as previously used in EDGESIM, the actual recorded refill rate 

of the simulated weeks of 2016 was used, as illustrated in Figure 20. This was achieved by specifying the 

regional reservoir refill rates as time-dependent parameters, thus automatically taking the changing nature 

of refill rates over the year into account.  
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The region specific refill rates were derived from the total time-dependent refill rate, using weights 

corresponding to the actual reservoir sizes of each region. Table 12 summarizes the reservoir distribution 

and their respective weights in the Swedish regions.  

 

Table 12. Reservoir capacities per region, in terms of available energy. [38] 

Region Reservoir capacity  

SE1 14 800 GWh 44% 

SE2 15 700 GWh 47% 

SE3 2 900 GWh 9% 

SE4 200 GWh 1% 
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Figure 19. Hydro reservoir levels in Sweden in terms of available energy throughout the year. [66] 

Figure 20. Long-term (1960—2012) weekly reservoir refill rate in Sweden and the corresponding rate for the available weeks of 

2016. [38] 
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4.2.1.2 Dispatch model 

Vital for the simulation of the electricity market is the equations governing the way power plants are 

recruited at a certain time. Hydropower plant dispatch is primarily governed by current demand and 

available energy in terms of reservoir content, and secondly, due to low marginal costs, the cost of power 

generation. The expressions governing the fundamentals of hourly dispatch for the hydropower plants are 

found in Equation (31) through (33), where 𝐸𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

 is the power output from hydropower plant 𝑖 at time 

step ℎ [MW], 𝑄𝑖,ℎ   is the discharge of reservoir content at hydropower plant 𝑖 at timestep ℎ [MWh/h], 𝜂 is 

the efficiency (as a default set to unity, since reservoir content is measured in terms of electric energy), 

𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
ℎ𝑦𝑑𝑟𝑜

 is the nominal power output from hydropower plant 𝑖 [MW], 𝑢𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

 is a binary variable for 

on- and offline status of hydropower plant 𝑖, 𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
ℎ𝑦𝑑𝑟𝑜

 is the startup time for hydropower plant 𝑖 [minutes], 

𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

 is a binary variable for startup detection of hydropower plant 𝑖 at time step ℎ, 𝑅𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

 is 

the allocated reserve capacity at hydropower plant 𝑖 at timestep ℎ [MW] and 𝑓𝑚𝑖𝑛,𝑖
ℎ𝑦𝑑𝑟𝑜

 is the minimum load 

for hydropower plant 𝑖 (fraction).  

𝐸𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

= 𝑄𝑖,ℎ𝜂 (31) 

subject to  

𝐸𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

≤ 𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
ℎ𝑦𝑑𝑟𝑜

[𝑢𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

−
𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
ℎ𝑦𝑑𝑟𝑜

60
(
𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

ℎ𝑦𝑑𝑟𝑜

2
)] − 𝑅𝑖,ℎ

ℎ𝑦𝑑𝑟𝑜
 (32) 

and  

𝐸𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

≥
𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
ℎ𝑦𝑑𝑟𝑜

𝜂
𝑓𝑚𝑖𝑛,𝑖
ℎ𝑦𝑑𝑟𝑜

[𝑢𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

−
𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
ℎ𝑦𝑑𝑟𝑜

60
(
𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

ℎ𝑦𝑑𝑟𝑜

2
)] (33) 

In order to constrain power output from the hydropower plants to take the physical limits provided by 

reservoir contents into account, the power output equation is also subject to reservoir level constraints, as 

expressed in Equation (34) through (36), where 𝑀𝑖,ℎ  is the hydro reservoir content of reservoir 𝑖 at 

timestep ℎ [MWh], 𝑄𝑖,ℎ
𝑟𝑒𝑓𝑖𝑙𝑙

 is the refill rate at reservoir 𝑖 at timestep ℎ [MWh/h], 𝑄𝑖,ℎ
𝑠𝑝𝑖𝑙𝑙

 is the spilled 

reservoir content at reservoir 𝑖 at timestep ℎ [MWh], 𝑀𝑖,𝑚𝑎𝑥 is the maximum reservoir level of reservoir 

𝑖 [MWh] and 𝑀𝑖,𝑚𝑖𝑛 is the minimum reservoir level of reservoir 𝑖 [MWh]. 

𝑀𝑖,ℎ = 𝑀𝑖,ℎ−1 − 𝑄𝑖,ℎ + 𝑄𝑖,ℎ
𝑟𝑒𝑓𝑖𝑙𝑙

− 𝑄𝑖,ℎ
𝑠𝑝𝑖𝑙𝑙

 (34) 

where  

𝑀𝑖,ℎ  ≤ 𝑀𝑖,𝑚𝑎𝑥 (35) 

and  

𝑀𝑖,ℎ  ≥ 𝑀𝑖,𝑚𝑖𝑛 (36) 
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Startup events are determined as:  

𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

= 𝑢𝑖,ℎ
ℎ𝑦𝑑𝑟𝑜

− 𝑢𝑖,ℎ−1
ℎ𝑦𝑑𝑟𝑜

 (37) 

The power generation determined by the equations above is in turn subject to equations governing the 

marginal generation cost for each simulated hour, 𝐶𝐺
ℎ𝑦𝑑𝑟𝑜(𝑖, ℎ). As seen in Equation (38), the hourly 

generation cost is primarily determined by the variable operation and maintenance costs 𝑐 
𝑣𝑂𝑀 

[SEK/MWh], but also by an additional startup cost when applicable. Startup costs are calculated using 

equivalent hours of nominal operation 𝐸𝑂𝐻𝑠𝑖
ℎ𝑦𝑑𝑟𝑜

 [hours], occurring once every startup.  

𝐶𝐺
ℎ𝑦𝑑𝑟𝑜(𝑖, ℎ) = (𝐸𝑖,ℎ

ℎ𝑦𝑑𝑟𝑜
+ 𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖

ℎ𝑦𝑑𝑟𝑜
∙ 𝐸𝑂𝐻𝑠𝑖

ℎ𝑦𝑑𝑟𝑜
∙ 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

ℎ𝑦𝑑𝑟𝑜
)𝑐 
𝑣𝑂𝑀 (38) 

Costs regarding generation has been derived from the 2014 Elforsk report on contemporary power plant 

costs [39], whereas startup times and equivalent hours of operation of startup events have been estimated 

qualitatively or remained unchanged from previous EDGESIM work [2]. Table 13 summarizes these input 

parameters used for hydropower. The reference capacity specified refers to the power block size that costs 

are based on, not the reference capacities used in the simulation. Power law cost equations were used to 

scale costs to better match the actual capacities used (see section 4.2.4).  

 

Table 13. Parameter values used for hydropower.  

Parameter Value  

Reference capacity 47.5 MW  [39] 

Variable O & M cost 112.5 SEK/MWh  [39] 

Startup time  10 minutes  [2] 

Equivalent O & M hours per start 15 hours  [2] 

 

4.2.2 Thermal power 

The models governing thermal power plants have largely used the same approach as in the previous 

EDGESIM iteration. Values for input parameters have been updated for all relevant power types and 

additional power plant types have been added. Thus, thermal power plants now available include generic 

CHP plants (of chosen fuel input specifications), wood (or biomass) fired CHP plants, waste fired CHP 

plants, combined cycle gas-turbine power plants, open cycle gas-turbine power plants, nuclear power 

plants, condensing oil power plants and coal power plants. The equations governing the just listed power 

plant types differ somewhat in number, but generally use the same overall model for power output versus 

fuel input and the associated costs.  

4.2.2.1 Dispatch model 

As previously described in section 2.2.2.2, thermal power output is primarily a function of fuel (or thermal 

power) input, in turn dependent on efficiency and the heat value of the fuel. Although in reality the 

thermal power input precedes the electric power output, the simulation calculates the amount of thermal 

power necessary to provide a certain amount electric power demanded at a certain time. Equation (39) 

governs the thermal power requirement, for each simulated hour in EDGESIM, where 𝑃𝑖,ℎ
𝑡ℎ𝑒𝑟𝑚𝑎𝑙  is the 
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thermal power input for power plant 𝑖 at timestep ℎ [MWh], 𝜂50,𝑖 is the electric efficiency at 50% load for 

power plant 𝑖, 𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖 is the electric efficiency at nominal load for power plant 𝑖, 𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
  is the 

nominal electric power output for power plant 𝑖 [MW], 𝑢𝑖,ℎ
  is a binary variable for on- and offline status 

of power plant 𝑖 at timestep ℎ and 𝐸𝑖,ℎ
  is the electric power output of power plant 𝑖 at timestep 

ℎ [MWh/h].  

𝑃𝑖,ℎ
𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = (

1

𝜂50,𝑖
−

1

𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
)𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖

 ∙ 𝑢𝑖,ℎ
 + (

2

𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
−

1

𝜂50,𝑖
)𝐸𝑖,ℎ

  (39) 

The equation above is a way to include thermal power requirements for both producing electric power of 

a certain amount, approximating part-load efficiency when applicable, as well as the fixed thermal power 

required to keep the power plant online without any net production (i.e. at synchronized standby). Electric 

power output is, in turn, subject to maximum and minimum generation levels, as expressed in Equation 

(40) and (41). 𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
  is the startup time for power plant 𝑖 [minutes], 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

  is a binary variable for 

startup detection of power plant 𝑖 at timestep ℎ, 𝑅𝑖,ℎ
  is the allocated reserve capacity at power plant 𝑖 at 

timestep ℎ [MW] and 𝑓𝑚𝑖𝑛,𝑖
   is the minimum load for power plant 𝑖 (fraction).  

𝐸𝑖,ℎ
 ≤ 𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖

 [𝑢𝑖,ℎ
 −

𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
 

60
(
𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

 

2
)] − 𝑅𝑖,ℎ

  (40) 

𝐸𝑖,ℎ
 ≥

𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
 

𝜂𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
𝑓𝑚𝑖𝑛,𝑖
 [𝑢𝑖,ℎ

 −
𝑡𝑠𝑡𝑎𝑟𝑡,𝑖
 

60
(
𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ

 

2
)] (41) 

Startup events are detected analogously to the way they are detected for hydropower plants. Additional 

constraints were deemed necessary to be able to simulate their behavior more realistically. In the context 

of the Swedish electricity market, this was most prevalent for the case of nuclear reactors, which typically 

operate as baseload power. Although ramp rates already are implicitly accounted for through Equations 

(40) and (41), these only apply for the first hour after plant startup. To prevent unrealistic variation in the 

power output from the simulated power plants, additional constraints were put in place regarding 

maximum ramp rates allowed between two consecutive hours for all modeled power plants, generally 

expressed as in Equation (42)-(44). 𝐸𝑖,ℎ
  is the electric power output from power plant 𝑖 at timestep ℎ 

[MW], 𝐸𝑖,ℎ−1
  the electric power output from power plant 𝑖 at timestep ℎ − 1 [MW], ∆𝐸𝑖

+  the maximum 

allowed ramp-up rate for power plant 𝑖 [MW/h], ∆𝐸𝑖
− the maximum allowed ramp-down rate for power 

plant 𝑖 [MW/h] and 𝑠𝑡𝑜𝑝𝑖,ℎ  a binary variable for shutdown detection of power plant 𝑖 at timestep ℎ, 

determined by.  

𝐸𝑖,ℎ
 ≤ 𝐸𝑖,ℎ−1

 + ∆𝐸𝑖
+ (42) 

𝐸𝑖,ℎ
 ≥ 𝐸𝑖,ℎ−1

 − [∆𝐸𝑖
− + 𝑠𝑡𝑜𝑝𝑖,ℎ(𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖 − ∆𝐸𝑖

−)] (43) 

𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ − 𝑠𝑡𝑜𝑝𝑖,ℎ = 𝑢𝑖,ℎ − 𝑢𝑖,ℎ−1  (44) 



-55- 
 

Costs for generating power in thermal power plants were determined on an hourly basis by means of 

Equation (45), where 𝐶𝐺
𝑡ℎ𝑒𝑟𝑚𝑎𝑙(𝑖, ℎ) is the marginal generation cost for power plant 𝑖 at timestep ℎ 

[SEK], 𝐸𝑂𝐻𝑠𝑖
  is the equivalent hours of nominal operation associated with a startup for power plant 𝑖 

[hours], 𝑐𝑖
𝑣𝑂𝑀 is the variable operation and maintenance cost for power plant 𝑖 [SEK/MWh] and 𝑐𝑓𝑢𝑒𝑙,𝑖 is 

the fuel cost for power plant 𝑖 [SEK/MWh].  

𝐶𝐺
 (𝑖, ℎ) = (𝐸𝑖,ℎ

 + 𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖
 ∙ 𝐸𝑂𝐻𝑠𝑖

 ∙ 𝑠𝑡𝑎𝑟𝑡𝑢𝑝𝑖,ℎ
 )𝑐𝑖

𝑣𝑂𝑀 + 𝑃𝑖,ℎ
𝑡ℎ𝑒𝑟𝑚𝑎𝑙  ∙ 𝑐𝑓𝑢𝑒𝑙,𝑖 (45) 

The parameter values for the different thermal power types included in EDGESIM were, in a similar 

fashion to the way hydropower parameters were decided, mainly based on power plant data from the 

Elforsk 2014 report [39]. Startup times, ramp rates and equivalent hours of nominal operation were either 

estimated qualitatively to ensure that the simulated versions of the power plants behaved fairly similar to 

their actual counterparts in the actual electricity market, or assumed values based on previous EDGESIM 

work [2]. Table 14 through Table 21 summarizes the input parameter values used for the different types of 

thermal power plants in the Swedish electricity system context. The nominal power of each technology is 

the reference capacity of that the costs are based on – not necessarily the reference capacitates used in the 

simulation of the Swedish power market. Power law cost equations were used to scale costs to better 

match the actual capacities used (see section 4.2.4). 

Also important to note regarding CHP plants is the that they are assumed to be driven by heat demand, 

rather than electricity demand. This means that they will accept the spot price of electricity even if it is 

lower than their marginal cost of generation, since the generation is bound to occur anyway. Hence, the 

marginal generation costs for CHP plants were in the context of this simulation set to zero in the 

equivalent of the market bidding process, in order to assure recruitment of this technology to the extent 

demanded.  

 

Table 14. Technical and marginal generation cost related parameter values used for open cycle gas turbines.  

Open cycle gas turbine   

Reference capacity 150 MW  [39] 

Variable O & M cost 0 SEK/MWh [39] 

Nominal electric conversion efficiency 40% [39] 

Electric conversion efficiency at half-load 31% [2] 

Minimum load 15% [2] 

Startup time  10 minutes [40] 

Equivalent O & M hours per start 10 hours [2] 

Fuel cost (natural gas) 280 SEK/MWhfuel [39] 

Maximum ramp-up rate 20%/minute [40] 

Maximum ramp-down rate 20%/minute [40] 
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Table 15. Technical and marginal generation cost related parameter values used for combined cycle gas turbine plants 

(CCGT). Since most of the CCGT power plants in Sweden also operate in conjunction with district heating networks, the 

parameter values were based on such CHP configurations. *Qualitative estimation  

Combined cycle gas turbine (with CHP)   

Reference capacity 150 MW [39] 

Variable O & M cost 25 SEK/MWh [39] 

Nominal electric conversion efficiency 51% [39] 

Electric conversion efficiency at half-load 40% * 

Minimum load 30% [2] 

Startup time  45 minutes [2] 

Equivalent O & M hours per start 15 hours [2] 

Fuel cost (natural gas) 280 SEK/MWhfuel [39] 

Maximum ramp-up rate 17%/hour [41] 

Maximum ramp-down rate 8%/hour [41] 

 

 

 

Table 16. Technical and marginal generation cost related parameter values for CHP plants operating with biomass (wood 

pellets) as fuel. *Qualitative estimation 

Biomass-fired steam cycle (with CHP)   

Reference capacity 30 MW [39] 

Variable O & M cost 21 SEK/MWh [39] 

Nominal electric conversion efficiency 28% [39] 

Electric conversion efficiency at half-load 22% * 

Minimum load 30% [2] 

Startup time  45 minutes [2] 

Equivalent O & M hours per start 15 hours [2] 

Fuel cost (wood pellets) 200 SEK/MWhfuel [39] 

Maximum ramp-up rate 17%/hour [41] 

Maximum ramp-down rate 8%/hour [41] 
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Table 17. Technical and marginal generation cost related parameter values for CHP plants operating with municipal waste 

as fuel. *Qualitative estimation 

Waste-fired steam cycle (with CHP)   

Reference capacity 20 MW [39] 

Variable O & M cost 40 SEK/MWh [39] 

Nominal electric conversion efficiency 19% [39] 

Electric conversion efficiency at half-load 14%  * 

Minimum load 30% [2] 

Startup time  45 minutes [2] 

Equivalent O & M hours per start 15 hours [2] 

Fuel cost (waste) -130 SEK/MWhfuel [39] 

Maximum ramp-up rate 17%/hour [41] 

Maximum ramp-down rate 8%/hour [41] 

 

 

 

Table 18. Technical and marginal generation cost related parameter values for CHP plants operating with a mix of 

primarily municipal waste and biomass as fuel, as often occurring in Swedish CHP steam cycle plants. The costs and 

technical parameters have been estimated using a weighted average of the parameter values for purely biomass- and waste-fired 

CHP plants, respectively, and coal power. Weights were derived from the fraction of input energy of each fuel used for 

electricity production in Swedish CHP plants in 2014: 59% biomass, 24% waste, 13% fossil fuel and 4% other [42].  

Mixed-fired steam cycle (with CHP)   

Reference capacity 119 MW  

Variable O & M cost 26 SEK/MWh  

Nominal electric conversion efficiency 26.5%  

Electric conversion efficiency at half-load 18%  

Minimum load 30%  

Startup time  45 minutes  

Equivalent O & M hours per start 15 hours  

Fuel cost (waste/wood/coal) 98 SEK/MWhfuel  

Maximum ramp-up rate 17%/hour  

Maximum ramp-down rate 8%/hour  

 

 

 

 

 



-58- 
 

Table 19. Technical and marginal generation cost related parameter values for coal power plants. *Qualitative estimation 

Coal-fired condensing steam cycle   

Reference capacity 740 MW [39] 

Variable O & M cost 30 SEK/MWh [39] 

Nominal electric conversion efficiency 46% [39] 

Electric conversion efficiency at half-load 40% * 

Minimum load 40% [2] 

Startup time  120 minutes [2] 

Equivalent O & M hours per start 30 hours [2] 

Fuel cost (coal powder) 90 SEK/MWhfuel [39] 

Maximum ramp-up rate 1%/minute [40] 

Maximum ramp-down rate 1%/minute [40] 

 

 

 

Table 20. Technical and marginal generation cost related parameter values for condensing oil power plant, mainly for backup 

power purposes. Data was based primarily on the characteristics of the power plant Karlshamnsverket in Sweden regarding 

fuel type (EO5) and efficiency. Plant costs have been assumed closely equivalent to those for coal power plants, whereas the 

fuel cost was derived from the commodity market spot price for heating oil [43], with a markup of 10%, at the time of 

writing. Fuel characteristics, as required to calculate the specific fuel cost (per energy content) was taken from an EO5 data 

sheet [44]. *Assumed equivalent to coal power plants. ** Qualitative estimation. 

Oil-fired condensing steam cycle   

Reference capacity 740 MW * 

Variable O & M cost 30 SEK/MWh * 

Nominal electric conversion efficiency 40% ** 

Electric conversion efficiency at half-load 35% ** 

Minimum load 20% ** 

Startup time  20 minutes ** 

Equivalent O & M hours per start 20 hours ** 

Fuel cost (heating oil EO5) 229 SEK/MWhfuel [43], [44] 

Maximum ramp-up rate 300 MW/h ** 

Maximum ramp-down rate 300 MW/h ** 
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Table 21. Technical and marginal generation cost related parameter values for nuclear power plants. Since the Swedish 

nuclear reactors act as baseload power the parameters were tuned to discourage starts and stops, by having longer startup times 

and high costs associated with startups. Ramp rate limits were added to more accurately represent the actual characteristics of 

the Swedish reactors, based on typical historic major ramping events [45].  

Nuclear condensing steam cycle   

Reference capacity 1 600 MW [39] 

Variable O & M cost 110 SEK/MWh [39] 

Nominal electric conversion efficiency 36% [39] 

Electric conversion efficiency at half-load 34% [2] 

Minimum load 35% [2] 

Startup time  120 minutes [2] 

Equivalent O & M hours per start 100 hours [2] 

Fuel cost () 15.5 SEK/MWhfuel [39] 

Maximum ramp-up rate 15 MW/h [45] 

Maximum ramp-down rate 15 MW/h [45] 

 

 

4.2.3 Wind power 

Wind power was, due to its non-dispatchable characteristics, modeled in a different manner compared to 

the dispatchable thermal power and hydropower plants. Wind power generation is typically associated 

with negligible marginal generation cost, due to primarily no fuel cost and largely fixed maintenance as 

described in previous EDGESIM work [2], and was therefore modeled in such a way. This meant that the 

hourly and region specific wind power generated entirely was a function of the wind speed and the 

installed wind generation capacity in the region. Based on the wind power model presented in section 

2.2.2.3, a piecewise function determining the power output was derived for each region, as the coefficients 

𝑎 and 𝑏 can be found through Equation (46) and (47), where 𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑,𝑛 is the nominal wind generation 

capacity in region 𝑛 [MW].  

 

𝑎 =
𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑,𝑛

𝑣𝑟𝑎𝑡𝑒𝑑
3 − 𝑣𝑐𝑢𝑡−𝑖𝑛

3  
(46) 

𝑏 =
𝑣𝑐𝑢𝑡−𝑖𝑛
3

𝑣𝑐𝑢𝑡−𝑖𝑛
3 − 𝑣𝑟𝑎𝑡𝑒𝑑

3  (47) 

 

The wind power model requires specification of the cut-in, cut-out and rated wind speeds of the wind 

turbine. In reality, these obviously vary from turbine to turbine. In this context, a simplified approach was 

used to find values of these wind speeds, relying on some qualitative assumptions. Firstly, it was assumed 

that the typical wind turbine hub was at a height of 90 m above ground, and that the typical terrain 

beneath could be represented by a Hellman (roughness) exponent of approximately 0.15. As wind data is 

typically available for 10 m above ground, adjustments are necessary to scale the wind speed to that at the 

wind turbine hub height, which is possible using the following equation, where 𝑣 is the wind speed at 
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height ℎ [m/s], 𝑣ℎ,𝑟𝑒𝑓 is the wind speed at reference height ℎ𝑟𝑒𝑓 [m/s] and 𝛼𝐻𝑒𝑙𝑙  is the Hellman 

(roughness) exponent [46]: 

 

𝑣(ℎ) = 𝑣ℎ,𝑟𝑒𝑓 (
ℎ

ℎ𝑟𝑒𝑓
)

𝛼𝐻𝑒𝑙𝑙

 (48) 

 

Secondly, using the average measured wind speeds of 2015 in each price area, from available measuring 

stations across Sweden as provided by SMHI [47], and correlating them with actual wind production data 

as provided by Nord Pool [48], an estimation of suitable wind speeds could be derived. Figure 21 

summarizes the results of this process. Note that the characteristic wind speeds derived (i.e. cut-in, cut-off 

and rated wind speeds) are estimated averages for a large geographical area and not the actual wind speeds 

characterizing an individual turbine.  

When simulating the wind power production, the wind speed data used varied depending on the context. 

For simulations of historic periods, wind speeds were derived from the corresponding Nord Pool wind 

production data, when available, to minimize errors. For regions where this was not available, normal year 

hourly wind speeds scaled to a height of 90 m above ground were used from Meteonorm. Simulation of 

future periods was done using equivalent Meteonorm data for all regions.  

4.2.3.1 Dispatch model 

In addition to the power output model outlined above, any amount of generated power can be spilled if 

necessary to maintain power balance in the grid. This is, however, only preferable to do as a last resort, 

since the alternative is typically more cost effective for the system as a whole. The hourly power output 

from the wind turbines 𝐸𝑛,ℎ
𝑤𝑖𝑛𝑑  in a simulated region can thus be specified as in Equation (49), where 

Figure 21. Actual wind power generated per SE price area plotted against the 90 m equivalent average wind speeds of 2015 

per area. Using a linear curve fit on the available data and drawing lines based on the maximum observed power output and 

where substantial amounts of the output level out (compare with the idealized wind turbine power curve), suitable values for the 

cut-out and rated wind speeds were estimated to be 13 m/s and 10 m/s, respectively. A cut-in wind speed was estimated from 

where the approximated linear function reached a zero power output value, i.e. around 2.5 m/s.  
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𝑣𝑛,ℎ  is the wind speed in region 𝑛 at timestep ℎ [m/s] and 𝑆𝑛,ℎ
𝑤𝑖𝑛𝑑  is the spilled wind power in region 𝑛 at 

timestep ℎ [MW]. 

 

𝐸𝑛,ℎ
𝑤𝑖𝑛𝑑 =

{
 

 
0 𝑣𝑛,ℎ < 𝑣𝑐𝑢𝑡−𝑖𝑛

𝑎𝑣𝑛,ℎ
3 + 𝑏𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑,𝑛 𝑣𝑐𝑢𝑡−𝑖𝑛 ≤ 𝑣𝑛,ℎ < 𝑣𝑟𝑎𝑡𝑒𝑑
𝐸𝑤𝑖𝑛𝑑,𝑟𝑎𝑡𝑒𝑑,𝑛

0

𝑣𝑟𝑎𝑡𝑒𝑑 ≤ 𝑣𝑛,ℎ ≤ 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡
𝑣𝑛,ℎ > 𝑣𝑐𝑢𝑡−𝑜𝑢𝑡 }

 

 

− 𝑆𝑛,ℎ
𝑤𝑖𝑛𝑑 

(49) 

4.2.4 Cost scaling 

In order to be able to choose a different reference generation capacity of a certain power plant type in 

EDGESIM (as described in the next sections) compared to the reference generation capacity that the 

consulted cost data was based on, power law equations were used to scale relevant costs. This means that 

costs were up- or downscaled, depending on whether the chosen reference capacity in EDGESIM was 

smaller or larger than the capacity used for the cost data source [39], respectively. Formally, costs were 

scaled according to Equation (50), in accordance with previous work [2]. Here, 𝑐𝑖,𝑠𝑜𝑢𝑟𝑐𝑒
𝑣𝑂𝑀  is the variable 

operation and maintenance cost of power plant 𝑖 according to the source [SEK/MWh] and 

𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑠𝑜𝑢𝑟𝑐𝑒 is the reference generation capacity of power plant 𝑖 specified by the same source [MW].  

𝑐𝑖
𝑣𝑂𝑀 = 𝑐𝑖,𝑠𝑜𝑢𝑟𝑐𝑒

𝑣𝑂𝑀 (
𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑠𝑜𝑢𝑟𝑐𝑒
𝐸𝑛𝑜𝑚𝑖𝑛𝑎𝑙,𝑖

)

0.1

 (50) 

4.3 Region setup 

The price areas simulated in this project were set up in a manner to represent the actual regions in the 

Nordic power market, including region specific characteristics regarding power mix and actual 

transmission capacities between regions, as presented in section 2.1.2. Although the primary focus of the 

simulation performed in this project is the Swedish price areas in the Nord Pool power market, the price 

areas of most of the neighboring countries were also added in order to take imports and exports into 

account. These regions were modeled in a more simplified manner compared to the Swedish regions, with 

the power mix typically reduced into a single thermal power plant, with characteristics based on the actual 

annual non-wind energy mix of the specific country. In other words, the technical and cost related 

parameters were derived from the corresponding values presented for the Swedish power plant types 

using weights of the country specific power mix, as presented in the tables below. Installed wind capacities 

were handled in the same way as in the Swedish regions. The Norwegian regions were, in contrast to the 

others, modeled as hydropower plants, with associated reservoir capacities and refill rates. In addition, to 

account for potential cost differences compared to the Swedish conditions, scaling factors were applied on 

a country by country basis to up- or downscale the generation costs, using comparative price level indices 

[49].  

4.3.1 SE regions 

The Swedish price areas, being the primary focus of this study, were modeled using power plants of 

different types of a certain reference capacity per type. This means, for example, that the Swedish nuclear 

reactors were modeled as a certain number of reference nuclear power plants with a certain capacity, 

located in the same region as their real-life counterparts. Whereas the actual reactors are of different 
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generation capacities, EDGESIM handles all power plants of a certain type as being of the same 

generation capacity. In order to have the model represent reality in a fairly accurate way, it was therefore 

necessary to estimate suitable values for the reference generation capacity to use for each type of power 

plant, as well as the number of reference power plants to place in each region. Reference power plant 

generation capacities were derived from Nord Pool data on Swedish power units, as previously specified 

in section 2.1.5.1. Using the derived average generation capacity of each power type, a suitable number of 

reference power plants per type and per region could be estimated. As the Nord Pool power unit dataset 

does not include every power unit in Sweden, the actual number of reference power plants used was 

upscaled by comparing the Nord Pool data with the installed generation capacities of 2014 presented by 

Svensk Energi [14]. In addition, since the Nord Pool data on power units is detailed but not complete, 

whereas the Svensk Energi data concerns overall capacities, some assumptions regarding the power type 

classification of some of the generation capacities had to be made. For example, it could be argued that 

the CCGT plants in the south of Sweden in one reference was classified as CHP (as these plants typically 

also operate in conjunction with district heating), whereas in this simulation context were to be classified 

as separate CCGT plants. By merging the two datasets, Nord Pool power unit data and the generation 

capacities presented by Svensk Energi, as well as consulting sources concerning individual power plant 

details when deemed necessary [18]–[26], the installed generation capacities per region and per type 

presented in Table 22 were derived.  

 

Table 22. Installed generation capacities (in MW) per type and SE region, as estimated from a merging of Nord Pool power 

unit data and total installed capacities.  

Power plant type SE1 SE2 SE3 SE4 Total 

Hydro 5 176 8 040 2 591 348 16 155 

Nuclear 0 0 9 709 0 9 709 

Wind 478 1 467 1 986 1 489 5 420 

CHP 160 270 2 040 503 2 973 

Condensing thermal 

power (oil) 

0 0 500 670 1 170 

OCGT 0 0 720 497 1 217 

CCGT (with CHP) 0 0 260 448 708 

Total 5 814 9 777 17 806 3 955 37 352 

 

Using the values for the total installed generation capacities per power type and region, integer values of 

the number of reference power plants for use in the EDGESIM simulation were estimated. Table 23 

summarizes the reference generation capacities used for each power type, the equivalent number of 

reference plants per region as well as the resulting generation capacity of using the approach of reference 

power units. Since wind power is modeled in a different way than dispatchable power, with exact specified 

generation capacities per region, such capacities are not shown there.  
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Table 23. Reference power unit capacities used and the equivalent number of units in each SE region. As seen, hydropower 

was modeled as a single power plant in each region, with capacities matching the exact actual capacities of today, whereas 

other dispatchable power plants were modeled using a certain reference capacity for all locations. Comparing the resulting 

capacities with the actual capacities derived in Table 22, the difference is generally small.  

Reference power plant 

type 

SE1 SE2 SE3 SE4 

Hydro     

Reference capacity/unit 5 176 MW 8 040 MW 2 591 MW 348 MW 

Equivalent number of units 1 1 1 1 

Resulting capacity 5 176 MW 8 040 MW 2 591 MW 348 MW 

Nuclear     

Reference capacity/unit 607 MW 607 MW 607 MW 607 MW 

Equivalent number of units 0 0 16 0 

Resulting capacity 0 0 9 709 MW 0 

CHP     

Reference capacity/unit 113 MW 113 MW 113 MW 113 MW 

Equivalent number of units 1 2 18 4 

Resulting capacity 113 MW 227 MW 2 039 MW 453 MW 

Condensing thermal power 

(oil) 

    

Reference capacity/unit 293 MW 293 MW 293 MW 293 MW 

Equivalent number of units 0 0 2 2 

Resulting capacity 0 0 585 MW 585 MW 

OCGT     

Reference capacity/unit 63 MW 63 MW 63 MW 63 MW 

Equivalent number of units 0 0 12 8 

Resulting capacity 0 0 750 MW 500 MW 

CCGT (with CHP)     

Reference capacity/unit 236 MW 236 MW 236 MW 236 MW 

Equivalent number of units 0 0 1 2 

Resulting capacity 0 0 236 MW 472 MW 
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4.3.2 NO regions 

The five Norwegian price areas were, in terms of dispatchable power, modeled as a single power plant per 

region. As a simplification, all dispatchable generation capacity was assumed to be hydropower, since the 

Norwegian electricity to around 96% stems from this source [50]. In order to assess the distribution of 

installed generation capacities across the NO regions, data from ENTSO-E regarding installed generation 

capacities per region was consulted, as shown in Table 24. As an alternative, primarily to account for the 

fact that the former dataset does not include all installed capacities and other sources of error, installed 

generation capacities were also derived from Nord Pool production data for 2016, as listed in Table 25.   

 

Table 24. Distribution of generation capacity per power type across the NO regions in 2016, according to ENTSO-E data 

[51].  

Area Hydro Fossil gas Wind 

NO1 1 402 MW  41 MW 0 MW 

NO2 8 885 MW 420 MW 147 MW 

NO3 1 403 MW 382 MW 339 MW 

NO4 3 388 MW 230 MW 283 MW 

NO5 5 388 MW 328 MW 20 MW 

Total 20 466 MW (90%) 1 401 MW (6%) 789 MW (3%) 

 

Table 25. Estimated available generation capacity in 2016, as derived from Nord Pool production data [52]. 

Area Dispatchable capacity 

NO1 2 733 MW 

NO2 9 953 MW 

NO3 3 161 MW 

NO4 4 495 MW 

NO5 7 325 MW 

Total 27 667 MW 

 

Since the Norwegian power mix mainly consists of hydropower, it was also deemed suitable to limit the 

amount of power that could be generated during a specific period. This was done using reservoir refill rate 

and capacity constraints, similarly to what was done for Swedish hydropower. Using weekly reservoir level 

data [53], available for each of the NO regions, and comparing the reservoir levels with electricity 

production from the corresponding weeks [52], an implied reservoir refill rate per region could be derived. 

Figure 23 illustrates the results of these calculations for the full year of 2015, whereas Figure 22 shows the 

corresponding refill rates for the available weeks of 2016 at the time of writing. The reservoir sizes per 

region can be found in Table 26.  

Marginal generation costs were assumed to be equivalent to those of hydropower, but scaled by a factor of 

1.17 to account for the general price level difference between Norway and Sweden [49].  
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Table 26. Hydro reservoir sizes in the NO regions. [53] 

Area Reservoir size 

NO1 5 787 GWh 

NO2 32 725 GWh 

NO3 7 809 GWh 

NO4 19 367 GWh 

NO5 16 536 GWh 

Total 82 224 GWh  
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Figure 23. Estimated reservoir refill rates over the year for the NO regions.  
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Figure 22. Estimated hydro reservoir refill rates in the NO regions, for the weeks of 2016 available at the time of writing.  
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4.3.3 DK regions 

The two Danish price areas were, in terms of dispatchable power, modeled as a single thermal power plant 

per region. Using data from Nord Pool on power units per region [23], as well as the Danish Energy 

Agency on total installed generation capacities per power type [54], an estimation of installed generation 

capacities per region and per type could be derived. This meant that the Nord Pool data on generation 

capacities was upscaled to match the total generation capacities reported by the Danish Energy Agency. 

Table 27 summarizes the regional generation capacities used. As an alternative, historic Nord Pool 

production data was also consulted as a means to estimate the dispatchable capacities in the Danish 

regions [52], thus constituting an implicit way of estimating the currently available generation capacities. 

Table 28 lists the generation capacities for the Danish regions as estimated for 2016 (assuming 

approximately 36% of total capacity being wind power).  

 

Table 27. Installed generation capacities for the Danish regions, estimated from total capacities stated by the Danish Energy 

Agency.  

Area Thermal power Wind power Total 

DK1 5 123 MW 3 295 MW 8 419 MW 

DK2 3 646 MW 1 592 MW 5 238 MW 

Total 8 769 MW 4 888 MW 13 657 MW 

 

Table 28. 2016 available generation capacities in the Danish regions, as estimated from Nord Pool production data.  

Area Dispatchable 

capacity 

Wind power Total 

DK1 2 977 MW 1 660 MW 4 637 MW 

DK2 1 348 MW 752 MW 2 100 MW 

Total 4 325 MW 2 412 MW 6 737 MW 

 

As a simplification, only a distinction between thermal power and wind power was done regarding 

generation capacities. In turn, to more fairly represent the characteristics of the different thermal power 

plant types, technical and cost related parameters of the modeled thermal power plants in the Danish 

regions were assumed to have the values equivalent to weighted averages of the relevant power plant 

types. Weights were derived from the fuels used in Danish thermal power plants in 2014. Table 29 lists the 

weights used for the thermal power characteristics. The resulting costs were scaled by a factor of 1.11 to 

account for the general price level difference between Sweden and Denmark [49].  

Table 29. Weights used to characterize the thermal power in the Danish regions.  

Fuel/power type Weight 

Coal 60% 

Biomass 23% 

Natural gas 11% 

Waste 4% 

Oil 2% 
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4.3.4 FI region 

The Finnish price area was modeled in a similar fashion to the Danish ones, with a distinction mainly 

between non-dispatchable wind power and dispatchable power. The dispatchable power plant was 

simulated as a thermal power plant, with characteristics equivalent to that of the dispatchable power mix 

in Finland. The Finnish Energy Authority provided data on installed generation capacities [55] per power 

plant type, resulting in the capacities listed in Table 30. In accordance to previous regions, the available 

(dispatchable) generation capacity was also estimated from historic Nord Pool production data [52], as 

listed in Table 31 (assuming 94% non-wind capacity). As seen when comparing the two tables, the total 

available generation capacity exceeds the total capacity derived from the power plant register from the 

Finnish Energy Authority, indicating that actual power available is greater than the combined power of the 

listed power plants.  

Table 30. Installed generation capacities used for the Finnish price area.  

Type Capacity 

Dispatchable power 8 835 MW 

Wind power 522 MW 

Total 9 357 MW 

 

Table 31. Available generation capacity in 2016, as estimated from Nord Pool production data. 

Type Capacity 

Dispatchable power 10 769 MW 

Wind power 687 MW 

Total 11 456 MW 

 

The single dispatchable power plant was assumed to have characteristics approximately equivalent to the 

dispatchable power mix in Finland (based on energy input for electricity production in 2014 [56]), as seen 

in Table 32. Limits on hydropower production through reservoir modeling has not been added, as this 

source is not as dominant as in Norway and Sweden. To account for comparative price levels between 

Finland and Sweden, a cost scaling factor of 0.97 was used to decrease the general cost of generation in 

the Finnish region [49].  

 

Table 32. Weights used to characterize the dispatchable power in Finland. As a simplification, the coal, oil and peat part of 

the dispatchable power were assumed equivalent to coal power.  

Fuel/power type Weight 

Nuclear 28% 

Coal, oil and peat 26% 

Biomass 20% 

Hydro 16% 

Natural gas 8% 

Waste 2% 
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4.3.5 EE region 

The Estonian region was set up in a manner equivalent to the Danish and Finnish regions. The 

dispatchable power characteristics were calculated based on weights derived from the electricity 

production energy input per type of 2014, as stated by Statistics Estonia [57]. Table 33 summarizes 

installed generation capacities, whereas Table 34 lists the estimated available capacities in 2016 according 

to Nord Pool production data [52]. Table 35 lists the weights used for the dispatchable power. A cost 

scaling factor of 0.60 was used to take price level differences between Sweden and Estonia into account 

[49].  

 

Table 33. Installed generation capacities in Estonia. [57] 

Type Capacity 

Dispatchable power 2 803 MW 

Wind power 334 MW 

Total 3 137 MW 

 

Table 34. Estimated available generation capacities in 2016, as derived from Nord Pool production data [52], assuming 

around 11% being wind power. 

Type Capacity 

Dispatchable power 2 026 MW 

Wind power 241 MW 

Total 2 267 MW 

 

Table 35. Weights used to characterize the dispatchable power in Estonia.  

Fuel/power type Weight 

Oil 88.13% 

Biomass 8.37% 

Gas (CCGT) 2.64% 

Hydro 0.07% 

Coal 0.04% 

 

4.3.6 LV region 

Also the Latvian region was set up in accordance to the aforementioned regions. Installed generation 

capacities per type and electricity production from each power source in 2014 were acquired from the 

Central Statistical Bureau of Latvia [58]. Generation capacities, total and estimated available for 2016, can 

be found in Table 36 and Table 37, respectively. Table 38 lists the weights used to describe the Latvian 

dispatchable power. The latter were derived from the fractions of produced electricity in 2014 from each 

power type, respectively. A cost scaling factor of 0.56 was used to represent the lower price level in Latvia 

compared to Sweden [49].  
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Table 36. Installed generation capacities in Latvia. [58] 

Type Capacity 

Dispatchable power 2 855 MW 

Wind power 69 MW 

Total 2 924 MW 

 

Table 37. Estimated available generation capacities in 2016, as derived from Nord Pool production data [52] and assuming 

around 97% of available capacity being dispatchable.  

Type Capacity 

Dispatchable power 1 841 MW 

Wind power 52 MW 

Total 1 893 MW 

 

Table 38. Weights used to characterize dispatchable power in Latvia.  

Fuel/power type Weight 

Hydro 39.9% 

Natural gas (CCGT) 39.7% 

Biomass 20.4% 

 

4.3.7 LT region 

Installed generation capacities in Lithuania were derived from data provided by Statistics Lithuania [59] 

and from Litgrid [60], summarized in Table 39. An estimation of the available generation capacities in 

2016 are listed in Table 40. Statistics Lithuania and Litgrid also provided the data used to derive weights 

for the dispatchable power in Lithuania. As a simplification, the dispatchable generation was assumed to 

be equivalent to natural gas power (CCGT), hydropower, biomass- and waste-fired CHP, oil condensing 

power and coal power, as listed in Table 41. To downscale generation costs in accordance to general price 

level differences between Sweden and Lithuania, a cost scaling factor of 0.50 was used for the Lithuanian 

power plants [49].  

 

Table 39. Installed generation capacities in Lithuania.  

Type Capacity 

Dispatchable power 3 670 MW 

Wind power 288 MW 

Total 3 958 MW 
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Table 40. Estimated available generation capacities in 2016, as derived from Nord Pool production data [52], assuming 

around 7% of available capacity being wind power.  

Type Capacity 

Dispatchable power 1 038 MW 

Wind power 82 MW 

Total 1 120 MW 

 

Table 41. Weights used to characterize the Lithuanian dispatchable power.  

Fuel/power type Weight 

Natural gas (CCGT) 35.0% 

Hydro 31.0% 

Biomass 24.6% 

Oil 3.7% 

Waste 1.6% 

Coal 0.4% 

 

4.4 Outages 

In the actual power market, all installed generation capacity is rarely – if ever – available at all times. Both 

random and planned outages occur with varying frequency, depending on power plant type, an individual 

power plant’s reliability, maintenance schedules and unforeseen events. To achieve more realistic 

simulation results it can therefore be necessary to consider outages when setting up the model. This has 

already been accounted for, at least partly, by the use of estimated available maximum capacities from 

historic generation data of simulated periods of interest, rather than the total installed capacities. This, 

however, only captures the maximum available capacities over a longer period of time, whereas outages 

occur with varying lengths of time – sometimes even below one hour. Two different approaches were 

tested in order to account for the actual outages that occurred when simulating historic periods, as 

presented in the following paragraphs. Apart from outages in power plants, similar problems can – and 

does – occur in transmission lines. Although EDGESIM does not simulate transmission lines within 

regions, the major transmission capacities between price areas were in this iteration of the tool converted 

to time-dependent parameters, thus enabling simulation of varying available transmission. Details on how 

transmission outages were accounted for when simulating historic periods are described below.  

4.4.1 Generation capacities 

A first general approach to this issue was to consult data on outages for each price area, as provided by 

ENTSO-E [61]. By, in turn, calculating the amount of capacity not available of every hour, both per 

region and per power plant type, the nominal capacity could be adjusted on an hourly basis. In other 

words, the nominal capacity was set as a time-dependent parameter in the model, with a specific value for 

each simulated hour. Domestic dispatchable power outages (i.e. in the SE regions) were accounted for by 

reducing the number of available reference power plants available, that most closely represented the non-

available capacity of the specific hour. Domestic hydropower was, however, adjusted in terms of capacity 

per region, since this power type was simulated as one hydropower plant per region. The nominal 

capacities in price areas of neighboring countries were also adjusted in terms of capacity, for the same 

reason.  
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A major drawback of using ENTSO-E outage data was that, although being detailed and accurate, it does 

not include every power plant in the power system, thus potentially resulting in the available capacity at a 

specific time being over- or underestimated. Therefore, the second general approach to the outage issue 

was to set up EDGESIM to instead adjust the available capacities in each region by comparing the 

specified installed capacities with the actual historic maximum generation of the period being simulated 

(i.e. the simulated week of 2016). In this sense, the overall generation capacity of the simulated regions 

was downscaled to match the maximum generation observed historically at this time of each region, thus 

implicitly taking into account unavailable generation capacity.   

The two general approaches to incorporate outages were both tested separately when simulating historic 

periods of 2016 for validation of the model (see section 4.6) in order to determine what method was most 

accurate in reproducing actual market outcomes.  

4.4.2 Transmission capacities 

With EDGESIM configured to handle transmission capacities between all simulated regions as time-

dependent (i.e. hourly) parameters it was, at least theoretically, possible to capture most of the vitals in the 

power system. Once again, ENTSO-E data was consulted, where detailed interregional transmission line 

outages are listed [62]. By consulting this dataset, EDGESIM was set up to check the list of transmission 

line outages that occurred during the simulated historic period and downscale the available transmission 

capacity between any two regions to match the maximum amount actually available historically.  

4.5 Outer region boundaries 

Included in the electricity market model of this project are the Nordic and Baltic countries (except 

Iceland), thus incorporating the bulk of the Nordic power market. Power exchange does, however, also 

occur to the countries surrounding the aforementioned regions, e.g. between Finland and the Baltic 

countries and Russia, between Norway and the Netherlands, between Sweden and Poland, as well as 

between Denmark and Germany – to name some of the most notable ones. While these areas are not 

modeled explicitly, aims were taken to implicitly account for the export and import to and from them. 

This was achieved by consulting hourly exchange data from Nord Pool [63] and adjusting the load in the 

outer regions of the model. For example, the load in SE4 was, for the appropriate hours, reduced to an 

amount matching the import from Germany at the corresponding time. In the same way the load was 

increased when the region was exporting. Using the same principle for all outer regions in the model, 

import and export was hence accounted for indirectly and in a fixed way. The main purpose of this load 

adjustment was therefore to reduce potential errors when validating the model to historic market 

outcomes, rather than incorporating dynamic simulation of export and import across these outer 

boundaries.  

4.6 Validation 

Validation of EDGESIM results was primarily achieved by simulating historic periods and then 

comparing the results with Nord Pool production data of the corresponding time. More specifically, this 

meant that historic data, e.g. load, wind production and outages, were used as input data in EDGESIM 

when simulating the corresponding period, whereas the hourly dispatch of power plants to meet the 

demand was determined by the simulation. Since the focus of this study was the Swedish electricity 

market, i.e. the four Swedish price areas, the overall production in these areas and the corresponding 

production estimated by EDGESIM were used as the main indicators of model accuracy. Furthermore, 

the indicator used for estimating the simulation’s short-term (i.e. hourly) accuracy was the mean hourly 

deviation from actual overall generation per region during the simulated period, as well as a graphical 

inspection of overall simulated production compared to the actual historic production. To measure the 

model’s broader accuracy, the total generation per region and simulated week was also compared with the 

corresponding actual weekly generation level.  
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In other words, the model could be deemed accurate as long as the Swedish areas behaved relatively 

closely to reality, even if other regions were further from real-life historic behavior. Indeed, it was 

expected that the Swedish areas potentially would behave more closely to historic data, since these were 

modeled in greater detail, while the neighboring countries’ regions provided more realistic boundary 

conditions compared to a modeling case with the Swedish regions isolated.  

4.6.1 Accuracy assessment 

Formally, validation was performed by simulating a number of historic reference periods in 2016, and 

comparing the actual market outcomes with the simulation results as stated above. Starting counting from 

the first hour of 2016 (i.e. at 00:00 January 1 2016), week 1, 5, 9, 13, 17 and 21 were simulated and 

compared to actual market outcomes. Given the large number of inputs involved to accurately reproduce 

historic events on the Nord Pool power market, there was, evidently, bound to be errors or omissions of 

important events that failed to be incorporated in the input data used. For this reason, some simulated 

weeks could be expected to behave more closely to actual market outcomes, whereas others would deviate 

to some greater extent. In general, deviation from actual market outcomes can be the result of either 

modeling inaccuracy or inaccurate input data – or a combination of both. Of course, further improvement 

of the EDGESIM tool is desired to yield results that are even more accurate than are achieved in this 

project.  

The mean hourly deviation indicator 𝑥ℎ𝑑,𝑛 was calculated on a weekly and region-by-region basis, 

according to Equation (51), where ℎ is the simulation hour (ℎ =  {1,2,… , ℎ𝑛ℎ}), 𝑛ℎ  is the number of 

simulation hours, 𝐸ℎ,𝑛
𝑠𝑖𝑚  is the simulated generation for hour ℎ in region 𝑛 [MWh] and 𝐸ℎ,𝑛

𝑎𝑐𝑡𝑢𝑎𝑙  is the 

actual generation for hour ℎ in region 𝑛 [MWh]. The weekly total generation deviation 𝑥𝑤𝑡,𝑛 was 

calculated in a similar manner, as specified in Equation (52). 

𝑥ℎ𝑑,𝑛 =

∑ {
|𝐸ℎ,𝑛

𝑠𝑖𝑚 − 𝐸ℎ,𝑛
𝑎𝑐𝑡𝑢𝑎𝑙|

𝐸ℎ,𝑛
𝑎𝑐𝑡𝑢𝑎𝑙 }ℎ  

𝑛ℎ
 

(51) 

𝑥𝑤𝑡,𝑛 =
∑ {𝐸ℎ,𝑛

𝑠𝑖𝑚}ℎ −∑ {𝐸ℎ,𝑛
𝑎𝑐𝑡𝑢𝑎𝑙}ℎ

∑ {𝐸ℎ,𝑛
𝑎𝑐𝑡𝑢𝑎𝑙}ℎ

 (52) 

As an indicator of the overall accuracy of the model, the aforementioned indicators were also calculated as 

means over the total number of simulated weeks, yielding averages for mean hourly deviation (�̅�ℎ𝑑,𝑛) and 

total weekly generation (�̅�𝑤𝑡,𝑛). Furthermore, as a measure of the degree of varying accuracy between 

simulated weeks, a corrected sample standard deviation (𝑠ℎ𝑑,𝑛 and 𝑠𝑤𝑡,𝑛), was calculated for the two 

indicators according to Equation (53) and (54), where  𝑛𝑤  is the total number of simulated weeks.  

𝑠ℎ𝑑,𝑛 = √
∑ (𝑥ℎ𝑑,𝑛 − �̅�ℎ𝑑,𝑛)𝑛𝑤

𝑛𝑤 − 1
 (53) 

𝑠𝑤𝑡,𝑛 = √
∑ (𝑥𝑤𝑡,𝑛 − �̅�𝑤𝑡,𝑛)𝑛𝑤

𝑛𝑤 − 1
 (54) 
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4.6.2 Variants 

Since a number of new features have been implemented into the new EDGESIM version, as well as a 

range of different methods have been proposed for estimating outages, it was deemed suitable to test 

different modeling approaches when running the validation simulations. By testing different approaches 

for, primarily, outage handling and the way neighboring countries are modeled, as well as comparing the 

results of using the previous EDGESIM version (in this context termed Vanilla EDGESIM), the impact 

of greater detailed modeling could be quantified. Table 42 summarizes the approaches used in the 

validation simulations. The main approaches have been labeled according to the combination of methods 

used, with the abbreviations understood as neighboring countries simulation – plant outage approach – transmission 

outage approach. Details on the different outage handling methods can be found in section 4.4.  

 

Table 42. Summary of the approaches tested in the 2016 validation simulations.  

Approach Neighboring 

countries 

Plant 

outages 

Transmission 

outages 

Vanilla EDGESIM Fixed net exports None None 

Static-static-static Fixed net exports None None 

Dynamic-static-static Dynamically simulated None None 

Dynamic-ENTSO-static Dynamically simulated ENTSO-E data None 

Dynamic-NP-static Dynamically simulated Implicit, Nord 

Pool data 

None 

Dynamic-static-ENTSO Dynamically simulated None ENTSO-E data 

Dynamic-ENTSO-ENTSO Dynamically simulated ENTSO-E data ENTSO-E data 

Dynamic-NP-ENTSO Dynamically simulated Implicit, Nord 

Pool data 

ENTSO-E data 

Static-NP-ENTSO Fixed net exports Implicit, Nord 

Pool data 

ENTSO-E data 

 

 

4.7 Future scenario 

Based on the literature survey on future scenarios of the Swedish power system and comparison of the 

various scenarios, the 2025 scenario proposed by Svenska Kraftnät was deemed to be the most credible 

one at the time of writing. Thus, EDGESIM was configured to use installed generation capacities per 

region and type as specified in section 2.1.4.2. Similarly, transmission capacities between regions were 

adjusted to match the possible capacity expansions outlined in section 2.1.3.2.  

Demand was assumed to be approximately equivalent to the load of 2015. Furthermore, outer region 

boundary conditions (i.e. net exports to regions outside the Nordic Power market) were assumed to be 

equivalent to the levels seen today. Hydro reservoir refill rates for the Swedish and Norwegian areas were 

assumed to be equivalent to the rates seen over the course of 2015. Wind speeds were acquired from 

Meteonorm normal year data, from coordinates of locations matching the different regions modeled. 

Outages for both transmission lines and power plants were derived from ENTSO-E outage data from 

2015. The marginal generation costs and price level differences between countries were assumed to be 

equivalent to the levels derived for the 2016 simulations.   
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5 Results and discussion 

This section presents the results of the validation process on each of the simulated weeks of 2016. 

Emphasis has been put on showcasing the results of the approach of using the estimated available 

generation capacities of 2016, combined with different approaches for handling outages, as well as on 

presenting the general improvement of the EDGESIM tool compared to the previous version. 

Furthermore, the results are discussed primarily on, among other topics, possible reasons for the 

deviations from actual market outcomes. Furthermore, the results of the exploratory 2025 scenario is 

presented and commented on.  

5.1 Validation simulations 

As mentioned in the previous chapter, six weeks of 2016 – ranging from January to June – were used as a 

basis for validation of the electricity market model employed in EDGESIM. Focus was put on comparing 

the regional overall generation levels on an hourly basis and comparing this to the corresponding actual 

market outcome, as well as the total generation level of the corresponding week. As outlined in section 

4.6.2, a number of different approaches were used separately in order to determine the most accurate way 

of reproducing actual market outcomes and to assess what features that impact accuracy the most. The 

different approaches have a gradually increased complexity, mirroring the additional features added in 

primarily outage handling. In addition to provide an indication of what general approach reproduces the 

actual market outcome most accurately, the different approaches also gave an indication of what capacity 

adjustment was of most importance when it comes to represent the actual power market most realistically 

– i.e. detailed time-dependent power plant outages, weekly capacity adjustments to account for plant 

outages or transmission restraints.  

5.1.1 Comparison of modeling approaches 

In terms of mean hourly deviation from actual generation levels, Table 43 summarizes the results of the 

2016 validation simulations for the SE regions separately, as well as for Sweden as a whole. As evident by 

these numbers, the accuracy improvement is the greatest when comparing the original EDGESIM version 

(Vanilla EDGESIM) with the updated version and the various approaches tested with it. Significant 

improvement is seen both in terms of reproducing the actual market outcome for Sweden as a whole and 

when it comes to capturing the regional patterns, with regional improvements of up to 48 percentage 

points (depending on region and approach) and up to 17 percentage points for the whole of Sweden.  

Comparing Vanilla EDGESIM with the Static-static-static approach (i.e. the new general EDGESIM 

version, but without dynamic simulation of neighboring countries), it is clear that substantial accuracy 

improvements are achieved in all regions but SE2. This indicates that the more detailed power plant 

models (with, for example, additional ramp-rate constraints and dynamic hydro reservoir modeling) 

contributed positively to the overall accuracy of the model.  

Considering the approaches in which outage handling has been implemented, it is clear that the Dynamic-

NP-ENTSO approach was most successful among the approaches in which the whole Nord Pool power 

market was simulated. In other words, power plant outages that were estimated implicitly from Nord Pool 

production data combined with transmission line outages taken from ENTSO-E datasets was most 

accurate in reproducing actual market outcomes – generally both in regional terms and for Sweden as a 

whole (with a few exceptions).  

Examining the approaches in which neighboring countries were not simulated dynamically (i.e. Static-static-

static and Static-NP-ENTSO) and comparing them with the ones that did, there seems to be slightly higher 

accuracy for Sweden as a whole when fixing neighboring countries’ net exports to Sweden. For capturing 

regional generation patterns, the dynamic simulation of the whole market seems to be slightly favorable 

compared to static neighboring countries and no outage handling, whereas static neighboring countries 

combined with outage handling is similar in terms of accuracy with the fully dynamic approaches.   
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Table 43. Average mean hourly deviation over the six simulated weeks of 2016, per region and for Sweden as a whole. All 

numbers are in percent (%) divergence from actual generation levels, with error limits calculated as the corrected sample 

standard deviation.  

Approach SE1 SE2 SE3 SE4 Total SE 

Vanilla EDGESIM 59 ± 25 30 ± 2 45 ± 9 90 ± 54 25 ± 4 

Static-static-static 43 ± 14 35 ± 17 11 ± 14 44 ±13 8 ± 2 

Dynamic-static-static 42 ± 10 37 ± 11 18 ± 24  52 ± 7 13 ± 5 

Dynamic-ENTSO-static 41 ± 10  34 ± 8 18 ± 16 49 ± 12 14 ± 4 

Dynamic-NP-static 33 ± 13 30 ± 9 18 ± 11 47 ± 12 13 ± 4 

Dynamic-static-ENTSO 45 ± 15 37 ± 10 16 ± 20 52 ± 6 13 ± 5 

Dynamic-ENTSO-ENTSO 40 ± 8 33 ± 9 17 ± 15 49 ± 12 14 ± 4 

Dynamic-NP-ENTSO 34 ± 13 30 ± 9 17 ± 11 45 ± 13 13 ± 3 

Static-NP-ENTSO 36 ± 14 26 ± 11 15 ± 10 42 ± 15 8 ± 2 

 

Looking at the model accuracy in terms of total weekly generation, as listed in Table 44, similar trends can 

be seen as for the mean hourly accuracy. Once again, the new EDGESIM version has increased its 

accuracy significantly compared with Vanilla EDGESIM, with regional improvements of up to 46 

percentage points (depending on region and approach) and up to 11 percentage points for Sweden as a 

whole.  

Comparing the various approaches with different ways of handling outages, the patterns largely follows 

the ones seen for the mean hourly accuracy. More specifically, the Dynamic-NP-ENTSO approach seems 

to most accurately reproduce actual outcomes when examining the dynamic approaches. In contrast to the 

mean hourly accuracy, this approach also seems slightly more accurate in reproducing regional patterns 

compared to static neighboring countries, although the overall outcome for Sweden as a whole still is 

slightly more accurately reproduced with static neighboring countries.  

 

Table 44. Average total weekly deviation over the six simulated weeks of 2016, per region and for Sweden as a whole. All 

numbers are in percent (%) divergence from actual generation levels, with error limits calculated as the corrected sample 

standard deviation. 

Approach SE1 SE2 SE3 SE4 Total SE 

Vanilla EDGESIM 64 ± 32 16 ± 12  45 ± 8  54 ± 47 19 ± 10 

Static-static-static 20 ± 11 24 ± 16 10 ± 15 34 ± 24 8 ± 3 

Dynamic-static-static 24 ± 14  24 ± 15 16 ± 25 41 ± 20 11 ± 7 

Dynamic-ENTSO-static 19 ± 11 21 ± 12 17 ± 17 33 ± 26 12 ± 7 

Dynamic-NP-static 18 ± 14  16 ± 11 17 ± 12 30 ± 25 12 ± 5 

Dynamic-static-ENTSO 19 ± 11  22 ± 13 15 ± 21  41 ± 24 11 ± 7 

Dynamic-ENTSO-ENTSO 19 ± 11 21 ± 11 18 ± 16 33 ± 26 11 ± 7 

Dynamic-NP-ENTSO 18 ± 14 16 ± 11 17 ± 12 29 ± 23 12 ± 5 

Static-NP-ENTSO 20 ± 13 17 ± 11 14 ± 10 16 ± 18 8 ± 3 
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Comparing the previous version of EDGESIM with both the static approach and the dynamic approach 

for outage handling it is evident that the more detailed modeling contributes to better model accuracy, 

both in terms of short-term market patterns and total generation (see Figure 24 and Figure 25). When it 

comes to whether fixing exports between Sweden and neighboring countries or to simulating these 

regions dynamically, there is, at this stage, not a clear indication either way in terms of model accuracy. In 

other words, depending on whether the tool is to estimate the impact of smaller domestic projects on the 

electricity market or larger changes with potential impacts on net exports, either approach might be 

appropriate. Comparing the accuracy of the different SE regions, it is clear that SE1, SE2 and SE3 are 

relatively accurate in reproducing actual market outcomes at this stage. The accuracy of SE4 modelling can 

still be improved somewhat, possibly both through better representation of the region itself as well as 

neighboring regions in the model, given its significant interconnections with other regions. The next 

section provides a more detailed look into the results of the Dynamic-NP-ENTSO approach, one of the 

most accurate of the approaches tested.  

 

Figure 24. Average performance over the simulated weeks in terms of mean hourly deviation from actual market outcomes, 

for a variety of approaches. Error bars indicate the corrected standard deviation of the sample as an indicator of the stability 

of each approach and simulated region, meaning that larger standard deviations imply larger fluctuations between different 

simulation weeks in terms of reproducing actual generation patterns. 

 

Figure 25. Average performance over the simulated weeks in terms of deviation from the total weekly generation, for a variety 

of approaches. Error bars indicate the corrected standard deviation of the sample as an indicator of the stability of each 

approach and simulated region, meaning that larger standard deviations imply larger fluctuations between different simulation 

weeks in terms of reproducing actual total generation levels. 
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5.1.2 Dynamic-NP-ENTSO weekly results  

In general, the NP-NP-ENTSO model reproduced actual market outcomes accurately, although with some 

varying accuracy depending on the simulation week and region in question. In this section, the results 

from a typical winter week (week 1) and a typical late spring week (week 21) are shown to illustrate the 

simulation behavior over the course of a simulation week.  

Figure 26 illustrates the simulated generation of the first week of 2016. As seen, the short-term patterns in 

regional generation levels are fairly well captured by the model and clearly follows the actual generation 

levels. Short-term patterns are generally captured in all regions, albeit at a slightly lower general level than 

the actual one in SE3 and SE4.  

 

Figure 26. Simulated generation levels and actual generation levels per SE region of week 1 of 2016.  

 

Figure 27 illustrates the simulated generation levels of week 21 of 2016, compared with the corresponding 

actual levels. Similar to the winter week, SE1 and SE2 are captured well in terms of short-term 

fluctuations in generation level, whereas SE3 is rather underestimated this week. Generation in SE4 

deviates somewhat in the short-term, but is still captured in terms of total generation during this week. As 

evident by these figures, the generally higher percentage deviation seen in SE4 compared to the other SE 

regions (as outlined in the previous subsection) is not necessarily mirrored in absolute terms. Indeed, since 

SE4 has the lowest amount of installed capacity, the relative error more readily increases here compared to 

the other regions.  
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Figure 27. Simulated generation levels and actual generation levels per SE region of week 21 of 2016. 

 

The single greatest improvement seen in the validation simulations was the one achieved by the general 

model improvements done in this project, as seen in the comparison between Vanilla EDGESIM and the 

updated EDGESIM versions. Given the large share of hydropower in SE1 and SE2, the impact of 

constraining hydropower production by dynamic modeling of hydro reservoir levels was likely an 

important step to more accurately represent the hydropower system. Furthermore, additional ramp-rate 

constraints on power plants contributed to diversify the characteristics of different types of power plants, 

in turn creating a more realistic response in the power system model. This was probably most notable for 

the nuclear power plants, in which more realistic ramp-rate constraints contributed to making them 

behave as baseload power plants, as they do in reality. The addition of adjustable ramp-rates on power 

plants also enables EDGESIM to analyze the potential that changes in ramp-rates of certain power plants 

can have on their prospects of being recruited, which could be of potential interest in future studies. 

When it comes to the deviations observed from the actual outcome seen historically, a number of 

different factors can potentially be sources of error. As seen in the deviation numbers in the overall 

generation, SE1, SE2 and SE3 were generally captured relatively well, whereas SE4 deviated to a greater 

extent from historic outcomes – in relative terms. As previously mentioned, an important aspect to note 

here is the fact that SE4 has the least amount of installed generation capacity of the SE regions, meaning 

that the fluctuations seen in SE4 may be large in regional relative terms, but remain relatively low in 

absolute terms when compared with other regions. Indeed, in absolute terms the generation in SE2 seems 

to deviate more from actual levels, although still following the generation pattern observed, as seen for 

example in Figure 28. In other words, SE2 reproduces generation patterns well, but ramps up and down to 

a greater extent than is observed in actuality. Considering the generation simulated for all SE regions as a 

whole, the accuracy appears to be even greater, as previously noted in the deviation numbers and as seen 
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in Figure 29. Hence, EDGESIM performs well in terms of representing the Swedish electricity system as a 

whole already at this stage. Further development in accuracy would primarily be directed at capturing the 

more local patterns properly. 
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Figure 28. Compilation of regional generation levels for the ninth simulation week of 2016 using the Dynamic-NP-

ENTSO approach, compared with actual generation levels of the corresponding time.  
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5.2 Future scenario 

This section presents some key figures resulting from the 2025 future scenario simulation. Most notable is 

the impact of the significantly lower generation capacity of nuclear power plants in SE3, resulting in 

approximately 25 TWh annually of nuclear electricity in 2025 – a significant decline from the 64 TWh of 

2013. As seen in Figure 30, the lost nuclear capacity seems to be covered primarily by increased hydro 

production and reduced exports, and, to a lesser extent, increased generation by wind and CHP. The wind 

power share is increased from around 10 TWh in 2013, to 25 TWh in 2025, according to the simulation 

results. Worth mentioning is that this simulation result is based on normal year wind speeds, and hence 

can vary from this result in actuality. Overall domestic generation is reduced slightly, as compared with 

2013.  

In terms of percentage shares of total domestic generation, the previously stated condition for nuclear 

power is even more clear, as seen in Figure 31. The nuclear share is reduced from around 43% to 18%. 

The increased share of intermittent wind power, combined with the lower share of nuclear baseload 

capacity and expanded gas-turbine capacity is reflected in substantially more recruitment of gas-turbines. 

The use of backup condensing oil plants seems to have declined somewhat according to the 2025 

simulation, potentially as a result of the assumed expansion in gas-turbines rather than in condensing oil 

plants. In terms of total annual generation, however, gas-turbine power remains low and does not increase 

nearly as much as (generic/mixed fired) CHP does in this scenario in absolute numbers.  
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Important to note regarding these figures is the fact that the 2025 simulation primarily was of a 

showcasing character, illustrating the capabilities of EDGESIM for use in electricity market outcome 

predictions. Hence, the 2025 scenario was a simplified one, in which the relative costs of different 

technologies (and between countries) were assumed to be unchanged from today. Furthermore, potential 

changes in the neighboring countries’ power mixes have not been taken into account explicitly in this 

scenario. Nevertheless, the results of this scenario simulation are approximately in line with previously 

consulted scenarios (see below). 

5.2.1 Regional results 

Examining the simulated annual generation levels on a region-by-region basis, as illustrated in Figure 32, it 

is clear that SE1 and SE2 remains as net exporting regions, whereas SE3 is substantially more reliant on 

imports from the former areas. This is even clearer when comparing total generation with total load per 

region, as seen in Figure 33. Given little to no growth in electricity demand, the 2025 results indicate that 

Sweden still can be self-sufficient on electricity on an annual basis, but with significantly increased 

transmission of power from the north to the south. Should, however, the electricity demand grow 

compared with today, the proposed capacity expansions in technologies other than nuclear will likely not 

be enough to ensure such independence even on an annual basis. As discussed in the literature review, the 

decommissioning of several nuclear reactors is likely to result in Sweden ceasing to be a net exporter of 

electricity – a statement that seems to be confirmed with the present simulation.  
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Figure 33. Annual regional generation compared with regional load, as simulated for 2025 in EDGESIM.  

Comparing the results with the corresponding annual generation levels per region presented in section 

2.1.4.2, there is primarily a difference in SE3. Most likely, this is the result of nuclear generation being 

lower in the simulation performed in this study. This can, in turn, be due to larger or longer outages 

simulated for the nuclear reactors, resulting in lower generation levels on an annual basis, compared to the 

availability estimates (implicitly) done in the Svenska Kraftnät scenario forecast. The results of the future 

scenario simulation in this project are, as previously stated, primarily of exploratory character and only 

feature a single approach for the input data. For example, wind speeds were assumed to be equivalent of 

normal year wind speeds and coarsely distributed over the involved regions. With greater knowledge of 

area-specific wind speeds in correlation with wind turbine locations, a better estimate would be possible. 

Additionally, outages were assumed to behave equivalent to what was observed in 2015, possibly over- or 

underestimating the probable distribution of outages after some significant changes in the power mix. A 

more detailed study on such a future scenario should therefore include additional considerations of 

0

20

40

60

80

100

120

140

160

SE1 SE2 SE3 SE4 Sweden

TW
h

Regional generation vs. demand

Generation

Demand

-40

-20

0

20

40

60

80

100

SE1 SE2 SE3 SE4

TW
h

Regional electricity mix

Net import

Wind

Hydro

Nuclear

Oil

CHP

CCGT

OCGT

Figure 32. Annual regional generation levels as simulated for 2025 in EDGESIM.  
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alternative outage patterns, wind speeds and potentially changes that can be deemed credible to occur in 

the neighboring countries’ power mixes. Nevertheless, the simulated case does provide an indication of 

what is likely to occur in a relative near future, with changes mostly confined to changes in generation 

capacities and transmission capacities – especially when considered on an annual basis.  

5.2.1.1 Weekly dispatch 

Inspecting the simulated weekly dispatch on a typical week of higher demand (Figure 34 to Figure 37), 

nuclear plants continue to provide baseload power to the extent available, while CHP plants take on a 

greater role in providing baseload electricity than before. SE4 is heavily dependent on importing power 

from neighboring regions, as is SE3. Hydropower in SE1 and SE2 remains the primary source of 

balancing power, but is also utilized even more overall – potentially as transmission capacities to the south 

are increased. Gas-turbines are recruited to a greater extent when heavy load is experienced, at some 

points to a greater degree than observed in the relatively normal week third week simulated (as indicated 

by the annual figures). Nevertheless, the recruitment of gas-turbines as seen in SE4 in Figure 37 clearly 

showcases the timing of relatively high load, fully utilized import capacities and low wind speeds 

contributing to its utilization. With greater loads experienced over somewhat longer periods, gas-turbines 

(and possibly condensing oil plants) would be even more utilized.  
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Figure 35. Simulated plant dispatch in SE2 for each hour of the third week of 2025. 
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Figure 36. Simulated plant dispatch in SE3 for each hour of the third week of 2025. 
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Figure 37. Simulated plant dispatch in SE4 for each hour of the third week of 2025. 
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6 Conclusion 

Studying the results of the simulations performed in this project it seems EDGESIM is capable of 

predicting the electricity market outcome in terms of hourly power plant dispatch and hence overall 

system performance. Although perfect correlation with actual marker outcomes cannot be expected at all 

times, as seen in the validation simulation results, the overall pattern has been one of relatively good 

accuracy. In order to have the model perform even more realistically, a number of further developments 

can be considered, as discussed below.  

Also in the exploratory 2025 scenario, EDGESIM simulations gave credible results in terms of annual 

electricity mix, given the input data employed in this simulation. Comparing the overall generation per 

region with the corresponding numbers calculated by Svenska Kraftnät (see section 2.1.4.2), there are 

some differences mainly in terms of generation in SE3, where the annual nuclear generation likely is 

smaller in the simulation done here. Additional considerations into features valuable for future scenario 

simulations not implemented as of this project are discussed below.  

As presented in section 5.1, the approaches that seemed to predict actual market outcomes most 

accurately overall were the Dynamic-NP-ENSTO and the Static-NP-ENSTO approaches, i.e. the model 

setups in which weekly available generation capacities for all regions were estimated based on maximum 

historic generation of the corresponding period to consider plant outages, while transmission outages were 

explicitly accounted for using detailed ENTSO-E data. This was in many ways a reasonable result, as 

approach featured relatively detailed modeling of the Swedish power market and likely did not 

overestimate the currently available power plants to any great extent. However, as the other simulations 

indicate, the impact of greatly detailed modeling of outages did not in all cases mean a great increase in 

model accuracy. Rather, the single greatest improvement in accuracy was achieved by improvement of the 

general EDGESIM model, primarily more detailed technical constraints and hydro reservoir modeling.  

Depending on the purpose and goal of the future use of EDGESIM, it can be reasonable to either include 

dynamic modeling of neighboring countries or to keep exports and imports on fixed levels. The inclusion 

of dynamic neighboring countries can provide more realistic simulation environments, but as seen with 

tested approaches the is not in all cases significant. For simulation tasks mostly concerned with smaller 

changes in the existing electricity system, it may therefore be sufficient to only simulate the SE regions 

dynamically (if the Swedish part of the market is the focus) in order to assess potential impacts on, for 

example, power plant recruitment. For tasks involving more profound changes to the current power 

system, however, it is probably more accurate to simulate all regions dynamically in order to capture 

effects on the system as a whole, for example when simulating the impact of major power plant 

installments or changes in interregional transmission capacities.  

Also important to note is the fact that the SE regions were the primary focus of this project, meaning that 

most effort was directed at ensuring the accuracy of these areas of the electricity market. Whereas the 

inclusion of the price areas of neighboring countries is valuable to provide realistic export and import 

options for the SE areas, further refinement of the representation of non-SE areas would benefit not only 

the accuracy of simulated generation levels there, but most likely have the consequence of increased 

accuracy in the SE regions as well. In the present model, the non-SE price areas have been kept on a 

simple level, with dispatchable power reduced to a single reference power plant per region. Generation 

costs and the technical characteristics of these reference plants were assumed to be approximately equal to 

weighted averages of their SE counterparts, using energy mix data per country as weights for the different 

generation technologies. Thus, the marginal generation cost per non-SE area was a constant, based on the 

average electricity mix of each country. In actuality, of course, marginal generation cost for the area as a 

whole would likely increase as more and more capacity is recruited. This might be an explanation into why 

the NO areas, albeit not explicitly showcased in this report, typically behaved more closely to actual 

historic outcomes compared to other neighboring countries. Given the very large share of hydropower in 

the NO areas – a technology characterized by low marginal generation cost that ought to be fairly 
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constant over a range of generation levels – the approach of using constant average generation cost levels 

may have proven to be quite sufficient here. For the other non-SE areas, though, it may be beneficial to 

seek to characterize the generation capacities in a more detailed way. 

Apart from improvements in detail-level of non-SE areas, there is probably also room for further 

refinement of the representation of the SE areas. Although these already are of much greater detail, 

additional studies of power plant characteristics can improve the accuracy even more. This includes 

studying the impact of both technical- and generation cost-related aspects. As previously mentioned, 

however, the overall representation of the SE electricity market seems to be fairly accurate at this stage 

and so useable for studying other aspects than only reproducing historic outcomes.  

As outlined in this report, EDGESIM is at this stage a capable tool for predicting electricity market 

outcomes, especially from a Swedish perspective. The tool can with relative ease also be repurposed to 

focus on other geographical areas of interest – as long as input data of quality can be used. Further 

refinement of power system representation can be implemented in order to achieve even more accurate 

results than presently obtainable. For the purpose of predicting the impact of specific changes in the 

domestic power system, the tool is in most regards deemed to be of sufficient accuracy.  

6.1 Future work 

Based on the discussion above, numerous features can be considered valuable for further improvement of 

the EDGESIM model. Firstly, deeper investigations into the representation of power plants and their 

characteristics is simple in terms of implementation into EDGESIM, as this mainly considers the changing 

of input parameters. In order to achieve an even more realistic model of power plants it can be of interest 

to create more complex cost functions, as opposed to the current approach of constant fuel costs, etc. 

The variability of generation cost is, on the other hand, already accounted for implicitly through the 

variable electrical efficiency functions of each power plant. A more variable cost function is therefore 

perhaps most interesting for the simpler neighboring countries’ areas, where a mix of power plants have 

been condensed into a single plant per region. In other words, better accuracy in these regions can 

probably be achieved either through more detailed representation using different power plants (as in the 

SE areas), or through the implementation of a variable generation cost function, where the marginal 

generation cost increases as more power is recruited in the region.  

In terms of system constraints, ramp-rates can also be implemented for the major interregional 

transmission lines, apart from the already implemented feature of power plant ramp-rates. This is often a 

restriction in their real-life counterparts and can so contribute to greater accuracy of the overall model if 

implemented. In addition, the implementation of energy storage technologies would likely be a valuable 

feature, especially for future scenario simulations and the potentially increased competitiveness of such 

technologies.  

For further EDGESIM use in studies of future scenarios a number of additional computational features 

are valuable to add. These primarily involve the implementation of Monte Carlo simulation features and 

would significantly benefit the credibility of the simulation results. Such features would enable users to 

specify, for example, probability distributions of power plant outages and their corresponding length in 

time, yielding probability distributions of likely market outcomes as well. In addition, probability 

distributions can also be employed in wind power modeling, enabling the simulation to capture the 

variable nature of wind speeds and the overall impact it has on the power system. Monte Carlo 

simulations would, of course, be more computationally and, hence, time intensive compared to the more 

deterministic approaches employed thus far. The option to use Monte Carlo approaches would, however, 

greatly improve the versatility of the tool and enable it for more accurate simulation of complex scenarios.  
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