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Abstract 

The Swedish energy market is currently undergoing a transition from fossil fuels to renewable 

energy sources, including a potential phase-out of nuclear power. The combination of a phase-

out with expansion of intermittent renewable energy leads to the issue of increased 

fluctuations in electricity production. Energy-related organizations and institutions are 

projecting future Swedish energy scenarios with different possible transition pathways. In this 

study the market role of thermal power plants is assessed in two future scenarios. The fast 

start-up time of gas turbines means that they can balance out fluctuations. Given that a large 

share of reports already studies costs of the system, this report instead investigates the 

profitability, potential market roles, and competitive features of these technologies in the 

future market.  

 

 

Sammanfattning 

Den svenska energimarknaden genomgår för närvarande en övergång från fossila bränslen till 

förnybara energikällor, inklusive en eventuell utbyggnad av kärnkraft. Kombinationen av en 

utfasning samtidigt som det sker en expansion av variabla energikällor, som vind- och solkraft 

leder till ökade fluktuationer i elproduktionen. Energirelaterade organisationer och 

institutioner projicerar framtida svenska energiscenarier med olika strategier för hur 

omvandlingen kan ske. I denna studie undersöks därför marknadsrollen för gasturbiner i två 

framtida scenarier. Den korta start-tiden för gasturbiner innebär att de snabbt kan balansera 

fluktuationer i systemet. Med tanke på att en stor del av rapporterna redan undersöker 

kostnader för systemet, undersöker denna rapport istället lönsamheten, potentiella 

marknadsroller och konkurrenskraftiga egenskaper hos dessa tekniker på den framtida 

marknaden. 
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1. Introduction 

The growing penetration of variable renewable energy sources (V-RES) (e.g. wind and 

photovoltaic power) together with the potential phasing-out of nuclear power are expected to 

lead to variations in the operation and requirements of the Swedish grid. The boundary 

conditions for operation of power plants are changing and, as such, an improved 

understanding of the varying loads and development of hourly marginal costs when linked to 

future generation technologies and demands is required to identify key-technological aspects 

that will leverage the recruitment of one type of production over another. Indeed, the 

replacement of nuclear power with an increase penetration of V-RES is expected to generate a 

larger need for balancing in Sweden that hydropower alone is unlikely to handle given 

resource limitations, implying that other balancing technology will be deployed at large scale 

alternatively. Among such balancing options one can consider thermal to electric storage 

options, chemical and electricity storage, power-to-gas long term storage and flexible thermal 

power generation, or ideally a combination of these. In order to understand the potential of 

thermal power plants in future scenarios (e.g. 2025), a model of the Swedish electricity 

distribution grid has been initially developed at the Energy Department in KTH [1]. 

The work is part of the Research Project “Thermal power plants in the future electricity market 

– Sustainability, Flexibility and Profitability” co-funded by the Swedish Energy Agency, Siemens 

Industry Turbomachinery and Vattenfall. 

 

1.1. Objectives 

The overall purpose of the present MSc. Thesis Project is to further develop the specific model 

of Sweden, based on an electricity market simulation tool – EDGESIM, in order to identify the 

potential market role of thermal power plants, i.e. Combined Cycle Gas Turbines (CCGTs), and 

Open Cycle Gas Turbines (OCGTs) in forecasted future electricity-mix scenarios considering 

high wind power integration and the phasing-out of nuclear reactors. This will be achieved by 

performing sensitivity and optimization analyses to quantify the degree of recruitment, and 

thus profitability, of selected thermal power plant technologies and individual power plants 

when considering a number of design and cost variables (key performance indicators), 

including fuel-type, that can be enhanced in the near-term. Specific objectives include: 

 To identify realistic technical improvements and related impact in the recruitment of 

the CCGT and OCGT plants. 

  To identify under which market conditions are CCGT and OCGT plants more 

competitive, with regards to profitability (hours recruited and investment required) 

and emissions generated. 

  To perform sensitivities to fuel prices and technology-external boundary conditions. 

  To identify policy mechanisms and potential underlying motivations for them, under 

which CCGT and OCGT plants can be competitive in the future Swedish electricity-mix. 
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1.2. Report structure 

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

where the thermal power technologies in case were analyzed, the structure of the current 

Swedish electricity system was described, and possible future Swedish energy system 

scenarios developed by different actors were described and compared. Secondly, a literature 

review has been performed concerning modelling of electricity grids and electricity markets 

using EDGESIM software. Using the information of these two first chapters, the next chapter is 

devoted to implement changes and additional modeling features into the EDGESIM software in 

order to know, through simulations of the energy market, the role and opportunities that 

thermal power technologies are most probably going to have in a close future. Ultimately, 

results of simulations are presented as well as a sensitivity analysis review, followed by a 

discussion on potential issues, conclusions 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 is mainly to provide the theoretical frame of reference 

in which the further work on the EDGESIM tool will be performed. More specifically, this 

means 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, initially.  Subsequently, the thermal power technologies in case to deal with, which are 

OCGT and CCGT plants are described, including their  current and possible future costs and 

technical data, and some possible future developments such as the use of biogas in these type 

of plants.  Also, future trends, in terms of technical and financial data, of the remaining 

technologies of the energy mix are collected.  Lastly, a number of scenarios on the future 

structure of the Swedish grid from various energy sources are presented, assessed and 

compared.  

 

2.1. The Swedish electricity system 

To get started, the Swedish electricity system is explained. How the electricity production is 

distributed, which are the different electricity markets, what are the transmission capacities 

and price areas, and what are the electricity certificates is being described. This subchapter 

provides a deep and broad understanding about the context in which this project is developed. 

 

2.1.1. Distribution of electricity production per type 

The Swedish electricity supply is currently based on hydropower and nuclear power, which has 

also been the case for the last decades, as evident by Figure 1. The expansion of renewable 

electricity has however been extensive during the 2000s, with wind power accounting for the 

largest portion of the increase. In 2013, wind power established a new production record and 

electricity prices continued to be relatively low. 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 market integration with surrounding countries. 

The installed electricity production by type of power is presented in Figure 1. As can be 

appreciated, the gas turbines capacity has remained equal throughout the years. It also can be 

appreciated that the predominance of this type of generation source is quite low in the overall 

electricity production in Sweden [2]. 
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Figure 1. Net electricity production per type, 1971-2013, TWh [2]. 

 

Figure 2. Electricity production capacity, 1996 – 2014, MW [2]. 

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, there 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 [3]. 
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2.1.2. Nord Pool Spot 

Nord Pool runs the largest market for electrical energy in Europe, measured in volume traded 

(TWh) and in market share. It operates in Norway, Denmark, Sweden, Finland, Estonia, Latvia, 

Lithuania, Germany and the UK. More than 80% of the total consumption of electrical energy 

in the Nordic market is traded through Nord Pool. It was the world's first multinational 

exchange for trading electric power.  

Nord Pool AS has 380 members in about 20 countries. Members are public and private energy 

producers, energy intensive industries, large consumers, distributors, funds, investment 

companies, banks, brokers, utility companies and financial institutions [4]. 

The Nordic countries deregulated their power markets in the early 1990s and brought their 

individual markets together into a common Nordic market. [5] Estonia, Latvia and Lithuania 

deregulated their power markets, and joined the Nord Pool market in 2010-2013 [6]. 

The term ‘deregulation’ means that the state is no longer running the power market, and 

instead that free competition is introduced. Deregulation was undertaken to create a more 

efficient market, with exchange of power between countries and increased security of supply. 

Available power capacity can be used more efficiently in a large region compared to a small 

one, and integrated markets enhance productivity and improve efficiency. 

Now that transmission capacity and coupling is in place between the Nordic countries, the 

European continent and the Baltics, the power market covers large parts of Europe. This 

means that power from many different sources– hydro, thermal, nuclear, wind and solar –

 enters the grid. This ensures a more ‘liquid’ market, where large volumes are traded daily, and 

a more secure power supply [5]. 

The current Nordic electricity market consists of a number of specific underlying markets 

based on a timeline for the bidding offers. Figure 3 illustrates the major components of this 

market. 

 

Figure 3. Different markets for different time regimes - the Nordic set-up. The reservation markets 
include reservation of resources for the regulating power market and other reserves [7]. 
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Even though it is true that EDGESIM market tool (see Chapter 3) only works with the Day-

ahead market, all the different participating markets are explained and described. 

 

2.1.2.1. Financial market 

The financial market is a commercial market, where price securing contracts are traded. The 

financial markets trade futures and other derivatives that are settled against future spot 

prices; it is possible to enter a future contract involving for example 100 MW next year. Most 

liquidity is related to financial contracts targeting the System Price. The System Price is an 

artificial price that would be the result, if no congestion exists. Financial contracts manage risks 

and are essential for the market participants in the absence of long term physical contractual 

markets [7].  

 

2.1.2.2. Day-ahead: Elspot market 

Elspot is the day-ahead market and it is the main arena for trading power in the Nordic and 

Baltic countries area. Here, contracts are made between seller and buyer for the delivery of 

power the following day, the price is set and the trade is agreed [8]. 

Today there are around 360 buyers and sellers (called members) on the day-ahead market. 

Most of them trade every day, placing a total of around 2000 orders for power contracts on a 

daily basis. 

Daily trading is driven by the members’ planning. A buyer, typically a utility, needs to assess 

how much energy (‘volume’) it will need to meet demand the following day, and how much it 

is willing to pay for this volume, hour by hour. The seller, for example the owner of a 

hydroelectric power plant, needs to decide how much he can deliver and at what price, hour 

by hour. These needs are reflected through orders entered by buyers and sellers into the Nord 

Pool day-ahead trading system [9]. 

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 areas taken into account (see Figure 4) [10]. 

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 5). 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. 
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Figure 4. 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 [11]. 

 

More specifically, the price calculation is based on maximizing social surplus according to the 

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

in area  ,    is the demand function of area  ,    is the supply in area  ,    is the supply 

function of area   and   is the total number of areas [10]. 

 

   
 

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) 

[10]. 

 

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 
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capabilities are not exceeded between price areas, the system price is the only price for that 

specific hour and equal in all price areas [9]. 

 

 

Figure 5. Price areas in the Nord Pool market, including electricity prices (in EUR/kWh) for each area (as 
of mid-day 10 February 2017) [9]. 

 

2.1.2.3. Intra-day market 

Elbas is the intra-day market, in which prices are set based on a pay-as-bid basis for all 

transactions. In contrast to the common market clearing price in the day-ahead auction the 

prices in the intraday market for the same product may vary during the trading period. 

Acting as a balancing market to support the day-ahead market, Nord Pool intraday provides 

members with a place to further refine physical positions before final balancing measures are 

taken by the TSOs. 

Nord Pool’s intraday markets are open 24/7, 365 days a year offering 15 minute, 30 minute, 

hourly and block products providing the flexibility needed to meet the needs of the different 

market areas [12]. 
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2.1.2.4. Regulating power and reserve market 

A gap between power generation and demand on the grid causes the grid frequency to move 

away from its nominal value. This grid frequency is the same everywhere on an interconnected 

grid, such as the Nord Pool Spot (50 Hz), and must remain as close as possible from this value. 

When demand momentarily exceeds generation, the missing energy is supplied by the kinetic 

energy of the generators’ rotors: the synchronous machines slow down, and so does the grid 

frequency. The same happens when a plant goes down. On the opposite, if generation is 

greater than the load, the grid frequency increases. 

Rotating machines are manufactured in order to work best within a given frequency range. So 

if the frequency goes out of bounds, typically ± 0,5 Hz around the grid nominal value, machines 

disconnect themselves to avoid damages, and blackouts can occur [13]. 

To avoid this scenario, regulating and reserve mechanisms have been created. The network 

operator holds in store active power capacity made available by producers, which can be 

activated at any time to bring balance to the grid. In the Nord Pool Spot, this scheme is divided 

in the following way: 

Regulation forms 
Reserve Regulation Type Purpose Activation Technology 

Automatic 
reserves 

Primary 
regulation 

FCR-N Stabilizes the frequency 
upon small production 
and consumption 
changes 

When the frequency 
is changed within  
49.9 - 50.1 Hz 

Hydropower 
and nuclear 

FCR-D Stabilizes the frequency 
upon major disruptions 
 

When the frequency 
is changed outside of 
49.9 - 50.1 Hz 

Hydropower 
and nuclear 

Secondary 
regulation 

FRR-A Restores the frequency 
to 50 Hz 

When the frequency 
deviates from 50.00 
Hz 

Hydropower 
and nuclear 

Manual 
reserves 

Tertiary FRR-M Voluntary tenders on the 
regulating power 
market. Restores the 
frequency to 50 Hz and 
thereby restores the 
automatic reserves 

When the frequency 
deviates from 50.00 
Hz 

All techs. 

FRR-M 
(Distur-
bance 
reserve) 

Contracted disturbance 
reserve. Restores the 
automatic reserves after 
a fault, so that the 
system is ready for a 
new fault within 15 
minutes 

Manual activation 
upon disruption 

Gas turbines 

Winter 
reserve 
power 

Used to reduce the risk 
of power shortage, 
available November 16 
to March 15 

Upon strained power 
balance during 
extreme conditions 

Oil power 
plants 

Table 1. Regulation forms of the grid in the Swedish energy market [14]. 
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The primary reserve stops the frequency drift in case of an event (e.g. a plant going down) and 

the secondary reserve brings the frequency back to its nominal value. Tertiary reserve can 

solve longer-term (a few hours) imbalances [13].   

The technologies that participate in this market are paid for kW of capacity as well as for the 

energy that they provide to balance [15]. 

 

2.1.3. The renewable electricity certificate market 

Renewable electricity certificates represent a form of financial support for the production of 

electricity from renewable energy sources in Norway and Sweden. The electricity certificate 

system is market-based and is intended to increase energy production from renewable energy 

sources in a cost-effective manner. 

The way in which the electricity certificate market works is represented in Figure 6. 

 

Figure 6. Electricity certificate market performance for Sweden and Norway together [16]. 

Where:  

Stage 1 The energy producers receive one electricity certificate for each megawatt hour 
(MWh) of renewable energy produced, over a maximum of 15 years of the lifetime 
of the plant.  
 

Stage 2 The electricity certificates are sold in a market where prices are determined by 
supply and demand. In this way, the producers receive extra income in addition to 
the energy price. 
 

Stage 3 Demand for electricity certificates arises in that energy suppliers and certain 
electricity customers are obligated by law to buy electricity certificates 
corresponding to a certain proportion (quota) of their calculation-relevant 
electricity consumption. 
 

Stage 4 The electricity end users pay for the development of renewable energy production 
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because the cost of the electricity certificates is included in electricity bills. 
 

Stage 5 Every year, the market participants with quota obligations must cancel electricity 
certificates in order to fulfil their quota obligation. 
 

 

The market participants with quota obligations are primarily energy suppliers, but also certain 

electricity customers. Each year, these must buy electricity certificates corresponding to a 

certain proportion of their electricity deliveries or consumption, the so-called quota obligation. 

The quota curve states how great a proportion of the calculation-relevant electricity 

consumption the market participants with quota obligations must buy electricity certificates 

for each year.  

The quotas, which are defined in the legislation on electricity certificates, gradually increase 

until 2020 (see Figure 7), which causes increasing demand for electricity certificates. The 

quotas are specific to each country. Norway's quotas run from 2012 to 2035. Sweden's quota 

curve applies from 2003 to 2035. The quota curves are designed to stimulate the development 

of renewable energy production in accordance with the countries' established targets. The 

respective countries’ quota curves are calculated and set based on assumptions of future 

calculation-relevant electricity consumption. 

 

Figure 7. Quotas for Norway and Sweden [16]. 

In Sweden the following market participants have quota obligations: 

- Energy suppliers. 

- Electricity consumers who use energy they have produced themselves, if the 

quantity of consumed electrical energy exceeds 60 MWh per year of 

calculation and has been produced in a plant with an installed output greater 

than 50 kW. 

- Electricity consumers who have used electricity they have bought on Nordic 

Pool Spot. 

- Energy-intensive industries that have been registered by the Swedish Energy 

Agency. 

It must be taken into account that only the electricity produced from the renewable sources is 

eligible for electricity certificates. 
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Regarding to the certificates price, Svensk Kraftmäkling (SKM) takes charge of the regulation 

and update of it. In its official website, the historical electricity certificate price is shown. The 

electricity certificate price for March rounds around 70 SEK [17].  

One must remember that each electricity certificate equals 1 MWh from renewable energy 

produced. Also must be remembered that energy producers receive certificates over a 

maximum of 15 years of the lifetime of the plant. 

Figure 8 shows the different electricity certificate prices throughout the last years. As can be 

appreciated, the price of them is decreasing. It is because as time passes, the promotion of 

renewable energy technologies is becoming less necessary. 

 

Figure 8. Electricity certificates price fluctuations from 2006 to 2017 [18]. 

More specifically, Figure 9 shows the average electricity certificate prices for each month of 

2016. This curve is quite representative, since most of the years have a similar shape. As can be 

appreciated on it, the electricity certificate prices start to decrease when the winter is ending, 

reaching its lowest cost in the middle summer. When summer is finishing, the electricity 

certificate prices start to increase again, reaching its maximum cost in autumn-winter. These 

price variations depend basically on the availability that the renewable energy technologies 

have to produce as well as on the demand. 
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Figure 9. Average monthly prices in 2016 of electricity certificates and the possible trends that electricity 
certificate prices are going to have in the following four years [17]. 

 

2.1.4. The EU Emissions Trading System (EU ETS) 

The EU ETS is the main mechanism of the European Union’s drive to reduce its emissions of 

man-made greenhouse gases which are largely responsible for warming the planet and causing 

climate change.  

The system works by putting a limit on overall emissions from covered installations which is 

reduced each year. Within this limit, companies can buy and sell emission allowances as 

needed. This ‘cap-and-trade’ approach gives companies the flexibility they need to cut their 

emissions in the most cost-effective way [19].  

The EU ETS covers approximately 11,000 power stations and manufacturing plants in the 28 EU 

Member States plus Iceland, Liechtenstein and Norway, as well as aviation activities in these 

countries. In total, around 45% of total EU greenhouse gas emissions are regulated by the EU 

ETS.  

In Sweden, the companies involved have been provided with the opportunity to apply for an 

allocated emissions allowance. Special allocation principles have been applied in considering 

each installation's application. Final decisions on allocations have been taken by the 

Environmental Protection Agency after consultations with the National Board for Industrial 

and Technical Development (NUTEK) and the Energy Agency. Emission allowances have then 

been allocated to the companies free of charge [20]. 

Figure 10 shows the different emissions allowance prices throughout the last years. 
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Figure 10. Emissions allowance price fluctuations from 2005 to 2017 [21]. 

Thermal power plants that have less than 20 MW are exempted to pay this type of certificates. 

They are not in the scheme [22]. 

 

2.1.5. Capacity mechanisms 

A current issue or concern in Sweden is whether the present (and proposed) design of the 

European electricity markets will create incentives for sufficient capacity, assuming large 

volumes of intermittent generation. 

Periods of severe shortage and hence very high prices often lead to calls for price caps and 

regulatory intervention. There are, growing concerns with the ability of competitive energy-

only markets to function economically with significant amounts of intermittent generation. A 

higher level of intermittent generation will influence spot prices, plant operation and 

investments prospects. The question therefore arises whether it is necessary and desirable to 

introduce additional instruments, such as capacity mechanisms, to contract for the necessary 

amount of capacity [23].  

Currently, some countries within the European Union are already applying capacity 

mechanisms in their system. In total, 28 existing or planned capacity mechanisms are 

identified in the Member States of the European Union (see Table 2).  These can be divided 

into 'targeted' and 'market-wide' mechanisms, both of which aim to ensure sufficient capacity 

to meet a reliability standard. Targeted mechanisms give support only to the extra capacity 

required on top of that provided by the market without subsidies, whereas market-wide 

mechanisms give support to all market participants required to meet the reliability standard. 

Such schemes can further be divided into 'volume-based' and 'pricebased'. In the volume-

based schemes, the total amount of capacity required is determined in advance and a market-

based process is then used to establish the price to be paid. In the pricebased schemes, a price 

is set administratively at a level calculated to achieve investment in the amount of capacity 

required.  Three types of targeted mechanisms are identified: strategic reserves, where a 
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certain amount of capacity is held outside the market to be called upon in emergency 

situations; tenders for new capacity, where support is granted to new investment projects 

often located in a specific area; and price-based capacity payments, where administrative 

payments are made to a subset of capacity in the market.  Likewise, three types of market-

wide mechanisms are also identified: central buyer models, where a central buyer purchases 

the capacity required on behalf of suppliers/consumers; decentral obligation schemes, where 

an obligation is placed on suppliers to make their own arrangements to contract the capacity 

they require; and price-based capacity payments, where an administrative payment is 

available to all market participants (see Figure 11). Finally, the sector inquiry has identified 

demand-response schemes, also known as interruptibility schemes, in six of the eleven 

Member States. These are targeted schemes that only remunerate demand response 

operators [24].   

 

Figure 11. A taxonomy of capacity mechanisms [25]. 

 

 

Table 2. Capacity mechanisms in the Member States of the European Union [25]. * Planned mechanism 
(or being implemented). **Past mechanism (or never implemented). ***Multiple capacity mechanisms 
of the same type. 
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2.1.5.1. Case: United Kingdom 

The United Kingdom implemented the market-wide capacity payment mechanism [25]. 

According to the T-4 Capacity Auction for delivery in 2020/21 concluded on 8th December 

2016, 14:30 GMT, power units that participate in this market will be paid 22,500 £/MW 

(285,750 SEK/MW). The aggregate capacity of capacity market units awarded with capacity 

agreements is 52,425.30 MW [26][27]. 

 

2.1.5.2. Case: France 

France only implemented the tender for new capacity mechanism [25].  On it, 226,358 

capacity guarantees corresponding to 22,635.8 MW (22.6 GW) are required every year. A 

reference price of 9,999.8 € (94,798.1 SEK) per capacity guarantee was determined for the 

contract 2017. 

One capacity guarantee represents 0.1 MW of certified capacity and the auctions minimum 

and maximum price are respectively 0 and 2,000 € per capacity guarantee for 2017 contracts 

[28] [29]. 

 

2.1.6. Transmission capacities and 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% [30]. 

 

Connection Installed capacity (MW) 

SE1 → SE2 3,300 
SE2 → SE1 3,300 
SE2 → SE3 7,300 
SE3 → SE2 7,300 
SE3 → SE4 5,400 
SE4 → SE3 2,000 
SE1 → FI 1,500 
FI → SE1 1,100 
SE3 → FI 1,200 
FI → SE3 1,200 

SE1 → NO4 600 
NO4 → SE1 700 
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SE2 → NO4 300 
NO4 → SE2 250 
SE3 → NO1 2,095 
NO1 → SE3 2,145 
SE2 → NO3 1,000 
NO3 → SE2 600 
SE3 → DK1 680 
DK1 → SE3 740 
SE4 → DK2 1,300 
DK2 → SE4 1,700 
SE4 → LT 700 
LT → SE4 700 
SE4 → PL 600 
PL → SE4 600 

SE4 → DE-TenneT 615 
DE-TenneT → SE4 600 

Table 3. Installed transmission capacities between price areas connected to the Swedish price areas SE1, 
SE2, SE3 and SE4 [31]. 

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 4. 

 

Connection Transmission 
capacity change 

Operational from Status 

SE1 – SE2 + 1,200 MW 2020-2025 Pending 
SE1 – FI + 1,250 MW* 2025-2028 Pending 
SE2 – SE3 + 500 MW  2020-2025 Pending 
SE2/3 - FI +800 MW 2030 Pending 
SE3 – SE4 + 1,325 MW** 2016 Construction 
SE4 – DE-TenneT + 700 MW 2025 Planned 

Table 4. Future changes in transmission capacities between price areas, including projects already 
underway and potential ones [30][32].  *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 1,250 MW. The line 
is, however, not planned at this stage. **Estimated from a stated increase of up to 25% of current 
capacity. 
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2.2. Thermal power technologies  

Approximately 21% of the world’s electricity production is based on natural gas. The global 

gas-fired generation capacity amounts to 1,168 GW. In Europe, the total electricity generation 

capacity is about 804 GW, of which 22% is based on natural gas. However, in Sweden only 3% 

of the total generation is based on natural gas technologies. That is because the grid balancing 

needs are mainly covered by the hydropower source. Still, thermal power plants are being 

necessary in the system [33]. 

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), and 

combustion engines and gas turbines.  

Gas turbines have three application areas: First one is open cycle gas turbines (OCGT), which 

produces only power, second one is combined cycle systems (CCGT) in which gas turbines and 

steam turbines are used together, and the third one is cogeneration systems (CHP) in which 

heat and power are produced together. In this project, only the first and second application 

areas of gas turbines are approach: OCGT and CCGT.  

The aim of this chapter is to describe, analyze and compare both gas-fired power technologies. 

Also, the current CCGT and OCGT power plants in Sweden are presented, and their location is 

shown. Their different costs are also shown. Lastly, some possible future technical 

developments on both technologies, such as the possibility of being designed to work with 

biogas instead of fossil fuels are analyzed.   

 

2.2.1. Open cycle gas turbines (OCGT) 

2.2.1.1. Qualitative description 

2.2.1.1.1. Brief technology description 

A simple open cycle gas turbine consists of single compressor that is connected to an 

electricity generator via a shaft, a combustion chamber, and a turbine as shown in Figure 12. 

The compressor takes in ambient fresh air and raises its pressure. Heat is added to the air in 

the combustion chamber by burning the fuel and raises its temperature. The heated gases 

coming out of the combustion chamber are then passed to the turbine where it expands doing 

mechanical work. 
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Figure 12. A simple open gas turbine cycle [34]. 

Some part of the power developed by the turbine is utilized in driving the compressor and 

other accessories. The remaining power is used for electricity generation. Fresh air enters into 

the compressor and gases coming out of the turbine are exhausted into the atmosphere, the 

working medium need to be replaced continuously. This type of cycle is known as open cycle 

gas turbine plant and is mainly used in majority of gas turbine power plants as it has many 

inherent advantages [34].  

They are used to meet peak-load demand and offer moderate electrical efficiency of between 

35% and 42% (lower heating value, LHV) at full load [33]. 

 

2.2.1.1.2. Input 

Typical fuels are natural gas and light oil. Some gas turbines can be fueled with other fuels, 

such as LPG, biogas etc., and some gas turbines are available in dual-fuel versions (gas/oil).Gas 

fired gas turbines need an input pressure of the fuel (gas) of 20-60 bar, dependent on the gas 

turbine compression ratio, i.e. the entry pressure in the combustion chamber [35]. 

 

2.2.1.1.3. Output 

The electricity is the output, mostly. However, heat output also can be extracted, though is not 

common. All heat output is from the exhaust gas and is extracted by a flue gas heat exchanger 

(heat recovery boiler). The heat output is usually either as steam or hot water. In this project, 

only electricity output is considered since, usually, emergency units for peak demand do not 

utilize heat [35]. 

 

2.2.1.1.4. Typical capacities 

Simple cycle gas turbines are available in the 20 kWe - 450 MWe range [36]. The data tables 

shown in Section 2.2.1.2 cover large scale (40 – 450 MW) and medium and small scale (5 - 40 
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MW) installations.  Data on micro gas turbines (0.02 – 0.10 MW) is also presented. All data are 

for gas turbines operating in simple cycle mode without flue gas condensation [37]. 
 

2.2.1.1.5. Regulation ability and other power system services 

A simple-cycle gas turbine can be started and stopped within minutes, supplying power during 

peak demand. Because they are less power efficient than combined cycle plants, they are in 

most places used as peak or reserve power plants, which operate anywhere from several hours 

per day to a few dozen hours per year. However, every start/stop has a measurable influence 

on service costs and maintenance intervals. As a rule-of-thumb, a start costs 10 hours in 

technical life expectancy [38]. 

Gas turbines are able to operate at part load. This reduces the electrical efficiency and at lower 

loads the emission of e.g. NOx and CO will increase. The increase in NOx emissions with 

decreasing load places a regulatory limitation on the regulation ability. This can be solved in 

part by adding de-NOx units [37]. 

 

2.2.1.1.6. Advantages / Disadvantages 

Advantages 

Simple-cycle gas turbine plants have the shortest start-up/shut-down time, if needed. For 

normal operation, a hot start will take some 10 - 15 minutes [38]. Construction times for gas 

turbine based simple cycle plants are shorter than steam turbine plants [39]. The stipulation of 

a quick start and take-up of load frequently are the points in favor of open cycle plant when 

the plant is used as peak load plant, since it becomes the best resource to obtain a fast grid 

support. Table 5 shows a comparison of OCGT start-up time with the start-up time of some 

other competitive generating technologies.  

 

Type Start-up time 

 Open cycle gas turbine (OCGT) 10 – 20 min 
Combined cycle gas turbine (CCGT) 30 – 60 min 
Coal plant 1 – 10 hours 
Nuclear power plant 2 hours – 2 days 

Table 5. Capability of different power generating technologies to provide flexibility to the grid [40]. 

 

Disadvantages 

The low efficiency of the open cycle gas turbine plant is a great disadvantage of it. The OCGT 

plant has high air rate compared to the CCGT, therefore, it results in increased loss of heat in 

the exhaust gases and large diameter duct work is needed. A representative efficiency value of 

OCGT plants is 35%. 
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Moreover, the generation costs of OCGT are much higher. However, the main reason for the 

OCGT high generation cost is the low load-factor of the peak-load services, typically 10% vs. 50-60% for 

the CCGT plants [33]. 

 

2.2.1.1.7. Research and development perspectives 

Increased efficiency for simple-cycle gas turbine configurations has also been reached through 

intercooling and recuperators. Research into humidification (water injection) of intake air 

processes (HAT) is expected to lead to increased efficiency due to higher mass flow through 

the turbine. Additionally continuous development for less polluting combustion is taking place. 

Low-NOx combustion technology is assumed. Water or steam injection in the burner section 

may reduce the NOx emission, but also the total efficiency and thereby possibly the financial 

viability. The trend is more towards dry low-NOx combustion, which increases the specific cost 

of the gas turbine [41]. 

 

2.2.1.1.8. Prediction of performance and costs 

Gas turbine technology is a well-proven commercial technology with numerous energy 

generating installations worldwide. Technological improvements are continuously being made; 

new materials, new surface treatments or improved production methods can lead to higher 

electrical efficiency, improved lifetime and less service needs. 

  

Developments now also focus on broader gas quality acceptance during operation and 

improved dynamic performance. The efficiency of the simple-cycle turbine can be increased, if 

inlet temperatures to the turbine section can be increased. Therefore development of ceramic 

materials that can withstand high temperatures used in the hot parts of the gas turbine is 

taking place. However, the expectations for the gas turbine market in Sweden are limited, 

since gas turbines are currently predominantly used in the reserve power market. This means 

that no significant reductions in investment and/or operation/maintenance costs are expected 

to be seen in the years to come. In a longer perspective, gas turbines may become relevant for 

green gas based power production [37]. 

 

2.2.1.1.9. Uncertainty 

Uncertainty stated in the tables (see Section 2.2.1.2)  both covers differences related to the 

power span covered in the actual table and differences in the various products (manufacturer, 

quality level, extra equipment, service contract guarantees etc.) on the market. A span for 

upper and lower product values is given for the year 2020 situation. No sources are available 

for the 2050 situation. Hence the values have been estimated by the authors. 
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2.2.1.1.10. Examples of current OCGTs  

Here, some already existing open cycle gas turbines. In each of them, their capacity, efficiency, 

plant price, and price of the kW are presented. 

As can be appreciated in Table 6 the cost of a simple cycle gas turbine plant depends 

thoroughly on the unit capacity. The higher the capacity, the less costly its price of kW is. These 

estimations are provided by “Gas Turbine World 2014-15 Handbook”, a publication for project 

planning, engineering, construction and operation [36]. The prices are for equipment only, and 

do not cover transportation, plant engineering, construction, project-specific options or 

owner’s project costs. They are quoted for single-unit purchases. 

Model Technical data Costs 

Capacity (kW) Efficiency (%) Plant price 
(million SEK) 

Price of the kW 
(SEK) 

OP16-3B 1,910 26.9 14,96 7835 

Centaur-50 4.600 29.3 32.94 7162 

Mars 100 11,350 32.9 58.44 5144 

LM2500PJ 22,417 35.4 13.28 4940 

SGT-700 32,820 37.2 106.25 3240 

SGT-800 50,500 38.3 159.37 3151 

Trent 60 WLE 66,000 41.4 209.75 3178 

6F03 80,300 36.0 272.70 3399 

M701DA 144,090 34.8 341.76 2372 

7F.04 198,000 38.6 405.51 2045 

7HA.01 275,000  41.4 560.01 2036 

SGT5-4000F 307,000 40.0 625.17 2036 

M701F5 359,000 40.0 706.54 1965 

9HA.01 397,000 41.5 799.50 2009 

Table 6. Plant price and price of kW of different OCGT plants according to their capacity and efficiency 
[36]. 
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2.2.1.1.11. Investment costs curve 

Figure 13 and Figure 14 show the investment costs curve of OCGTs in 2015.  

 

Figure 13. 2015 OCGT < 100 MW investment costs curve (SEK/kW) [36]. 

 

 

Figure 14. 2015 OCGT > 100 MW investment costs curve (SEK/kW) [36]. 

As can be appreciated, the more capacity the technology has, the less costly per kW.  

Capacities are represented in two different figures because low capacities (less than 100 MW) 

and high capacities (more than 100 MW) have different investment costs curve or tendency. 

Low capacities OCGT investment costs curve has a steeper shape or relation. High capacities 

OCGT investment costs curve has a smoother one. 

2.2.1.2. Future trends of OCGT 

This subchapter collects relevant data of the current simple cycle gas turbine. Estimated data 

for 2020, 2030 and 2050 is also represented. The data contains energy/technical data, 
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environment, and financial data. Different data is provided depending on the size of the gas 

turbine. 

Technology Gas turbine, simple cycle (large) 

 2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Ref 

Energy/technical 
data 

    Lower Upper Lower Upper  

Generating 
capacity for one 
unit (MW) 

 
40 - 450 

    [36] 

Electricity 
efficiency, net 
(%) 

 
41 

 
42 

 
43 

 
45 

 
38 

 
42 

 
40 

 
44 

[36], 
[42], 
[43], 

Availability (%) 98 98 98 98 97 98 97 98 [42] 
Technical lifetime 
(years) 

25 25 25 25 25 >25 25 >25 [33], 
[42], 
[44] 

Construction 
time (years) 

1.5 1.5 1.5 1.5 1 2 1 2 [42] 

Space 
requirement  
(1000m

2
/MW) 

0.02 0.02 0.02 0.02 0.015 0.03 0.015 0.03 [44] 

Plant dynamic 
capabilities 

 

Ramp-up and 
Ramp-down  
rates (%/minute) 

 
10-20 

 
10-20 

 
10-20 

 
10-20 

 
<10 

 
50 

 
<10 

 
50 

[40], 
[42] 

Minimum load (% 
of full load) 

25 23 20 20 20 25 20 25 [42] 

Warm start up-
time (hours) 

0.25 
 

0.23 
 

0.2 
 

0.2 
 

0.1 
 

0.5 
 

0.1 
 

0.4 
 

[42], 
[45], 
[46] 

Cold start-up 
time (hours) 

0.5 0.5 0.5 0.5 0.4 1 0.4 1 [42], 
[45], 
[46] 

Environment  
SO2 (degree of 
desulphuring %) 

0 0 0 0 0 0 0 0  

NOx (g per GJ 
fuel) 

20 15 10 10 10 30 7.5 20 [44], 
[47] 

CH4 (g per GJ 
fuel) 

1.5 1.5 1.5 1.5 1 8 1 8 [47] 

N2O (g per GJ 
fuel) 

1.0 1.0 1.0 1.0 0.7 1.2 0.7 1.2 [47] 

Financial data  
Nominal 
investment (M 
SEK/MW) 

 
6 

 
5.9 

 
5.6 

 
5.2 

 
4.0 

 
9.0 

 
3.5 

 
8.5 

[36], 
[42], 
[48] 

Fixed O&M 
(SEK/MW/year) 

200,000 195,000 186,000 180,000 NA NA NA NA [42] 

Variable O&M 
(SEK/MWh/year) 

45 44 42 40 40 60 30 50 [42] 

Table 7. Technical data, plant dynamic capabilities, environmental and financial data for current and 
future large scale OCGT plants [37]. 
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Technology Gas turbine, simple cycle (small and medium scale plant) 

 2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Ref 

Energy/technical 
data 

    Lower Upper Lower Upper  

Generating 
capacity for one 
unit (MW) 

 
5 - 40 

    [36] 

Electricity 
efficiency, net (%) 

 
36 

 
37 

 
39 

 
40 

 
32 

 
40 

 
34 

 
42 

[36], 
[42], 
[43], 

Availability (%) 98 98 98 98 97 98 97 98 [42] 
Technical lifetime 
(years) 

25 25 25 25 25 >25 25 >25 [33], 
[42], 
[44] 

Construction time 
(years) 

1.5 1.5 1.5 1.5 1 1.5 1 1.5 [42] 

Space 
requirement  
(1000m

2
/MW) 

 
0.04 

 
0.04 

 
0.04 

 
0.04 

 
0.03 

 
0.07 

 
0.03 

 
0.07 

[44] 

Plant dynamic 
capabilities 

 

Ramp-up and 
Ramp-down  
rates (%/minute) 

 
10-20 

 
10-20 

 
10-20 

 
10-20 

 
<10 

 
50 

 
<10 

 
50 

[40], 
[42] 

Minimum load (% 
of full load) 

25 23 20 20 20 25 20 25 [42] 

Warm start-up 
time (hours) 

0.25 0.23 0.2 0.2 0.1 0.5 0.1 0.4 [42], 
[45], 
[46] 

Cold start-up time 
(hours) 

0.5 0.5 0.5 0.5 0.4 1 0.4 1 [42], 
[45], 
[46] 

Environment  
SO2 (degree of 
desulphuring %) 

         

NOx (g per GJ 
fuel) 

20 15 10 10 10 30 8 20 [44], 
[47] 

CH4 (g per GJ fuel) 1.5 1.5 1.5 1.5 1 8 1 8 [47] 
N2O (g per GJ 
fuel) 

1.0 1.0 1.0 1 0.7 1.2 0.7 1.2 [47] 

Financial data  
Nominal 
investment (M 
SEK/MW) 

 
7.5 

 
7.3 

 
7.0 

 
6.8 

 
6.0 

 
10 

 
5.5 

 
9.5 

[36], 
[42], 
[48] 

Fixed O&M 
(SEK/MW/year) 

200,000 195,000 186,000 180,000 NA NA NA NA [42] 

Variable O&M 
(SEK/MWh/year) 

55 54 51 46 50 70 40 60 [42] 

Table 8. Technical data, plant dynamic capabilities, environmental and financial data for current and 
future small and medium scale OCGT plants [37]. 
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Technology Gas turbine, simple cycle (micro) 

 2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Ref 

Energy/technical data     Lower Upper Lower Upper  
Generating capacity for 
one unit (MW) 

 
0.015 - 0.200 

 

    [36] 

Electricity efficiency, net 
(%) 

30 30 30 30 23 32 25 35 [44] 

Availability (%) 95 95 95 95 NA NA NA NA  
Technical lifetime 
(years) 

15 15 15 15 10 20 10 20  

Construction time 
(years) 

0.5 0.5 0.5 0.5 0.3 0.8 0.2 0.7 [49] 

Space requirement  
(1000m

2
/MW) 

0.06 0.06 0.06 0.06 0.05 0.15 0.05 0.15 [44] 

Plant dynamic 
capabilities 

 

Ramp-up and Ramp-
down  rates (%/minute) 

 
10-20 

 
10-
20 

 
10-
20 

 
10-
20 

 
<10 

 
50 

 
<10 

 
50 

[40], 
[42] 

Minimum load (% of full 
load) 

40 40 40 40 30 50 25 50 [44], 
[49] 

Warm start-up time 
(hours) 

0.25 0.25 0.25 0.25 NA NA NA (NA)  

Cold start-up time 
(hours) 

0.5 0.5 0.5 0.5 NA NA NA (NA)  

Environment  
SO2 (degree of 
desulphuring %) 

0 0 0 0 0 0 0 0 [49] 

NOx (g per GJ fuel) 10 10 10 10 6 15 6 15 [44], 
[49] 

CH4 (g per GJ fuel) 6 6 6 6 NA NA NA NA [49] 
N2O (g per GJ fuel) NA NA NA NA NA NA NA NA [49] 
Financial data  
Nominal investment (M 
SEK/MW) 

 
12 

 
12 

 
11 

 
10 

 
NA 

 
NA 

 
NA 

 
NA 

[49], 
[50] 

Fixed O&M 
(SEK/MW/year) 

NA NA NA NA NA NA NA NA  

Variable O&M 
(SEK/MWh/year) 

150 150 140 130 100 150 80 150 [49] 

Table 9. Technical data, plant dynamic capabilities, environmental and financial data for current and 
future micro scale OCGT plants [37]. 

Notes:  

- O&M costs are also considered by other sources as the 4% of the nominal 

investment costs per year [33]. 
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2.2.2. Combined cycle gas turbines (CCGT) 

2.2.2.1. Qualitative description 

2.2.2.1.1. Brief technology description  

A combined cycle power system typically uses a gas turbine to drive an electrical generator, 

and recovers waste heat from the turbine exhaust to generate steam. The steam from waste 

heat is run through a steam turbine to provide supplemental electricity.  

The basic principle of the combined cycle is simple: burning gas in a gas turbine (GT) produces 

not only power – which can be converted to electric power by a coupled generator – but also 

fairly hot exhaust gases. Routing these gases through a water-cooled heat exchanger produces 

steam, which can be turned into electric power with a coupled steam turbine and generator. 

The figure below illustrates a combined-cycle power system using a gas turbine generator with 

waste heat recovery and steam turbine generator [51]. 

 
Figure 15. Combined cycle power system using a gas turbine generator with waste heat recovery and 

steam turbine generator [51]. 

 

CCGT is the dominant gas-based technology for intermediate and base-load power generation. 

CCGT plants have basic components the same as the OCGT plants but the heat associated to 

the gas turbine exhaust is used in a heat recovery steam generator (HRSG) to produce steam 

that drives a steam turbine and generates additional electric power. Large CCGT plants may 

have more than one gas turbine.  

CCGT plants offer flexible operation. They are designed to respond relatively quickly to 

changes in electricity demand and may be operated at 50% of the nominal capacity with a 
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moderate reduction of electrical efficiency (50–52% at 50% load compared to 58–59% at full 

load). In general, because of the lower investment costs and the higher fuel (natural gas) cost 

vs. coal-fired power, CCGT plants are lower in the merit order for base-load operation, 

although the competition also depends on local conditions, variable fuel prices and 

environmental implications [33]. 

 

2.2.2.1.2. Input 

Typical fuels are natural gas and light oil. Some gas turbines can be fuelled with other fuels, 

such as LPG, biogas etc., and some gas turbines are available in dual - fuel versions (gas/oil). 

Gas fired gas turbines need a fuel gas pressure of 20 - 60 bars. Additional steam from other 

sources may be fed to the steam turbine section [37].  

 

2.2.2.1.3.  Output 

As in OCGTs, the electricity is the output, mostly. However, heat output also can be extracted. 

All heat output is from the exhaust gas and is extracted by a flue gas heat exchanger (heat 

recovery boiler). The heat output is usually either as steam or hot water. However, in this 

project, only electricity output is considered since, usually, emergency units for peak demand 

do not utilize heat [35] [37]. 

 

2.2.2.1.4. Typical capacities 

Combined cycle gas turbines are available in the 10 – 700 MWe range [36]. The data tables 

shown in Section 2.2.2.2 cover large scale (100 – 700 MW) and medium and small scale (1 - 

100 MW) installations [37]. 

 

2.2.2.1.5. Regulation ability and other power system services 

CCGT units are to some extent able to operate at part load. This will reduce the electrical 

efficiency and often increase the NOx emission. If the steam turbine is not running, the gas 

turbine can still be operated by directing the hot flue gasses through a boiler designed for high 

temperature or into a bypass stack. The larger gas turbines for CCGT installations are usually 

equipped with variable inlet guide vanes, which will improve the part-load efficiencies in the 

85-100 % load range, thus making the part-load efficiencies comparable with conventional 

steam power plants in this load range. Another means to improve part-load efficiencies is to 

split the total generation capacity into several CGTs. However, this will generally lead to a 

lower full load efficiency compared to one larger unit. The NOx emission is generally increased 

during part load operation. Some suppliers have developed CCGT system designs enabling 

short start up both regarding the electrical output and the steam circuit as well. Most CCGT 

plants installations include short-time heat storage. This leads to more flexibility in production 

planning [37]. 

 

 



Market Role of Thermal Power Plants in the Swedish Future Electricity Market  
 

29 
KTH - Energy Technologies MSc. InnoEnergy Programme - Uppsala Universitet 

 

2.2.2.1.6. Advantages/disadvantages 

Advantages 

Gas fired CCGTs are characterized by low capital costs, high electricity efficiencies, short 

construction times and short start-up times [37]. 

Disadvantages 

The economies of scale are substantial, i.e. the specific cost of plants below 200 MWe 

increases as capacity decreases. The high air/fuel ratio for gas turbines leads to lower overall 

efficiency for a given flue gas cooling temperature compared to steam cycles and cogeneration 

based on internal combustion engines. 

They have relatively long start-up. CCGT have longer start-up than OCGT leading it to be less 

responsive to power demands. It is, still, one of the fastest grid balancing technologies in the 

energy mix [52]. 

Given that wind speeds tend to fall over hours rather than seconds there may not be a need 

for additional OCGTs in a non-peaking capacity, as CCGTs could ramp up quickly enough and 

are significantly more efficient. However, CCGTs run at high load factors – typically over 60 per 

cent - and their performance may be reduced if they are turned on and off many times a day.  

In addition, CCGTs tend to be around twice as expensive so, although fuel costs use to be 

lower (typically they are a third more efficient) this may not justify the higher capital costs 

involved. Some existing CCGTs can be converted to run as OCGTs. This reduces their efficiency 

and capacity but means they can run for shorter periods, making them more flexible [53]. 

 

2.2.2.1.7. Research and development perspectives 

Continuous research is done concerning higher inlet temperature at first turbine blades to 

achieve higher electricity efficiency. This research is focused on materials and/or cooling of 

blades. 

Continuous development for less polluting combustion is taking place. Increasing the turbine 

inlet temperature may increase the NOx production. To keep a low NOx emission different 

options are at hand or are being developed, i.e. dry low - NOx burners, catalytic burners etc. 

[37]. 

 

2.2.2.1.8. Prediction of performance and costs 

Gas turbine based combined cycle plants are a well-proven, widespread and available 

technology. Improvements are still being made primarily on the gas and steam turbines used. 

Developments for faster load response and dynamic capabilities are now also in focus.  

In reference to the efficiency, over the last few decades, impressive advancement in 

technology has meant a significant increase of the CCGT efficiency by raising the gas-turbine 

inlet temperature, with simultaneous reduction of investment costs and emissions. Figure 16 
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shows the efficiency as a function of the gas turbine inlet temperature. A CCGT plant with a 

1700°C class gas turbine may attain an electrical efficiency of 62 – 65% (LHV).  

 

 

Figure 16. CCGT efficiency depending on the turbine inlet temperature [33]. 

Thus, the CCGT efficiency is expected to increase from today’s 52%–60% to a maximum of 64% 

by 2020-2025 for the class of large heavy duty GTs with 180 MW and above [33]. 

Even at that such a goal looks realistic; it is very much depending on further development of 

high temperature metallic materials as well as ceramics with acceptable temperature 

resistance and stress characteristics [54].  

No significant reductions in investment and/or operation/maintenance cost are expected in 

the years to come. In a longer perspective, gas turbines or gas turbine combined cycle plants 

may become relevant for green gas based balancing power [37]. 

 

2.2.2.1.9. Uncertainty 

 

Uncertainty stated in the tables of Section 2.2.2.2 both covers differences related to the power 

span covered in the actual table and differences between the various products (manufacturer, 

quality level, extra equipment, service contract guarantees etc.) on the market. A span for 

upper and lower product values is given for the year 2020 situation. No sources are available 

for the 2050 situation. Hence the values have been estimated by the authors. 

 

2.2.2.1.10. Examples of current CCGTs  

This subchapter gathers some already existing combined cycle gas turbines. In each of them, 

their capacity, efficiency, plant price, and price of the kW are presented. 

As can be appreciated in Table 10 the cost of a combined cycle gas turbine plant depends 

thoroughly on the unit capacity. The higher the capacity, the less costly its price of kW is. These 
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estimations are provided by “Gas Turbine World 2014-15 Handbook”, a publication for project 

planning, engineering, construction and operation [36]. The prices are for equipment only, and 

do not cover transportation, plant engineering, construction, project-specific options or 

owner’s project costs. They are quoted for single-unit purchases. 

 

 Technical data Costs 

Model  Net plant output 
(MW) 

Efficiency (%) Plant price 
(million SEK) 

kW price 
(SEK/kW) 

FT8-3 41.1 49.1 503 12,236 

LM2500+PR 44.4 53.2 517 11,643 

SGT-750 47.2 51.8 537 11,129 

SGT-800 71.4 55.1 690 9,660 

Trent 60 WLE ISI 105.7 48.6 970 9,181 

7E.03 139 51.4 1,119 8,048 

H-100 143.5 53.9 1,142 7,960 

SGT6-200F 171 51.3 1,359 7,951 

SGT5-2000E 253 52.5 1,903 7,517 

7F.05 359 59.4 2,325 6,472 

9F.05 460 60.2 2,717 5,906 

M701F5 525 61 3,099 5,906 

9HA 592 61.4 3,472 5,870 

M701J 680 61.7 3,913 5,755 

Table 10. Plant price and price of kW of different CCGT plants according to their capacity and efficiency 
[36]. 
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2.2.2.1.11. Investment costs curve 

Figure 17 shows the investment costs curve of CCGTs in 2015.  

 

Figure 17. 2015 CCGT investment costs curve (SEK/kW) [36]. 

As can be appreciated, the more capacity the technology has, the less costly per kW.  

Capacities are represented in two different curves because low capacities (less than 400 MW) 

and high capacities (more than 400 MW) have different investment costs curve or tendency. 

Low capacities OCGT investment costs curve has a steeper shape or relation. High capacities 

OCGT investment costs curve has a smoother one. The same as OCGT investment costs curve 

(see Section 2.2.1.1.11). 

 

2.2.2.2. Future trends of CCGT 

This subchapter collects relevant data of the current combined cycle gas turbine. Estimated 

data for 2020, 2030 and 2050 is also represented.  The data contains energy/technical data, 

environment, and financial data. Different data is provided depending on the size of the gas 

turbine. 
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Technology Gas turbine, combined cycle (large) 

 2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Ref 

Energy/technical 
data 

    Lower Upper Lower Upper  

Generating 
capacity for one 
unit (MW) 

 
100 - 700 

    [36] 

Electricity 
efficiency, net 
(%) 

58 59 61 63 55 61 58 65 [36], 
[42], 
[40] 

Availability (%) 97 97 97 97 96 98 96 98 [42] 
Technical lifetime 
(years) 

25 25 25 25 25 >25 25 >25 [33], 
[42], 
[44] 

Construction 
time (years) 

2.5 2.5 2.5 2.5 2 3 2 3 [42] 

Space 
requirement  
(1000m

2
/MW) 

0.02 0.02 0.02 0.02 0.015 0.03 0.015 0.03 [44] 

Plant dynamic 
capabilities 

 

Ramp-up rate 
(%/hour) 

17 17 17 17 NA NA NA NA [40] 

Ramp-down rate 
(%/hour) 

8 8 8 8 NA NA NA NA [40] 

Minimum load (% 
of full load) 

40 40 40 40 30 50 30 50 [42], 
[44], 
[55] 

Warm start up-
time (hours) 

1 1 1 1 0.5 1.5 0.5 1.5 [42], 
[46], 
[55] 

Cold start-up 
time (hours) 

2.5 2.5 2.5 2 2 5 1.5 5 [42], 
[46], 
[55] 

Environment  
SO2 (degree of 
desulphuring %) 

0 0 0 0 0 0 0 0  

NOx (g per GJ 
fuel) 

20 15 10 8 10 30 5 15 [44], 
[47] 

CH4 (g per GJ 
fuel) 

1.5 1.5 1.5 1.5 1 8 1 8 [47] 

N2O (g per GJ 
fuel) 

1 1 1 1 0.7 1.2 0.7 1.2 [47] 

Financial data  
Nominal 
investment (M 
SEK/MW) 

9.0 8.8 8.3 8.0 8.0 12.0 7.0 11.0 [36], 
[42], 
[48] 

Fixed O&M 
(SEK/MW/year) 

300,000 293,000 278,000 260,000 NA NA NA NA [42] 

Variable O&M 
(SEK/MWh/year) 

45 44 42 40 30 70 30 70 [42] 

Table 11. Technical data, plant dynamic capabilities, environmental and financial data for current and 
future large scale CCGT plants [37]. 
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Technology Gas turbine, combined cycle (medium scale plant) 

 2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Ref 

Energy/technical 
data 

    Lower Upper Lower Upper  

Generating 
capacity for one 
unit (MW) 

10 - 100     [36] 

Electricity 
efficiency, net 
(%) 

50 51 53 55 42 55 45 58 [36], 
[42], 
[40] 

Availability (%) 97 97 97 97 96 98 96 98 [42] 
Technical lifetime 
(years) 

 
25 

 
25 

 
25 

 
25 

 
25 

 
>25 

 
25 

 
>25 

[33], 
[42], 
[44] 

Construction 
time (years) 

2.5 2 2 2 2 3 2 3 [42] 

Space 
requirement  
(1000m

2
/MW) 

0.025 0.025 0.025 0.025 0.019 0.038 0.019 0.038 [44] 

Plant dynamic 
capabilities 

 

Ramp-up rate 
(%/hour) 

17 17 17 17 NA NA NA NA [40] 

Ramp-down  rate 
(%/hour) 

8 8 8 8 NA NA NA NA [40] 

Minimum load (% 
of full load) 

40 40 40 40 30 50 30 50 [42], 
[44], 
[55] 

Warm start-up 
time (hours) 

1 1 1 1 0.5 1.5 0.5 1.5 [42], 
[46], 
[55] 

Cold start-up 
time (hours) 

2.5 2.5 2.5 2 2 5 1.5 5 [42], 
[46], 
[55] 

Environment  
SO2 (degree of 
desulphuring %) 

0 0 0 0 0 0 0 0  

NOx (g per GJ 
fuel) 

20 15 10 8 10 30 5 15 [44], 
[47] 

CH4 (g per GJ 
fuel) 

1.5 1.5 1.5 1.5 1 8 1 8 [47] 

N2O (g per GJ 
fuel) 

1 1 1 1 0.7 1.2 0.7 1.2 [47] 

Financial data  
Nominal 
investment (M 
SEK/MW) 

13 13 12 11 11 18 09 16 [36], 
[42], 
[48] 

Fixed O&M 
(SEK/MW/year) 

300,000 293,000 278,000 260,000 NA NA NA NA [42] 

Variable O&M 
(SEK/MWh/year) 

45 44 42 40 30 70 30 70 [42] 

Table 12. Technical data, plant dynamic capabilities, environmental and financial data for current and 
future medium scale CCGT plants [37]. 
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Notes:  

- O&M costs are also considered by other sources as the 4% of the nominal 

investment costs per year [33]. 

 

2.2.3. The existing OCGT and CCGT plants in Sweden  

This subchapter presents the existing OCGT and CCGT plants in Sweden, showing and their 

capacity, turbine model, the company that owns them, and most importantly, their location. 

In Table 13, the existing OCGT plants in Sweden are gathered: 

STATION UNITS CAPACITY 
[MW] 

PROD. 
TYPE 

AREA COMPANY 

Barsebäck Gas 
Turbines  

G13  42 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Barsebäck Gas 
Turbines  

G14  42 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Halmstad Gas 
Turbines  

G11  78 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Halmstad Gas 
Turbines  

G12  172  Fossil Oil  SE4 Uniper Global Commodities 
SE  

Karlshamn Gas 
Turbine 

G13  37 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Öresundsverket 
Gas Turbines  

G24  63 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Öresundsverket 
Gas Turbines  

G25  63 Fossil Oil  SE4 Uniper Global Commodities 
SE  

Oskarshamn Gas 
Turbines 

G13  37 Fossil Oil  SE3 Uniper Global Commodities 
SE  

Oskarshamn Gas 
Turbines  

G23  37 Fossil Oil  SE3 Uniper Global Commodities 
SE  

Värtan  G3  54 Fossil Oil  SE3 AB Fortum Värme samägt 
med Stockholms Stad  

Table 13. Existing OCGT plants in Sweden, showing their capacity, turbine model, production type, 
location area, and company [56]. 

 

In Table 14, the existing CCGT plants in Sweden are gathered: 

STATION UNITS CAPACITY 
[MW] 

PROD. TYPE AREA COMPANY 

Öresundsverk
et, Malmö 

G1  294  Fossil Gas, 
Fossil Oil  

SE4 Uniper Global 
Commodities SE  

Öresundsverk
et, Malmö 

G2  154  Fossil Gas, 
Fossil Oil  

SE4 Uniper Global 
Commodities SE  

Rya KVV Rya KVV  260  Fossil Gas, 
Fossil Oil  

SE3 Göteborg Energi AB  

Table 14. Existing CCGT plants in Sweden, showing their capacity, turbine model, production type, 
location area, and company [56]. 
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Figure 18 shows the location of OCGT and CCGT plants in Sweden. One can appreciate that 

these are only present in the southern areas, i.e. SE3 and SE4. The reason why this type of 

plants is only present in the south is because hydropower production is scarce there, and 

therefore other sources able to balance the grid are needed. On the contrary, in the north of 

Sweden there is hydropower production enough to balance the grid; so no thermal power 

generation is needed. 

 

Figure 18. Location of the existing OCGT and CCGT plants in Sweden [56]. 

 

2.2.4. The future use of biogas turbines 

There is a growing need to use alternative energy sources to cope with the depletion of fossil 

fuel resources and the escalation of environmental concerns. Another important issue is the 

need to reduce greenhouse gases. In this respect, attention on the use of various kinds of 

biofuels in the power generation industries has grown rapidly.  

Gas turbines are quite suitable for use with biofuels because of their high fuel flexibility. 

However, in this research only biogas fuel is being approached.  

In biogas plants, animal manure from a number of farms and organic waste from food 

processing and other industries are transported to a plant. The biomass is either transported 

by road or pumped in pipes. At the plant, the biomass is treated in an anaerobic process, 
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which generates biogas. Most normal, the biogas is converted into power in a gas turbine 

plant. The gas turbine plant can either be located at the biogas plant, or it can be an external 

plant to where the gas is piped.  

Biogas is in particular most suitable for small gas turbines ranging from tens of kilowatts to 

some megawatts because the amount of biogas produced at a single source is usually limited. 

Moreover, since biogas contains quite a large amount of CO2 (20-50% by volume), its heating 

value is quite small compared to natural gas. As a result, a considerably greater quantity of 

biogas should be supplied to the combustor compared to the case of firing natural gas [57]. 

In this subsection, the future use of biogas, which implies possible costs and technical 

performance mainly, for both OCGTs and CCGTs, is analyzed separately.  

 

2.2.4.1. Biogas in OCGT 

The information found about using biogas in OCGT is very scarce. Most probably, betting on 

this technology barely will be carried out. 

However, some relevant data was found about the costs of it in a Tampere University of 

Technology study [58]. Table 15 shows the total investment and O&M costs for an open cycle 

gas turbine (5 – 40 MW) supplied by biogas, according to this study: 

 
Technology: Biogas OCGT (5-40 MW) 

Total investment cost (SEK/kW) 8,518 -14,197  

O & M cost (SEK/kWh) 0.05 - 0.1 

Table 15. Investment and O&M (SEK/kW) of a biogas OCGT ranged 5-40 MW [58]. 

Regarding to the efficiency of OCGTs using biogas, it is assumed to range between 27 – 40% 

with efficiency increasing with size. The electrical capacity, and thus the efficiency of the gas 

turbine, can be increased by changing the amount of biogas supplied to the combustion 

chamber or increasing the turbine inlet temperature [59].  

 

 

2.2.4.2. Biogas in CCGT 

A study from Korea Electric Power Research Institute carried out an economic analysis of the 

different costs of a 5 MW biogas CCGT plant in North Korea. This study is called “Comparative 

economic analysis of gas turbine-based power generation and combined heat and power 

systems using biogas fuel” [57], and the results can be appreciated in Table 16. All of the costs 

and prices used are converted to SEK. 
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Type Item Cost (million SEK) 

Equipment 
  
  
  
  

Gas turbine genset 25.7 
Bottoming steam cycle 29.13 

Fuel treatment & compression 18 
Digester 69.6 
Total equipment cost 142.43 

EPC (Engineering, procurement 
and construction) 
  
  

Consulting and design 7.34 
Installation 29.48 

Permits & inspection 1.24 
Contingency 5.02 
Total EPC cost 43.08 

Total Investment Cost  185.51 

Table 16. Initial investment costs breakdown for a 5 MW biogas combined cycle gas turbine according to 
the “Comparative economic analysis of gas turbine-based power generation and combined heat and 
power systems using biogas fuel” study, carried out by Korea Electric Power Research Institute [57]. 

 

As can be seen, the total project cost is 185.51 million SEK for CCGT plants. And from that cost, 

one can obtain the investment cost per kW for a 5 MW biogas combined cycle gas turbine, 

which is 37,100 SEK/kW. 

 

The size of this CCGT plant can be considered representative enough since biogas is more 

suitable for small gas turbines initially. So, most of future biogas turbines are probably going to 

have a close size to the one exemplified in Table 16.  

From the same study, Table 17 shows the O&M cost, feedstock cost, and other assumed 

economic factors. It was assumed that the feedstock is food waste, and included only the 

transport cost in the feedstock cost, neglecting other minor costs such as acquisition and 

processing costs. The annual amount of feedstock was calculated using the required annual 

biogas consumption of the gas turbine. The availability of the plant was assumed to be 0.9 (i.e., 

the plant operates for 90% of the year). The total project period (plant lifetime) and the 

discount rate (I) were assumed to be 20 years and 8%, respectively.  
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Technology: Biogas CCGT 

Electricity supply (MWh) 50,910 

Electricity sales revenue (A)(million SEK) 63.2 

Feedstock cost (B)(million SEK) 0.88 

O & M cost (C)(million SEK) 5.8 

Pretreatment cost (D)(million SEK) 5.45 

Annual income (A)(million SEK) 63.2 

Annual expense (B+C+D)(million SEK) 12.13 

Annual gross margin (million SEK) 51.07 

Pay-back period (years) 4.46 

NPV (million SEK)(in 20 years) 315.68 

IRR (%) 27 

Table 17. Results of the economic analysis with fixed costs and prices for a 5 MW biogas combined cycle 
gas turbine [57]. 

 

Moreover, in the International Energy Agency’s (IEA) “Projected Costs of Generating Electricity” 

2015 report [40], the biogas CCGT technology costs also were estimated and are similar to the 

previous study [57].  The estimation of costs as well as efficiency value and LCOE for this 

technology, for both 2015 and 2030, are represented in Table 18. 

 Technology Biogas CCGT 

Investment costs 
(SEK/kW) 

2015 42,766 -66,805 

2030 35,630 - 55,228 

Efficiency (%) 2015 35 - 38 

2030 42 - 44 

LCOE (SEK/MWh) 2015 1,167 - 1,950 

2030 962 – 1,586 

Table 18. Investment costs, efficiency and LCOE for the biogas CCGT technology, for both 2015 and 2030, 
according to the International Energy Agency (IEA) [40]. 

Finally, Figure 19 compares the efficiency by power output for each different technology that 

uses biomass to produce electricity. It must be added that this comparison is obtained from a 

bibliographic source of 1998. Therefore, one must assume that the efficiencies on those days 

were lower than the ones of today. But still, it helps to get an idea of the different efficiencies 

among them. 
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Figure 19. Efficiency versus net electrical power output for several prime movers [60]. 

 

2.3. Future trends of the other technologies 

This subchapter collects the future financial and technical trends of the other technologies that 

also participate in the energy mix of the Swedish Energy Market and, therefore, in the market 

simulating tool EDGESIM. These are: photovoltaic solar power, wind power, nuclear power, oil 

condensing power and hydropower. 

According to the International Energy Agency data [61], photovoltaic solar power and wind 

power will have the technical and financial data shown in Table 19 and Table 20, respectively: 

 

  Photovoltaic solar power 

  2015 2020 2030 2040 

Capital cost (SEK 2015 per kW) 10,263 8,211 6,928 6,286 

Yearly O&M cost (SEK 2015 per kW) 103 103 90 90 

Efficiency (power generation ) 100% 100% 100% 100% 

Construction time (years) 1.0 1.0 1.0 1.0 

Table 19. Future trends of photovoltaic solar power technologies [61]. 
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  Wind power 

  2015 2020 2030 2040 

Capital cost (SEK 2015 per kW) 11,803 11,418 11,033 10,776 

Yearly O&M cost (SEK 2015 per kW) 295 282 282 282 

Efficiency (power generation ) 100% 100% 100% 100% 

Capacity factor (%) 25% 26% 26% 26% 

Construction time (years) 1.5 1.5 1.5 1.5 

Table 20. Future trends of photovoltaic solar power technologies [61]. 

 

From the same source, the International Energy Agency [61], assumptions state that hydro 

power data will remain equal for the following decades.  

For nuclear power, the International Energy Agency assumes that capital costs will decrease 

slightly. The O&M costs decrease too, although insignificantly. 

For the case of oil power, an increase of the fuel price for the next two decades is expected. 

After that, a sharp fall in the oil demand is expected, triggering a fall of prices with it [62]. 

For the case of CHPs, Table 21 shows the expectations for their technical and financial data in 

the future: 

 CHPs 

Year 2025 2035 

Plant capacity [MW] 113 

Reference plant capacity [MW] 118.27 

Investment cost [SEK/kW ] 56,238.75 

Fixed O&M cost [SEK/kW year] 1,341.83 

Variable O&M cost [SEK/MWh] 80 

Efficiency [%] 28 30 

Efficiency at 50% load [%] 20 22 

Minimum plant load [%] 30 

Plant lifetime [years] 25 

Build time [years] 2 

Start-up time [minutes] 45 

Plant availability [%] 95 

Ramp-up [%/h] 17,00% 

Ramp-down [%/h] 8,00% 

Table 21. Future trends of CHP power plants [1][37]. 
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2.4. Fuels 

In this subchapter, all the fuels used by the different technologies that participate in the 

energy mix of the Swedish energy market are described. The different costs of them are also 

collected. 

 

2.4.1. Natural gas 

Natural gas is one of the two fuels used by the OCGTs and CCGTs in this work (biogas is also 

used). It is a combustible mixture of gaseous hydrocarbons that accumulates in porous 

sedimentary rocks, especially those yielding petroleum, consisting usually of over 80 percent 

methane together with minor amounts of ethane, propane, butane, nitrogen, and, sometimes, 

helium. It is used as a fuel and to make carbon black, acetylene, and synthesis gas [63]. 

The price of natural gas in Sweden has been fluctuating between 30 and 70 CSEK/kWh for the 

last years depending on the consumption band (the more one consumes throughout a year, 

the cheaper the price is). 

Figure 20 shows the average prices on natural gas (including tax and network charges, VAT is 

not included) in CSEK/kWh paid by industrial consumers by different kinds of standard 

consumption band, according to Statistics Sweden. 

 

Figure 20. Prices on natural gas for different industrial consumers, from 2007 to 2016 in Sweden [64].   

As can be appreciated, the prices of it have remained similar throughout the years, which 

make one to think that it could to be the same for the following years. 

The emission factor of natural gas is 0.056 kg CO2/MJ [65]. 

The tax applied for the use of natural gas by a consumer is already included in the price of 

Figure 20. 
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annual consumption 

Consumers with 300 < 1100 GWh 
of annual consumption 
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2.4.2. Biogas 

Biogas is the other fuel used by the OCGTs and CCGTs in this work. Biogas is a gas fuel derived 

from the decay of organic matter, as the mixture of methane and carbon dioxide produced by 

the bacterial decomposition of sewage, manure, garbage, or plant crops [66]. 

Two different prices for biogas were found.  

The first one is the price of upgraded biogas at filling stations, which has slightly lower energy 

content in comparison with natural gas. The price of it is 17.8 SEK/kg for household consumers, 

including VAT and taxes [67]. It has an average density of 0.8 kg/m3 (the density varies 

depending on the ratio of natural gas and biogas in the fuel). Therefore, the price can be 

converted to 10.68 SEK/Nm3, excluding VAT [68]. This would equal 1.1 SEK per kWh. However, 

industrial consumers would likely have beneficial contracts with suppliers. 

The second one is the price for non-upgraded biogas, which is between 29.4 and 91.47 
SEK/MWh. Non-upgraded biogas means that it has less energy content [69].  
 
Biogas does not produce CO2 emissions. 
 

2.4.3. Nuclear fuel 

The fuel used for nuclear power generation is uranium. 

Nuclear fuel was estimated by the World Nuclear Association (WNA) [70] to cost 36 SEK/MWh. 

It is possible that the uranium price will increase in the future. The cost of uranium is only a 

part of the fuel cost, about 45%, and the cost of fuel, in turn, represents less than 10% of 

nuclear energy's total generation costs. Even fairly large price increases in uranium may 

therefore only have marginal effects on production that is dominated by the cost of capital. 

Additionally, nuclear energy companies often purchase uranium with long-term contracts, 

which reduces the sensitivity to changes in the price of uranium. 

On the other hand, according to the ELFORSK report [71], the efficiency of the electricity 

conversion efficiency (net electricity through thermal output) is 36%.  

Therefore, applying the electricity conversion efficiency of 36% to the net electricity cost (36 

SEK/MWh), the fuel price is 12.96 SEK/MWh. 

 

2.4.4. Oil fuel 

For the oil condensing power plants, the fuel used is crude oil brent. The cost of this type of 

fuel has been changing severely for the last years.  

However, the most updated cost at the moment of writing is 56 USD/barrel. Knowing that 1 

barrel of crude oil equals 119.24 liters of it, the price of it is 388 SEK/MWh [72]. Furthermore, 

adding taxes, it reaches the price of 686 SEK/MWh [73].  
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2.4.5. Wood pellet and waste (CHP) 

According to the ELFORSK report [71], waste fuel and wood chips fuel prices are -130 

SEK/MWh and 200 SEK/MWh, respectively. These two type of fuels the ones used by the 

biomass combustion technologies implemented in EDGESIM (see chapter 4). Nonetheless, 

many other types of biomass fuels exist. 

The biomass CHP technology fuel price implemented in EDGESIM, was considered to be 

average of these two fuel prices. 

 

2.5. Possible future electricity scenarios 

There are many possible future energy scenarios predicted by different energy-related 

institutions around the world. However, based on the scope of the project, the chosen ones to 

compare and deal with are those that predict an increase of the renewable energy production 

and a significant phase out of the nuclear energy. 

 

2.5.1. Swedish Energy Agency scenarios 

The Swedish Energy Agency constructs a long-term study named “The Energy System after 

2020 - Four Futures” [74]. In “Four Futures”, they work on scenarios in order to envisage what 

the future energy system might look like, depending on what society deems important with 

respect to energy. They represent four future possible scenarios: 

IN FORTE It considers that society has to ensure that energy prices are low, especially 
for industry. Welfare must be based on economic growth and the availability 
of jobs in traditional industry. Secure access to energy is also one of Forte’s 
main priorities. 
 

LEGATO It involves reducing the energy system’s environmental impact and helping to 
resolve a global issue. Important factors here are ecological sustainability and 
global justice, which characterize its solutions. 
 

EXPRESSIVO It is very much based on people’s own initiatives and consumers who want to 
have individual solutions and flexibility. Here, green energy is a strong driving 
force. Decentralization, small-scale private production and purchasing services 
are important elements in Espressivo. 
 

VIVACE It has a strong climate focus. Sweden has chosen to become a forerunner in 
green growth and develops the export market for environmental technology 
and bio-industry. This entails an investment in new types of jobs. 
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Figure 21 compares the electricity produced by different technologies in 2014 with the 

estimated electricity produced by different technologies in the different “Four Futures” 

scenarios in 2035. 

 

Figure 21. Electricity produced per type in 2035 for the Four Scenarios compared to the electricity 
produced in 2014 [74]. 

Three out of the four future scenarios coincide that nuclear power is going to reduce sharply 

by 2035. Hydropower is agreed that is going to maintain almost equal. Combined heat and 

power also express similar values as the 2014 scenario. Regarding to the renewable energy 

technologies, wind power is going to express a high increase according to the whole “Four 

Future” scenarios, although Legato scenario appears to be the most optimistic with that 

technology. Lastly, solar energy is expected to produce a significant increase too. Regarding to 

open cycle and combined cycle gas turbines, it is considered that their generation is going to 

be close to zero. 

In addition, in Figure 22 it is compared the electricity capacity by different technologies in 2014 

with the estimated electricity capacity by different technologies in the different “Four Future” 

scenarios in 2035. 
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Figure 22. Electricity capacity per type in 2035 for the Four Scenarios compared to the electricity capacity 
in 2014 [74]. 

As seen, the nuclear electricity capacity is not as predominant in the overall energy mix 

capacity as in the electricity generated graph (see Figure 21). The solar electricity capacity is 

just the opposite case of the nuclear electricity capacity: it is expected to have a lot of capacity 

in most of the cases and have a lot of predominance in the overall energy mix capacity. But, as 

seen in Figure 21, the solar electricity production is not expected to be so high. It is due to the 

expected operational hours and availability of them throughout a year. The other technologies 

show mostly a constant proportionality between generation and capacity in all of the 

scenarios. 

 

2.5.2. Svenska Kraftnät’s scenario 

Svenska Kraftnät developed in 2015 a ten-year plan for the Swedish Energy Grid. The plan is 

explained in a report called “Network Development Plan 2016-2025” [30], where the current 

Swedish European electrical system as well as the expected development of it for 2025 is 

explained. Consequently, a baseline future energy scenario is proposed. 

Figure 23 compares the electricity produced in 2014 with the estimated electricity produced in 

2025 by different technologies according to Svenska Kraftnät. 
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Figure 23. Electricity produced per type in 2025 according to Network Development Plan 2016-2025 of 
Svenska Kraftnät compared to the electricity produced in 2014 (TWh)  [30]. 

As can be seen, nuclear power generation is estimated to decrease, while hydropower, 

combined heat and power and gas turbines technologies and wind power generation are 

expected to increase slightly. Solar energy had in 2014 and is expected to have in 2025 almost 

zero electricity generation. 

 The total generation and therefore, demand, for Svenska Kraftnät 2025 scenario is 158 TWh. 

In 2014 it was, 152 TWh. 

In addition, Figure 24 compares the estimated installed capacity by different energy 

technologies in 2025 according to the “Network Development Plan 2016-2025” of Svenska 

Kraftnät [30] with the installed capacity of the same different technologies in 2014. 

 

 

Figure 24. Estimated installed capacity per type in 2025 for the Svenska Kraftnät scenario compared to 
the installed capacity per type in 2014 (GW) [30]. 

According to the baseline future energy scenario of Svenska Kraftnät, nuclear power capacity is 

going to decrease significantly, though is not going to phase out at all. Hydropower capacity is 

expected to remain equal. Combined heat and power as well as gas turbines are expected to 

remain almost equal in capacity. Regarding to renewable sources, wind power is estimated to 

increase sharply, whereas solar energy is estimated to increase slightly.  
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Deepening on the Svenska Kraftnät scenario, it also differentiates the estimated installed 

capacity for the different energy sources per electricity region in 2025:  

  SE1 SE2 SE3 SE4 Total 

Nuclear power 0 0 6,7 0 6,7 

Hydro power 5,2 8 2,6 0,3 16,1 

CHP, CCGT and OCGT 0,3 0,7 4.0 2,8 8,8 

Wind power 1,3 4,1 2,9 2,2 10,5 

Solar power 0 0 0,1 0,3 0,4 

Total 6,8 12,8 17,3 5,6 42,5 

Table 22. Estimated installed capacity per electricity region in 2025 (GW) [30]. 

 

As can be appreciated in Table 22, hydropower is mostly located in the northern areas (SE1 

and SE4), whereas condensate power and gas turbines are only placed in the southern ones 

(SE3 and SE4).  

 

2.5.3. Swedish Environmental Research Institute scenario  

The Swedish Environmental Research Institute also developed a future energy scenario for 

Sweden. Nonetheless, this one takes a further future, 2050. It develops estimations related 

with the energy mix from 2010 to 2050. This future energy scenario is part of a plan called 

“Energy Scenario for Sweden 2050” [75]. In Figure 25 the electricity production per energy 

source from 2010 to 2050, according to the Swedish Environment Research Institute is shown. 

 

Figure 25. Generation of electricity in Sweden 2010-2050 according to the Swedish Environmental 
Research Institute (TWh) [75]. 

The “Energy Scenario for Sweden 2050” [75] report from the Swedish Environmental Research 

Institute considers that nuclear power is going to phase out after its technical life time which is 

set at 50 years in this scenario. This means that during the period towards 2040 there is going 

to be both a push for installing new renewable electricity production capacity at the same time 
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as there is going to be production in the nuclear power plants. As a result there will be a 

surplus of electricity produced in Sweden during that period (see Figure 25). 

 

The share of renewables in the energy mix could be increased by phasing out nuclear before 

reaching the lifetime (50 years) now set in the energy scenario. In 2030 there is a nuclear 

power input of 50 TWh and a surplus electricity production of 37 TWh. The share of 

intermittent power increases to slightly more than 50% in 2050. The regulating capacity in 

hydropower resource becomes very necessary. Smart grids, including the management of 

power peaks by managing demand loads (for example, plan certain recurring events such as 

the start of large CCGTs and OCGTs at certain times), are also needed to manage the increase 

of intermittent power in the electricity supply. 

 

Since the thesis is based on a future no further than 2030, a comparison between the 

generation of electricity in Sweden in 2013 and in 2030, by technology, is shown in Figure 26. 

 

 

Figure 26. Generation of electricity in Sweden 2013-2030 according to the Swedish Environmental 
Research Institute (TWh) [75]. 

 

2.5.4. Comparison of the scenarios 

Since the Swedish Environmental Research Institute scenario only bases its study on electrical 

generation (TWh) and not on installed capacity (GW), the only possible comparison of the 

different scenarios previously shown is of electrical generation per type of source. 

The future scenarios are compared with the scenario of 2014, since most of them, in their own 

study were compared with that year. 
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Figure 27. Comparison of generated electricity by type for the different scenarios[TWh] [30] [74] [75]. 

The comparison of the different scenarios is shown in Figure 27.  

Starting with nuclear power generation, five out of the six different scenarios agree that 

nuclear power is going to phase out. In the case of hydropower, most of them agree that its 

electricity generation is going to remain equal.  Thermal power plants generation is quite 

different among the scenarios; some scenarios predict that their electricity generation is going 

to reduce and others to increase. Nevertheless, they all agree that this source of electricity 

production is going to prevail in the energy mix. Regarding to renewable energy production, 

i.e. wind power and solar power; all the scenarios agree that they are going to increase. Wind 

power is expected to increase its production more notably than solar. 

 

2.6. Profitability analysis 

In order to know the feasibility of CCGT and OCGT power plants implemented in the future 

scenarios, a profitability analysis is carried out. In this one, the following key performance 

indicators (KPIs) are calculated: 

- Net present value (NPV). 

- Internal rate of return (IRR). 

- Payback period. 
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2.6.1. Net present value (NPV) 

Net present value (NPV) is defined as an investment measure that tells an investor whether 

the investment is achieving a target yield at a given initial investment. NPV also quantifies the 

adjustment to the initial investment needed to achieve the target yield assuming everything 

else remains the same. Formally, the net present value is simply the summation of cash flows 

(C) for each period (n) in the holding period (N), discounted at the investor’s required rate of 

return (r): 

 

Here is a simple way to think about the net present value: 

NPV = Present Value – Cost 

The net present value is simply the present value of all future cash flows, discounted back to 

the present time at the appropriate discount rate, less the cost to acquire those cash flows. In 

other words NPV is simply value minus cost. 

When NPV is viewed as value minus cost, then it’s easy to see that the NPV tells the investor 

whether or not what is being bought is worth more or less than what is being paid. 

There are only 3 possible categories NPV will fall into: 

 Positive NPV. If NPV is positive then it means that the investor is paying less than what 

the asset is worth. 

 Negative NPV. If NPV is negative then it means that the investor is paying more than 

what the asset is worth. 

 Zero NPV. If NPV is zero then it means the investor is paying exactly what the asset is 

worth [76]. 

 

2.6.2. Internal rate of return (IRR) 

The Internal rate of return (IRR) for an investment is the percentage rate earned on each SEK 

invested for each period it is invested. IRR is also another term people use for interest. 

Ultimately, IRR gives an investor the means to compare alternative investments based on their 

yield. 

Mathematically, the IRR can be found by setting the Net Present Value (NPV) equation equal to 

zero (0) and solving for the rate of return (IRR). 
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IRR can be a very helpful decision indicator for selecting an investment. However, there is one 

very important point that must be made about IRR: it doesn’t always equal the annual 

compound rate of return on an initial investment [77]. 

 

2.6.3. Payback period 

Payback period is the time in which the initial cash outflow of an investment is expected to be 

recovered from the cash inflows generated by the investment. It is one of the simplest 

investment appraisal techniques. 

The formula to calculate payback period of a project depends on whether the cash flow per 

period from the project is even or uneven. In case they are even, the formula to calculate 

payback period is: 

  

According to this method, the project that promises a quick recovery of initial investment is 

considered desirable. If the payback period of a project computed by the above formula is 

shorter than or equal to the management’s maximum desired payback period, the project is 

accepted otherwise it is rejected. For example, if a company wants to recoup the cost of a 

machine within 5 years of purchase, the maximum desired payback period of the company 

would be 5 years. The purchase of machine would be desirable if it promises a payback period 

of 5 years or less. 
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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 [1]. The 

next chapter (chapter 4) presents additional features that have been added to the model as a 

result of this thesis project. 

 

3.1. System model and procedure 

EDGESIM stands for Electricity Distribution and GEnerator SIMulator. This tool has the 

capability of evaluating the performance of given power plant technologies in liberalized 

electricity markets. Essentially, this model is a power plant dispatching model that calculated 

the operation of a given set of power plant in order to satisfy the demand with the lowest cost. 

As no preference is given to any technology, this approach allows the true viability of the 

different power plants to be determined. Therefore, EDGESIM is a very useful tool to evaluate 

the role of a certain technology in current and future electricity [78]. 

 In general with EDGESIM the end-user is able to make decisions concerning: 

 Identifying optimum technology-mix for a location 

 Evaluating performance of specific power plants in market 

 Evaluating the feasibility of new power plant concepts and hybrids 

 Determining impact of policies on grid development and of investment in grid 

EDGESIM simulates a specific electricity market using a multi-node power grid model. 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 power exchange. EDGESIM 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 [79]. 
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Figure 28. Simplified schematic representation of information flows in EDGESIM [79]. 

 

3.2. Structure and operation 

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 29 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 29. Flow chart illustrating the software structure of EDGESIM, including brief descriptions of each 
step [1]. 
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3.3. Region setup 

EDGESIM is modeled to read the market data, i.e. demand and weather conditions for each 

region.   

The regions included in EDGESIM are the countries that are part of Nord Pool Spot trading 

market (see subsection 2.1.2). These regions are SE1, SE2, SE3, SE4, NO1, NO2, NO3, NO4, 

NO5, DK1, DK2, FI, EE, LV, LT. 15 regions in total.  

The peak regional load, the minimum regional load and the hourly load of each region is also 

modeled. 

The number of power plants of each technology in each region is also modeled. Specifically, 

the different technologies or different power plant types initially modeled are: 

- OCGT 

- CCGT 

- CHP 

- Waste fired CHP 

- Biomass/wood fired CHP 

- Oil condensing  

- Coal  

- Nuclear 

- Solar thermal 

- Hybrid solar 

- Pump hydro storage 

- Hydropower 

For each different technology, a specific power capacity is chosen. That is the reference 

capacity. So, in each technology there is only one size of capacity, which makes the model 

quite simple (in Section 4, the model is improved and different sizes are created). For each 

technology also the investment costs, fixes and variable O&M costs, efficiency, minimum load, 

lifetime, building time, start-up time, availability and ramp-up and ramp-down is modeled.   

 

3.4. Existing power plant modeling 

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 (nuclear 

power included) are governed by the same type of equations, only varying in terms of 
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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 [1].  

 

3.4.1. 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. 

 

3.4.2. 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 start 

ups 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. This type also includes 

nuclear power. 

 

3.4.3. Wind power  

The general approach in EDGESIM to model the hourly wind power generated is to use an 

idealized power curve. 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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3.4.4. Solar power 

Solar power generation was modeled in EDGESIM in the following way: solar power generation 

was the result of multiplying the capacity of photovoltaic solar implemented times the solar 

irradiation. Also, a correction factor1 was added to this calculation (see section 4.3.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
1
 Correction factor: is stated as percent and describes the relationship between the actual and 

theoretical energy outputs of the PV plant [80]. 
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4. Methodology 

This chapter explains the new implementations made in EDGESIM. It also collects the data that 

is being used in EDGESIM for CCGTs, OCGTs and the other technologies modeling. 

Furthermore, it shows the two different future scenarios chosen to be implemented in 

EDGESIM, explains why, and collects the relevant data needed for modeling them. Ultimately, 

the profitability analysis and the sensitivity analysis modeling are described. 

 

4.1. New implementations in EDGESIM 

Since the aim of this project is to figure out the profitability of OCGT and CCGT technologies, 

new costs and revenues has to be implemented in EDGESIM. In this subchapter, the 

implementations of the new costs and revenues for the profitability of these technologies and 

how they are calculated is described. 

 

4.1.1. Electricity cost and price formation 

The model already calculated the cost of producing the electricity for all regions combined per 

hour (not marginal cost). That is what tries to minimize. To calculate that cost, it takes the 

electricity produced and the cost it takes to produce all the electricity. It considers also start-

ups, which make increase the costs. 

In this project, what has been implemented is, initially, to calculate the price of the electricity. 

To get the price of the electricity, the marginal cost of each technology has to be calculated. 

The marginal cost for each recruited technology is:  

                                                              

Where: 

-      : Variable operation and maintenance costs for the technology in case. 

-           : The cost of the fuel for the technology in case. 

-        : The revenues from the renewable electricity certificates (see 

subchapter 2.1.3). 

-            : The cost of producing CO2 emissions, through the EU ETS (see 

subchapter 2.1.4). 

-               It is the start-up cost of the different technologies. This cost 

only happens one time: when the power plant is starting up. All thermal plants 

have start up costs. Hydro, wind and solar do not have. 

It must be said that not all the technologies use these parameters. For example, wind and solar 

energy technologies don’t have fuel costs, and natural gas technologies don’t have renewable 

electricity certificates revenues. 
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Then, the model chooses the highest marginal cost of the recruited plants per hour in each 

region, and adds an investment cost recovering margin of 1.2 to get the electricity price: 

                                                                  

Where: 

-               : The cost of producing electricity 

-                              : It is the most common margin added to 

the marginal cost in order to establish a proper electricity price. The aim of it is 

to make profitable the energy technologies.  

Technology Investment recovering margin  

OCGT 300% 
CCGT 120% 
Oil condensing plants 300% 
Nuclear 150% 
Hydropower 170% 

Table 23. Investment recovering margin established in EDGESIM for each technology.  

All this is calculated after the simulations in EDGESIM. 

The final electricity price in Sweden is the average between the different regions price 

separately. However, if the transmission capacity reaches the 80% of the total capacity (only 

implemented one transmission capacity: from 2 to 3; see section 4.3.4), then the price for all 

the regions is the average of Region 3 and Region 4 prices. 

The minimum electricity price established is 40 SEK/MWh in all the regions because the 

minimum one in Elspot market during 2016 was 38.69 SEK/MWh [80].  

 

4.1.1.1. Renewable Electricity certificates 

The renewable electricity certificates revenue has been implemented so that only the recently 

installed renewable technologies could take profit of it. And the revenues from electricity 

certificates last only for 15 years. This revenue is included in biogas OCGT and CCGT 

technologies. 

Regarding to its calculation, the electricity produced by renewable technologies multiplied by 

the price of a certificate equals the total income from these certificates. This is from the point 

view of the plant operator. In reality, electricity suppliers have to buy a quota of certificates as 

well; depending on their electricity consumption and distribution (see Chapter 2.1.3). 

The value chosen for the electricity certificates revenue is 130 SEK/MWh for 2025 and 78 

SEK/MWh for 2035, according to the trend line from historical values extrapolation (see 

Chapter 2.1.3). The fact that the electricity certificates revenue is being reduced as time passes 

makes totally sense, since the investment costs of renewable energy technologies also are 

being reduced constantly. They require less and less incentives to be competitive. 



Market Role of Thermal Power Plants in the Swedish Future Electricity Market  
 

62 
KTH - Energy Technologies MSc. InnoEnergy Programme - Uppsala Universitet 

 

 

4.1.1.2. EU Emission Trading System (ETS) certificates 

The EU Emission Trading System (ETS) certificates cost is only included in technologies using 

fossil fuels.  

From the literature review section (se subchapter 2.1.4), the EU ETS certificates cost can be 

known for the last years. Since it has been fluctuating severely, the historical average value has 

been decided to be implemented in EDGESIM. The historical average cost of EU ETS certificates 

implemented in EDGESIM is then: 118 SEK/ton [21]. 

The emissions from each technology were already calculated in the previous version of 

EDGESIM. 

The cost of each certificate is multiplied to the total CO2 emitted. 

 

4.1.2. Regulating market 

The regulating market consists of paying to some technologies to provide some capacity for 

balancing the grid (see subchapter 2.1.2.4). Regulating market includes primary, secondary 

regulation and FRR-M (from tertiary regulation). 

To implement this market in the model, a shortcut or simple implementation has been carried 

out. It consists of joining all the different regulations and to combine them in one.  

Regulating power required is based on demand, solar and wind error forecast. The error 

forecasts are 1.5%, 5% and 19%, respectively [1]. 

The model is implemented so that hydropower would be the first technology to supply energy 

for regulating. Up to 600 MW, only hydropower is allowed to be recruited. These 600 MW 

correspond to the primary, secondary regulation and part of tertiary regulation (FRR-M), which 

according to the literature review (see section 2.1.2.4), they are mostly hydropower. Above 

600 MW, all the other dispatchable power technologies are modeled to be allowed to 

participate in the regulating market. So, solar and wind power are the only ones not modeled 

to participate in this market. However, if there is still hydropower available, it will always be 

recruited, since it still is the cheapest technology the one that is recruited. 

On the other hand, gas turbines cannot start-up quickly enough for frequency regulation, but if 

they already have been recruited in the day-ahead market and still have available power, the 

ramping rate is quick enough to be able to provide frequency regulation. 

Regarding the revenue modeled for the regulating market, it is just the electricity provided 

sold with same as the hourly electricity price. Since hydropower embraces almost all this 

market and the profitability of this technology is not the focus of the work, no further progress 

in modeling has been made on it. 
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4.1.3. Disturbance and winter reserve markets 

Power reserve market, as explained in section 2.1.2.4, consists of two types of tertiary 

regulation: disturbance reserve (FRR-M) and winter reserve. Disturbance reserve market is 

only provided by gas turbines, while winter reserve market is provided by oil power plants. 

In EDGESIM the electricity produced by these technologies is part of the normal market (day-

ahead market). It is part of the normal capacity. So there is no modeling about it. 

However, after the simulations in EDGESIM, the profitability of the power plants is carried out 

through a Microsoft Excel sheet, where the revenues from this reserve markets do are 

considered (see section 4.4). 

On this basis, an income has been implemented in the profitability analysis (through the 

Microsoft Excel sheet) for gas turbines regarding the disturbance reserve market and another 

one for oil power plants regarding the winter reserve market.  

According to Svenska Kraftnät, the disturbance reserve needed is 1,450 MW [15]. 80 million 

SEK per year are paid for this capacity [81]. Consequently, the revenue assumed to establish to 

gas turbines for their capacity is 55,000 SEK/MW. 

For the case of oil power plants, winter capacity needed is 1,000 MW, and they get paid 72 

million SEK per year. Consequently, the revenue assumed to establish to oil power plants for 

their capacity is 72,000 SEK/MW. Nevertheless, remind that the profitability of oil power 

plants is not the approach of this work [15]. 

 

4.1.4. Capacity mechanisms 

On the same basis of disturbance and winter reserve power (see 4.1.3), there is no modeling of 

capacity mechanisms in EDGESIM. However, an income is implemented in the profitability 

analysis. The profitability analysis, as explained before, is carried out through a Microsoft Excel 

sheet after the simulations. 

The income established is a yearly payment for each MW that gas turbines have. The income 

received per MW is an average of what France and UK provide in their capacity mechanisms 

(see sections 2.1.5.1 and 2.1.5.2). The amount of income decided for gas turbines is 192,000 

SEK/MW [26][27][28] [29]. Gas turbines need of this yearly income to be profitable, since gas 

turbines only operate between 20 and 40 hours per year (they also participate in the day-

ahead market and reserve market but they are hardly ever being recruited). 

 

Regarding to disturbance reserve power market and capacity mechanisms revenues, they both 

are implemented in the profitability analysis, and the results will say whether these two 

revenues are high enough or not so that gas turbines could be profitable. It could also happen 
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that revenues are so high that with only one of these incomes implemented, gas turbines 

would be already profitable (see section 6 to know the results and analysis). 

 

4.2. CCGT and OCGT power plants modeling 

Initially in EDGESIM, there was only implemented one type of power plant for each different 

technology. It means that there was only one scale, in terms of capacity, for each technology. 

That created a lot of inaccuracy in the model of the system and in the results of it, since both 

technical and financial data vary a lot depending on the capacity of the plant. 

To solve so, in this project different scales of power plant have been added in EDGESIM for 

both CCGT and OCGT. However, these technologies are modeled with data for 2025 and 2035 

because the scenarios chosen to be modeled in EDGESIM are based on these years (see section 

4.3 to know the future scenarios elected). The technical and financial data of these newly 

added are backed by the collected information in the literature review (see section 2.2).  

The following tables show the different power plants added in EDGESIM to model the future 

energy scenarios in Sweden, with their respective characteristic data:  

 

Open cycle gas-turbine (large) specifications 

 2025 2035 

Plant capacity [MW] 300 300 
Investment cost [SEK/kW ] 5,750 5,500 
Fixed O&M cost [SEK/kW 
year] 

190.5 184.5 

Variable O&M cost 
[SEK/MWh] 

43 41.5 

Efficiency [%] 42.5 43.5 
Efficiency at 50% load [%] 31 32 
Minimum plant load [%] 21.5 20 
Plant lifetime [years] 25 25 
Build time [years] 1.5 1.5 
Start-up time [minutes] 12.6 12 
Plant availability  [%] 98 98 
Ramp-up [MW/h] 2,700 2,700 
Ramp-down [MW/h] 2,700 2,700 
Amount in Sweden none none 

Table 24. Open cycle gas-turbine (large) specifications for the implementation in EDGESIM [37]. 
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Open cycle gas-turbine (small and medium) specifications 

 2025 2035 
Plant capacity [MW] 30 30 

Investment cost [SEK/kW ] 7,150 6,950 
Fixed O&M cost [SEK/kW 

year] 
190.5 184.5 

Variable O&M cost 
[SEK/MWh] 

52.50 49.75 

Efficiency [%] 38 39.25 
Efficiency at 50% load [%] 28 28 
Minimum plant load  [%] 21.5 20 

Plant lifetime [years] 25 25 
Build time [years] 1.5 1.5 

Start-up time [minutes] 12.6 12 
Plant availability  [%] 98 98 

Ramp-up [MW/h] 270 270 
Ramp-down [MW/h] 270 270 
Amount in Sweden none none 

Table 25. Open cycle gas-turbine (small and medium) specifications for the implementation in EDGESIM 
[37]. 

 

Open cycle gas-turbine (micro) specifications 

 2025 2035 

Plant capacity [MW] 0.10 0.10 
Investment cost [SEK/kW ] 11,500 10,750 
Fixed O&M cost [SEK/kW 

year] 
350 350 

Variable O&M cost 
[SEK/MWh] 

145 137.5 

Efficiency [%] 30 30 
Efficiency at 50% load [%] 21 21 
Minimum plant load  [%] 40 40 

Plant lifetime [years] 15 15 
Build time [years] 0.5 0.5 

Start-up time [minutes] 15 15 
Plant availability [%] 95 95 

Ramp-up [MW/h] 0.9 0.9 
Ramp-down [MW/h] 0.9 0.9 
Amount in Sweden none none 

Table 26. Open cycle gas-turbine (micro) specifications for the implementation in EDGESIM [37]. 
 

There is only one scale implemented for biogas-type gas turbines because according to the 

literature review (see section 2), biogas power plants need to have small capacity. 
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Open cycle gas-turbine (biogas) specifications 

 2025 2035 
Plant capacity [MW] 5 5 

Investment cost [SEK/kW ] 11,500 11,500 
Fixed O&M cost [SEK/kW 

year] 
0 0 

Variable O&M cost 
[SEK/MWh] 

0.1 0.1 

Efficiency [%] 33 33 
Efficiency at 50% load [%] 23 23 
Minimum plant load  [%] 21.5 21.5 

Plant lifetime [years] 25 25 
Build time [years] 1.5 1.5 

Start-up time [minutes] 25 25 
Plant availability  [%] 98 98 

Ramp-up [MW/h] 45 45 
Ramp-down [MW/h] 45 45 
Amount in Sweden none none 

Table 27. Open cycle gas-turbine (biogas) specifications for the implementation in EDGESIM [37] [58] 
[59].  

 

Combined cycle gas-turbine (large) specifications 

 2025 2035 
Plant capacity [MW] 450 450 

Investment cost [SEK/kW ] 8,550 8,225 
Fixed O&M cost [SEK/kW 

year] 
285 273.5 

Variable O&M cost 
[SEK/MWh] 

43 41.5 

Efficiency [%] 60 62.5 
Efficiency at 50% load [%] 39 39.5 
Minimum plant load [%] 40 40 

Plant lifetime [years] 25 25 
Build time [years] 2.5 2.5 

Start-up time [minutes] 60 60 
Plant availability [%] 97 97 

Ramp-up [MW/h] 4,590 4,590 
Ramp-down [MW/h] 2,160 2,160 
Amount in Sweden none none 

Table 28. Combined cycle gas-turbine (large) specifications for the implementation in EDGESIM [37]. 
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Combined cycle gas-turbine (medium) specifications 

 2025 2035 

Plant capacity [MW] 60 60 
Investment cost [SEK/kW ] 12,500 11,750 
Fixed O&M cost [SEK/kW 

year] 
285 273.5 

Variable O&M cost 
[SEK/MWh] 

43 41.5 

Efficiency [%] 52  53.5 
Efficiency at 50% load [%] 32 32.75 
Minimum plant load [%] 40 40 

Plant lifetime [years] 25 25 
Build time [years] 2 2 

Start-up time [minutes] 60 60 
Plant availability [%] 97 97 

Ramp-up [MW/h] 612 612 
Ramp-down [MW/h] 288 288 
Amount in Sweden none none 

Table 29. Combined cycle gas-turbine (medium) specifications for the implementation in EDGESIM [37]. 

 

Same as for OCGTs, there is only one scale implemented for biogas-type gas turbines because 

according to the literature review (see section 2), biogas power plants need to have small 

capacity. 

 

Combined cycle gas-turbine (biogas) specifications 

 2025 2035 
Plant capacity [MW] 5 5 
Investment cost [SEK/kW ] 37,500 35,600 
Fixed O&M cost [SEK/kW 
year] 

1,160 1,160 

Variable O&M cost 
[SEK/MWh] 

43 43 

Efficiency [%] 41 43 
Efficiency at 50% load [%] 24 24 
Minimum plant load  [%] 40 40 
Plant lifetime [years] 25 25 
Build time [years] 2 2 
Start-up time [minutes] 60 60 
Plant availability [%] 97 97 
Ramp-up [MW/h] 51 51 
Ramp-down [MW/h] 24 24 
Amount in Sweden none none 

Table 30. Combined cycle gas-turbine (biogas) specifications for the implementation in EDGESIM [37] 
[58] [59]. 

 

Regarding these data, all of them are collected from the literature review with the exception of 

the ramp up and ramp down rates. For OCGTs, the ramp-up and ramp-down rates have been 

modeled to be the capacity of the technology *0.15*60 [MW/h] [1]. For CCGTs, the ramp-up 

has been modeled to be the capacity of the technology *0.17*60 [MW/h] and the ramp-down 
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has been modeled to be the capacity of the technology*0.08*60 [MW/h] [1]. The efficiency at 

50% is an assumed value; it has been scaled proportionally for all the technologies. 

The start-up time has been assumed to be warm start-up time. 

In ‘Amount in Sweden’, always it is written ‘none’ because there is not any power plant with 

data for 2025 or 2035 in the present. Nevertheless, a new power plant – within the CCGT and 

OCGT types -will be introduced in just one region of Sweden during the simulations. The type 

of the power plant introduced as well as the region in which the plant is located will be 

changed in each simulation carried out (many simulations are done) so as to know the most 

profitable technology and the most profitable region to locate it. The profitability analysis of 

both CCGTs and OCGTs is explained better in Section 4.4. 

For biogas technologies, both 2025 and 2035 cases have the same values in most of the data 

due to the uncertainty that this technologies entail. 

 

4.3. Future scenarios modeling 

4.3.1. Future scenarios elected 

Among the different compared possible future scenarios for the Swedish energy market in 

section 2.5, only two of them have been chosen to be modeled for the work. Just to recall, in 

Figure 30 the comparison of all the different possible future scenarios previously done in the 

literature review is shown. 

 

Figure 30. Comparison of generated electricity by type for the different scenarios [30] [74] [75]. 

Among them, the two chosen scenarios elected for modeling are: 

- Svenska Kraftnat Scenario (2025) 

- Vivace Scenario (2035), proposed by the Swedish Energy Agency 
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Table 31. Comparison of the installed electricity capacity among 2014 and the two elected future 
scenarios to simulate: Svenska Kraftnät Network Development Plan 2025 and Vivace – The Swedish 
Energy Agency 2035. 

They both have the same demand: 158 TWh per year [30] [74]. 

The main reason why these scenarios have been chosen is because they agree that nuclear 

energy will start phasing out and an increase in renewable energy generation will be produced. 

But also, they have been chosen because they have the most realistic trends. They both agree 

that: 

- Nuclear energy generation will be reduced significantly, but not totally, as 

Legato Scenario suggests. Forte scenario is thoroughly discarded as a 

possibility since it suggests that nuclear power generation will increase.  

- Hydropower will remain equal. 

- Gas turbines (CHP, CCGT and OCGT) will continue having a notable importance 

in the energy mix, unlike what the Swedish Environmental Research Institute 

suggests. 

- Wind energy generation will increase, even though not severely, as Legato 

Scenario suggests.  

- Solar energy generation will keep being very scarce, unlike Expressivo Scenario 

suggests. 

But apart from that, another reason why these two scenarios have been chosen is because 

they are quite different between them, within realistic terms. Interesting comparisons will 

probably be done in the results section (section 6). 

By last, Svenska Kraftnat Scenario is part of a development plan from the electricity 

transmission system operator in Sweden, which makes this scenario quite reliable. 
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4.3.2. Default system specifications 

For the modeling of each scenario or case in EDGESIM, some default system specifications 

have to be inserted. These ones are the fuel costs, fuel emissions and some others. 

The elected default system specifications for 2025 and 2035 future scenarios are backed by the 

collected information in the literature review (see section 2). 

Default system specifications 

 Svenska Kraftnat 
Scenario (2025) 

 

Swedish Energy 
Agency, Vivace 
Scenario (2035) 

 
References 

Fuels costs [SEK/MWh]  
Natural gas 1 (CCGT) 300 250 [82] 
Natural gas 2 (OCGT) 411 343 [82] 
Nuclear fuel 12.96  [70] [71] 
Oil  875 1100 [72][73] 
Wood chips fuel  250 350 [71] 
CHP fuel  125 175 [1] [71] 
Biogas 50 [69] 
Fuels Emissions [kg/MWh]  
Natural gas 204.48 [71] 
Nuclear fuel None [71] 
Wood pellet fuel  None [71] 
CHP fuel  72.56 [71] 
Biomass None [71] 
Others  
Debt interest rate [%] 6 [71] 
Electricity certificates 
revenue  [SEK/MWh] 

130 78 [18] 

CO2 EU ETS certificate cost 
[SEK/kg] 

118 165.2 [21] 

Reserve market revenue 
[SEK/MW] 

55,000 [15] 

Capacity mechanisms 
revenue [SEK/MW] 

190,274.1 
 

[26][27][28][29] 

Transmission losses [%] 3 [1] [30] 
Demand error 1.5% [1] 
Wind error 19% [1] 
Solar error 5% [1] 

Table 32. Default system specifications for 2016, 2025 and 2035 cases in EDGESIM. 
 
For natural gas, its cost depends upon the customer consumption per year. According to 

Svenska Kraftnät Produktionsstatistik, the most reasonable price for 2017 CCGTs (natural gas 

1) is 350 SEK/kWh, and for 2017 OCGTs (natural gas 2) is 480 SEK/kWh [82]. These two 

technologies are the only ones that use natural gas in the model. However, it is assumed that 

the price of them is going to be reduced a little, according to the decrease of price in the 

regression line from historical data [82] and an assumed increase of taxes. Therefore, the price 
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established for 2025 and 2035 CCGTs (natural gas 1) is, respectively, 300 and 250 SEK/MWh. 

For 2025 and 2035 OCGTs (natural gas 2) is, respectively, 411 and 343 SEK/MWh.  

For nuclear fuel, as commented in subsection 2.4.3, the fuel price for net electricity is 36 

SEK/MWh. Applying the electricity conversion efficiency of 36% [71] to the fuel cost we get 

12.96 SEK/MWh fuel input [70]. The historical price has been equal for the last years, so it is 

assumed to remain equal for both future scenarios [70]. 

The fuel for oil condensing power plants is crude oil brent (see subsection 2.4.4). The current 

price for fuel oil with taxes is 686 SEK/MWh [72] [73].  But for future scenarios, the historical 

data average is considered. From that, an increase of 60% is expected for scenario 2035. 

Therefore, the established price of oil for 2035 scenarios is 1,100 SEK/MWh. For scenario 2025, 

an interpolation is carried out, leading to a fuel price of 875 SEK/MWh. 

According to the ELFORSK report [71], wood chips fuel price is 200 SEK/MWh (see subsection 

2.4.5). However, for future scenarios, wood chips fuel price is going increase, according to an 

extrapolation from historical values [83]. The price established of wood chips fuel price for 

2025 and 2035 is, respectively, 250 and 350. The biomass CHP technology fuel price 

implemented in EDGESIM is 98 SEK/MWh [1], and it assumed to increase at the same speed as 

wood chips fuel price in a close future, thus making it increase to 125 and 175 for 2025 and 

2035, respectively. 

For the case of biogas, in literature review two different reliable sources were found (see 

subsection 2.4.2). The second one establishes the price of non-upgraded biogas, which is 

between 29.4 and 91.47 SEK/MWh. It has been considered reasonable to consider the average 

of this range as the price of biogas for 2025 and 2035 [69].  

Fuel emissions do not change with time. It has been obtained from the ELFORSK report [71]. 

The debt interest rate is defined as the weighted average cost of capital. It has been obtained 

from the ELFORSK report [71]. 

The renewable electricity certificates revenue is 130 and 78 SEK/MWh [18] for 2025 and 2035 

scenarios, respectively, as explained in section 4.1.1.1. 

For the CO2 EU ETS cost, a simplification has been done. A cost for producing CO2 emissions 

has been implemented. It has been considered to use the average of the historical costs of 

producing CO2 emissions (in subchapter 2.1.4 a graphic with the historical cost is presented). 

Consequently, the cost of producing CO2 emissions in EDGESIM for 2025 is 118 [SEK/kg][21]. In 

section 4.1.1.2 it is completely explained. For 2035 scenario, an increase of the 40% has been 

assumed, since concerns about climate change are going to increase. Consequently, the cost of 

producing CO2 emissions in EDGESIM for 2035 is 162.5 [SEK/kg] 

The reserve market revenue for gas turbines has been implemented, as explained in section 

4.1.3. The income established is 55,000 MW/SEK [15]. The capacity mechanism revenue for gas 

turbines has also been implemented. It is explained better in section 4.1.4. The income 

established is 190,274.1 [26][27][28][29]. These two parameters are not implemented in 
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EDGESIM but in Microsoft Excel, where the profitability analysis is carried out after the 

simulation in EDGESIM. 

The transmission losses are agreed to represent a 3% [1] [30]. 

Demand error, wind error and solar error are agreed to be 1.5 %, 19 % and 5 %, respectively 

[1]. These errors make produce a surplus of energy generated. This surplus is the regulating 

energy modeled to be supplied in the regulating market (see section 4.1.2 to know more about 

the regulating market modeling. 

Other parameters that do not appear in Table 32 are: 

-  The demand hourly data. It turns out to be that for both future scenarios the 

demand is the same: 158 TWh. In 2015, the demand was very close to 158 

TWh. That is why the curve demand has been used to simulate the demand for 

both future scenarios. The demand is fixed for each hour of simulation [30] 

[74]. If the demand of 2015 was very different, an adjustment factor would 

have been applied to get the expected values.  

- For the hydro reservoir level weekly data, average data for the last 30 

years have been used [84]. For the refill rate, weekly average data for 

the last 50 years have been used [1]. 

- For wind hourly data, Typical Meteorological Year data have been used, scaled 

up to 90 meters high [85]. 

- For solar hourly data, Typical Meteorological Year data have been used [85]. 

 

4.3.3. Default technology specifications 

In this subchapter, the previously existing technologies in EDGESIM (the ones implemented 

before starting the project) are shown. The technical and financial data of each of them is 

shown.  

Unlike OCGTs and CCGTs newly implemented in EDGESIM (see section 4.2), these technologies 

were already there. Initially, their technical and financial specifications were based on a 2016 

scenario. However, since the aim of this project is to figure out the profitability of OCGTs and 

CCGTs for 2025 and 2035 scenarios, updating some of their technical and financial data has 

been required in order to be as accurate as possible with the results. It must be said that some 

specifications, such as plant capacity are not being changed.  

Also, some technologies are not expected to improve in a close future. That is why some 

technologies share the same data between 2025 and 2035.  

All this data is backed by the literature review section (see 2.3). 

Accordingly, the following tables show the different power plants that already existed in 

EDGESIM, each of them with their respective technical and financial data for 2025 and 2035 

scenarios:  
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 OCGT CCGT CHPs Oil 
Condensing 

Nuclear 

Year 2025 2035 2025 2035 2025 2035 2025 2035 2025 203
5 

Plant capacity 
[MW] 

63 236 113 293 607 

Reference plant 
capacity [MW] 

150 150 118.27 740 1600 

Investment cost 
[SEK/kW ] 

4,600 8,500 
 

56,238.75 16,000 40,000 
 

Fixed O&M cost 
[SEK/kW year] 

190.5 184.5 285 273.5 1,341.83 250 0 

Variable O&M 
cost [SEK/MWh] 

43 41.5 43 41.5 80 30 110 

Efficiency [%] 42.5 44 60 62 28 30 40 36 

Efficiency at 50% 
load [%] 

31 32 32 32.75 20 22 35 34 

Minimum plant 
load [%] 

21.5 20 40 30 20 35 

Plant lifetime 
[years] 

25 25 25 25 40 

Build time [years] 2 3 2 3 6 

Start-up time 
[minutes] 

12.9 12 60 45 20 120 

Plant availability 
[%] 

98 98 95 97 95 

Ramp-up [%/h] 1200 17 17 102 2,47 

Ramp-down 
[%/h] 

1200 8 8 102 2,47 

Table 33. Default thermal power plants specifications for 2025 and 2035 cases in EDGESIM [1][37]. 
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 Hydro 1 Hydro 2 Hydro 3 Hydro 4 

Year 2025 2035 2025 2035 2025 2035 2025 2035 

Installed capacity 
[MW] 

5,176 - 8,040 - 2,591 - 348 - 

Reference plant 
capacity [MW] 

47.5 47.5 47.5 47.5 47.5 47.5 47.5 47.5 

Investment cost 
[SEK/kW] 

20,000 20,000 20,000 20,000 20,000 20,000 20,000 20,000 

Fixed O&M cost 
[SEK/kW year] 

0 0 0 0 0 0 0 0 

Variable O&M cost 
[SEK/MWh] 

112.5 112.5 112.5 112.5 112.5 112.5 112.5 112.5 

Reservoir cost 
[SEK/kWh] 

1,440 1,440 1,440 1,440 1,440 1,440 1,440 1,440 

Total reservoir level 
[TWh] 

14.80 14.80 15.73 15.73 2.91 2.91 0.22 0.22 

Minimum load [%] 10 10 10 10 10 10 10 10 

Plant lifetime [years] 40 40 40 40 40 40 40 40 

Build time [years] 4 4 4 4 4 4 4 4 

Start-up time 
[minutes] 

10 10 10 10 10 10 10 10 

Plant availability [%] 97 97 97 97 97 97 97 97 

Ramp-up [%/h] 36,00% 36,00% 20,00% 20,00% 28,00% 28,00% 28,00% 28,00% 

Ramp-down [%/h] 31,00% 31,00% 16,00% 16,00% 24,00% 24,00% 24,00% 24,00% 

Table 34. Default hydropower plants specifications for 2025 and 2035 cases in EDGESIM [61]. 

 

 Wind Solar 

 2025 2035 2025 2035 

Investment cost [SEK/kW ] 11,225.5 10,904.5 7,569.5 6,607 

Fixed O&M cost [SEK/kW year] 282 282 96.5 90 

Plant lifetime [years] 20 20 25 25 

Build time [years] 2 2 1 1 

Solar correction factor [%]* - - 85 85 

Cut-in speed [m/s]** 2.5 2.5 - - 

Rated speed** 10 10 - - 

Cut-out speed** 13 13 - - 

Table 35. Default wind and solar power plants specifications for 2025 and 2035 cases in EDGESIM [61] 
[86] *Only for solar. **Only for wind. 

Currently, the correction factor for solar energy production is assumed to be around 81% [86]. 

Since this value depends on losses, and these ones are expected to decrease, the correction 

factor is assumed to be for the future scenarios of 85%. 
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4.3.4. Default region setup 

For the modeling of a case/scenario in EDGESIM, the amount of power plants of each 

technology per each region has to be specified. When the amount of power plants is 

implemented, the total capacity of each technology is known. The aim is to get the same 

capacity as in the different future scenarios:  

 

Svenska Kraftnät 2025 scenario capacities (GW) 

 Power type / Region SE1 SE2 SE3 SE4 

Nuclear power 0.00 0.00 6.70 0.00 

Hydro power 5.20 8.00 2.60 0.30 

CHP, CCGT and OCGT 0.30 0.70 5.00 2.80 

Wind power 1.30 4.10 2.90 2.20 

Solar power 0.00 0.00 0.10 0.30 

Total Capacity 6.80 12.80 17.30 5.60 

Table 36. Capacities of each technology for each region in the Svenska Kraftnät 2025 scenario (GW) [30].  

 

The Swedish Energy Agency - Vivace 2035 scenario capacities (GW) 

 Power type SE1 SE2 SE3 SE4 

Nuclear power 0.00 0.00 3.68 0.00 

Hydro power 6.46 9.94 3.23 0.37 

CHP, CCGT and OCGT 0.35 0.75 3.35 1.25 

Wind power 1.43 4.22 3.03 2.33 

Solar power 0.5 0.5 5.00 5.00 

Total Capacity 8.73 15.40 19.99 10.55 

Table 37. Capacities of each technology for each region in the Swedish Energy Agency - Vivace 2035 
scenario (GW). 

 

In addition to this, a new power plant of each type of the recently implemented OCGTs and 

CCGTs is being introduced in just one region of Sweden in order to know the profitability of 

them. The type of the power plant introduced as well as the region in which the plant is 

located are changed in each simulation carried out (many simulations are done) so as to know 

the most profitable technology and its best location. For the profitability analysis of both 

CCGTs and OCGTs (see section 4.4) explains it better. 

Regarding to transmission capacities, only one has been modeled (from Region 2 to Region 3), 

even though in reality there is one between each region. The reason why only that 

transmission capacity has been modeled is because then, Region 3 and 4 spike at the same 

time. If they spiked at different time, would be some weird. 
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4.4. Profitability analysis 

The profitability analysis allows solving the profitability of the added OCGT and CCGT power 

plants in EDGESIM (see section 4.2). To know the profitability of them, all the added 

technologies are implemented at the same time, but only in one region of Sweden at each 

time. From there, it will be possible to know not only where they are more profitable but also 

if they are. 

To do the profitability analysis, a representative week for each season of the year is simulated 

per each region. The simulations are done by EDGESIM. So for each region, four weeks are 

simulated.  

To figure out which are the most representative weeks, three weeks per season were 

simulated just in Region 3 (because it is the region where most of the already existing OCGT 

and CCGT plants are located): the week of March 21st (week 12), June 21st (week 25), 

September 21st (week 38) and December 21st (week 51), and the week of two weeks before 

and two weeks after that first week. To get it clear, for example, in the case of summer, week 

of June 21st was simulated (week 25 of 2017), and week 23 and 27. Once these three weeks 

were simulated, the cash flow of each of them was obtained for all the plants. An average of 

the cash flows of all three weeks per each technology was done. And an average of all these 

obtained averages was done. From that last average was possible to see which week was the 

most representative one among the three: the week that had the most similar average of the 

cash flows of its technologies to the overall average previously calculated.  

The weeks decided to be simulated for each region of each scenario are represented in Table 

38. These weeks chosen to be simulated are the most representative ones in terms of cash 

flow.  

Most representative weeks of each season, the ones chosen to be simulated (2017) 

 Spring Summer Autumn Winter 
2025 scenario Week 10 Week 23 Week 36 Week 49 
2035 scenario Week 14 Week 27 Week 36 Week 49 

  Table 38. Weeks chosen to simulate the scenarios due to be the most representatives in terms of cash 
flow, per season. These weeks will be simulated and their results will be multiplied by 13 (number of 
weeks in a season) in order to get the annual profitability of the plants. 

The results of these weeks will be multiplied by 13, since the year has 52 weeks and each 

season has the same amount of weeks. 

It will also be simulated week 3, since in 2016 the prices of that week increased severely and 

gas turbines were highly recruited. Even though that week is not a representative week for a 

season, there is a week like this at least once a year. This type of weeks makes gas turbines 

profitable. Consequently, one week of winter will be week 3. So week 49, instead of being 

multiplied by 13, will be multiplied by 12, letting space to week 3 in the profitability analysis. 

Doing so, profitability analysis increases its accuracy. 



Market Role of Thermal Power Plants in the Swedish Future Electricity Market  
 

77 
KTH - Energy Technologies MSc. InnoEnergy Programme - Uppsala Universitet 

 

The dispatching results of each week of simulation are automatically stored in a Microsoft 

Excel file. So there are 20 files (4 regions, and 5 weeks simulated per region) that have the 

dispatching results (normal electricity produced and regulating electricity produced per 

technology type per hour). At the same time, the profitability results of these simulations are 

compiled in a different Excel file (the program asks in which file does the user want to export 

those results), where the overall profitability analysis of just one region is carried out. In the 

Excel file where profitability analysis is carried out, the results of each week are multiplied by 

13 (as explained before; and for winter, week 49 is multiplied by 12 plus week 3). And so, the 

yearly data of one region is obtained. Then, this yearly data is multiplied by the number of 

years that the respective power plant has as lifetime in order to know the profitability of 

investing in such power plants. Consequently, four different profitability analysis files are 

implemented; one for each region. 

The simulations for the profitability analyzes, which will be called normal simulations in the 

sensitivity analysis section (se section 4.5), use the data shown in previous sections of 

methodology. 

Normal 
simulations: 

 Hydro Wind Solar Demand 

1. All plants in Region 
1 

Normal 
(avg) 

Normal 
(TMY) 

Normal 
(TMY) 

Normal 
(2015) 

2. All plants in Region 
2 

Normal 
(avg) 

Normal 
(TMY) 

Normal 
(TMY) 

Normal 
(2015) 

3. All plants in Region 
3 

Normal 
(avg) 

Normal 
(TMY) 

Normal 
(TMY) 

Normal 
(2015) 

4. All plants in Region 
4 

Normal 
(avg) 

Normal 
(TMY) 

Normal 
(TMY) 

Normal 
(2015) 

Table 39. Normal simulations (all regions simulate 5 weeks: week 10, week 23, week 36, week 49 and 
week 3). 

To remind that the profitability analysis modelling is only implemented for the technologies 

added in this work (see section 4.2). 

The profitability analysis data are broken down in revenues and costs: 

- Revenues:  

o Electricity sales 

o Electricity certificates 

o Regulating revenues 

o Capacity mechanisms  

o Disturbance reserve  

- Costs: 

o Initial costs: 

 Investment costs 

o Annual costs: 

 Fixed O&M costs 

 Variable O&M costs 

 Fuel costs 



Market Role of Thermal Power Plants in the Swedish Future Electricity Market  
 

78 
KTH - Energy Technologies MSc. InnoEnergy Programme - Uppsala Universitet 

 

 EU ECTS certificates  

 Cycling/start-ups costs 

From these data, annual cash flow and subsequently, the KPIs (net present value (NPV), 

internal rate of return (IRR) and payback period) are calculated.  

All these indicators have been calculated in four variants regarding the capacity mechanisms 

and disturbance reserve revenue: 

- Considering capacity mechanisms revenues. 

- Considering disturbance reserve revenues. 

- Considering both capacity mechanisms and disturbance reserve revenues. 

- Considering neither capacity mechanisms nor disturbance reserve revenues. 

From these variants, it will possible to see at what level the technologies have to be subsidized 

in order to be profitable. 

The results of the profitability analysis determine in which region is more profitable to 

implement the CCGT and OCGT power plants (one of each type) of 2025 and 2035 scenarios, 

and which of those regions they are more profitable, if they are. 

4.5. Sensitivity analysis 

First of all, to remind that for normal simulations (the ones done in the profitability analysis), 

weekly average data of the last years was used for hydro weekly data, and Typical 

Meteorological Year data was used for solar and wind hourly data. For the demand, 2015 curve 

demand was used (see section 4.3.2). In the first part of the sensitivity analysis, hydro data is 

changed in the simulations from the average data to the minimum recorded data and 2016 

data. Wind, solar and demand data remain equal.  

In this section, only the most profitable region out of the normal simulations is chosen to do 

the sensitivity analysis with the following parameters: 

 Fuel prices: Biogas and natural gas (2 different prices of natural gas) 

 CO2 ETS cost 

 Electricity certificates revenue 

 Capacity mechanisms and disturbance reserve revenues (done with Microsoft Excel) 

 Hydropower reservoir levels 

For the sensitivity analysis of all these parameters, an increase and decrease of 20% of their 

value is established so as to know their transcendence in the results. All these parameters are 

assessed one by one, in parallel among each other. This method is called OFAT (one factor at a 

time). For the case of hydropower reservoir levels, since it has weekly data, and not just one 

value like the other parameters assessed, the minimum historical data (1960-1990) is the used 

to do the sensitivity analysis and be compared with the results from the average hydro level 

data (1960-1990). 
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5. Validation 

In the data validation stage of the project, only modeled electricity price validation has been 

carried out. The electricity price calculated through EDGESIM for a 2016 case has been 

compared with the historical electricity price of 2016. Only a few weeks have been simulated 

in order to validate it (see Table 40). 

Weeks simulated for validation  

 Real price average Simulated price average Error difference  
Week 3 444.48 421.98 124% 
Week 4 216.63 156.59 82% 
Week 5 156.01 152.79 104% 
Week 14 201.27 212.9 106.20% 
Week 15 208.31 204.29 99.10% 
Week 16 189.82 202.98 107.80% 
Week 20 236.04 203.74 90.20% 
Week 21 223.53 201.93 90.90% 
Week 22 239.71 199.12 87.30% 
Total average 235.09 217.3689 99% 

Table 40. Weeks simulated in which the real price average, the simulated price average and the error 
difference percentage is shown [80]. 

As can be seen the real historical price varies only up to a 25% of the simulated prices. It is 

considered to be accurate enough. 

Figure 31 shows a comparison between real prices of week 3 in 2016 (blue line) and prices 

obtained in the simulation of week 3 for 2016 (red line) [80]. Even though the price spikes are 

not so high during the simulations, the behavior of the electricity price is matching. The spikes 

are not obtained because the historical outages of the plants, historical import and export 

have been not activated in EDGESIM for 2016 case.  

 

Figure 31. Validation of the electricity price for week 3 in every region. Comparison between real prices 
of week 3 in 2016 (blue line) and prices obtained in the simulation of week 3 for 2016 (red line) [80]. 
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6. Results  
Svenska Kraftnät Scenario 2025 and Vivace – The Swedish Energy Scenario 2035 results are 

shown separately. In both of them, profitability analysis and sensitivity analysis results are 

described and analyzed. 

 

6.1. Svenska Kraftnät Scenario 2025 

 

6.1.1. Profitability analysis 

For the profitability analysis of Svenska Kraftnät 2025 Scenario, initially the KPIs of all the 

power technologies added to EDGESIM are shown, per each region of Sweden, and compared. 

That is to say, in order to assess the profitability of the new technologies in each region, one 

technology of each type is added in that region and only in that region. Both capacity 

mechanisms and disturbance reserve revenues are considered in the analysis. These are the 

profitability results of simulating the lifetime of the technologies in case: 

 

 Svenska Kraftnäs 2025 Scenario  

 Region 1 Region 2 Region 3 Region 4 

 PP NPV  
[MSEK] 

IRR PP NPV  IRR PP NPV  
[MSEK] 

IRR PP NPV  
[MSEK] 

IRR 

OCGT-L 43.9 -1,223  -3.9% 44.4 -1,229  -4.0% 51.1 -1,293  -4.9% 46.8 -1,254  -4.3% 

OCGT-
SM 

67.0 -174  -6.5% 68.7 -175  -6.6% 81.9 -181  -7.6% 79.9 -180  -7.5% 

OCGT-
MICRO 

- -1  -168% - -1  -169% - -1  -170% - -1  -169% 

OCGT-
BIO 

11.7 -8  4.0% 11.7 -8  3.9% 10.5 -5  4.7% 10.3 -3  5.1% 

CCGT-L 77.6 -3,214  -7.3% 78.6 -3,222  -7.4% 148.5 -3,516  -10.7% 125.5 -3,456  -9.8% 

CCGT-
M 

125.
4 

-674  -9.8% 127.8 -675  -9.9% 255.4 -712  -13.2% 208.5 -704  -12.3% 

CCGT-
BIO 

49.3 -156  -180% 49.9 -157  -180% 54.0 -161  -180% 52.4 -159  -180% 

Table 41. Key Performance Indicators (KPIs) of the technologies implemented in Svenska Kraftnät 2025 
Scenario, for each region of Sweden. PP: Payback period; NPV: Net Present Value; IRR: Internal Rate of 
Return. Capacity mechanisms and disturbance reserve revenues. 
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Figure 32. Internal Rate of Return (IRR) of all the implemented technologies in 2025 Scenario, for the four 
different regions of Sweden, considering both capacity mechanisms and disturbance reserve revenues. 

 

As can be seen, all NPV and IRR calculations for the different technologies and regions show 

that these technologies are not profitable, in this Scenario. Regarding the payback periods, all 

of them are higher than the lifetime of the power plants (the lifetime of the plants is 25 years, 

with the exception of OCGT-MICRO, which is 15 years).  

IRR is positive in OCGT-BIO for all the regions. However, it does not reach the interest rate, 

which is 6%. That is why it is not profitable. The Biogas OCGT case is close of being profitable, 

however. Its IRR is 4%. If it was higher than 6%, it would be profitable. Definitely, no 

technology is profitable for 2025 Scenario as no IRR is greater than the interest rate.  

IRR means that the more negative it is, the less profitable is the investment. Very low IRR 

means that the cash flow is thoroughly negative. But the IRR that is close to zero could have 

positive cash flow, even though it is not high enough to cover the investment costs. 

Graphs of all four regions show that technologies have almost the same NPV and IRR values; 

graphs behavior is mostly the same. It means that transmission capacity has almost no effect 

when plants are recruited and therefore price is the same (the average of all of them).  

To remind that the electricity price is the same for all regions always (it has been modeled like 

this in order to get spikes in all regions). The electricity price is always the average of all 

regions as long as transmission capacity is not reached. When it is reached, electricity price 

(the same for all regions too) becomes the average of Region 3 and 4. 

Figure 33 shows for Region 3 (as example) how IRR would change if capacity mechanisms 

and/or disturbance reserve revenues would be removed of profits: 
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Figure 33. Comparison of Internal Rate of Return (IRR) in Region 3 for all the implemented technologies 
in 2025 Scenario if capacity mechanisms and/or disturbance reserve revenues would be removed of 
profits. 

Significant differences among the different IRRs can be seen in the graphs. When disturbance 

reserve revenue, capacity mechanism revenue, or both revenues together are considered in 

the IRR calculations, the profitability of the plants become less unprofitable. Nonetheless, even 

with these helpful revenues, they are far from being profitable. 

Table 42 shows which revenue would be needed so that these technologies could start being 

profitable in Region 3. 

CM and DR (together) revenue needed for being profitable in Region 3[SEK/MW] 

Technology OCGT-L OCGT-
SM 

OCGT-
MICRO 

OCGT-
BIO 

CCGT-L CCGT-M CCGT-BIO 

Revenue 584,261 719,056 1,525,280 320,965 858,255 1,175,899 2,758,637 

Table 42. CM and DR (together) revenue needed to provide so as to these technologies could be 
profitable [SEK/MW] in Region 3. 

 

These results have a lot to do with the weeks chosen to simulate. For the profitability analysis 

the most representative week for each season was chosen. And since in ordinary weeks, gas 

turbines do not use to be recruited, it is understandable that through these simulations gas 

turbines are not profitable. However, it has been considered that there is always at least one 

week during the year, where gas turbines are highly recruited because there are peaks in the 

demand. These peaks use to appear during the winter season. According to the data used to 

simulate (demand curve of 2015), week 3 had a high peak load. These types of weeks are the 

ones that become gas turbines profitable. The profitability analysis shown is quite realistic 

since a high peak demand week such as week 3 has been considered. Only one week like week 

3 has been considered because only one high demand week appeared in 2015 demand curve. 

To get an idea of how the final results of profitability analysis are obtained through the Excel 

file, Figure 34 shows the profitability results of the technologies in case for Region 3, since 

Region 3 is the region the where most of the power plants use to be placed: 
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Figure 34. Microsoft Excel Sheet of the profitability analysis of all the technologies implemented in Region 3 for Svenska Kraftnät 2025 Scenario. 
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Figure 35 shows the average shares of income and cost types during the technologies lifetime. 

This graph represents them for all regions, since they all have the same behavior. If the 

percentage above 0% is higher than the percentage below, then it means that the annual 

cashflow is positive. Most of the plants have a positive cashflow. However, these positive 

cashflows are not high enough to recover the investment of the technologies before their 

lifetime is reached. 

 

Figure 35. Average shares of income and cost types during lifetime, Region 1-4 Svenska Kraftnät 2025 
Scenario. 

 

As can be seen in Figure 35, OCGT-BIO has the best ratio incomes/costs. It is followed by 

OCGT-L and OCGT-SM. OCGT-MICRO has the worst ratio incomes/costs. It can be appreciated 

that fuel costs are not very highlighting. The reason why fuel cost is so small is because they 

are not being recruited that much. That is why fixed O&M costs are the most relevant ones. On 

the other hand, electricity incomes cover fuel costs and variable O&M costs. But they need a 

capacity mechanism revenue to cover the fix costs. Alternatively, the electricity price has to be 

much higher when they are recruited. 

Regarding to the dispatch results, Figure 36 shows the energy dispatched for each different 

source in the Swedish energy mix in week 3 simulation for Region 3. The reason why was 

chosen that week is because that is the week in which plants are more time recruited in the 

whole year. 

Subsequently, Figure 37 shows the energy dispatched also for week 3 in Region 3, but this time 

only the newly added technologies are included. 
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Figure 36. Dispatch results of all the technologies in the Swedish Energy Market for week 3 in Region 3 in Svenska Kraftnät 2025 Scenario. 
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Figure 37. New gas turbine technologies results for week 3 in Region 3 in Svenska Kraftnät 2025 Scenario. 
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By last, the change in prices between 2016 (left) and 2025 (right) can be apreciatted in Figure 

38. These graphs are obtained from simulating week 3 in Region 3. To remind that the graph of 

2016 is taken from validation section (see section 5), where historical prices (orange line) were 

compared with prices obtained through simulating with 2016 data (blue line). 

 

 

Figure 38. Comparison between the electricity price in 2016 (left) (from the validation section; see Figure 
31) with the electricity price in 2025 (right) during week 3 in Region 3. 

 

In the simulation of 2016, spikes in the price were not obtained because historical outages of 

the plants, reserve capacity plants, some transmission capacities, and historical import and 

export were not activated in EDGESIM. They were not activated because when tried to activate 

them, prices got too wrong and too high. So it was decided to remain like this. In 2025 

Scenario, however, spikes do are obtained because OCGTs and oil power plants are activated, 

and then the prices get higher because the cost of producing is higher. Furthermore, in 2025, 

price is higher because nuclear capacity is reduced, fuel prices have increased, and average 

hydro and average wind is used, mainly. All these things affect. The only thing that remains 

equal is the demand. 

 

6.1.2. Sensitivity analysis 

The sensitivity analysis is based on the profitability analysis of Region 3 since, historically, 

Region 3 has usually been the region chosen to place gas turbines. That is because, in practice, 

they are closer to demand spots (Region 3 is the region with more demand), and therefore less 

transmission lines are needed and transmission constraints problems are reduced.  
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As explained in section 4.5, the sensitivity analysis is carried out through the following 

parameters: fuels prices, CO2 ETS cost, electricity certificates revenue, capacity mechanisms 

and disturbance reserve revenues, and hydropower reservoir levels. 

The results are based on the net present value and the internal rate of return (with both 

capacity mechanisms and disturbance reserve revenues considered) of all the technologies. To 

do the sensitivity analysis, a 20% increase and decrease is made on the parameter to study. For 

all the parameters, the results include: 

- Variation of NPV: Difference of the sensitivity analysis cases NPV with the 

normal case NPV (the one of profitability analysis with both CM and DR). 

- Variation of IRR: Difference of the sensitivity analysis cases IRR with the 

normal case IRR. 

 

6.1.2.1. Fuel prices 

Simulation  Natural gas 1 
[SEK/MWh]  

Natural gas 2 
[SEK/MWh] 

Biogas 
[SEK/MWh] 

+20% 360 493.2 60 
Normal 300 411 50 
-20% 240 328.8 40 

 

 

Figure 39. Variation of IRR (with both CM and DR)  for Fuel Prices Sensitivity Analysis in Svenska Kraftnät 
2025 Scenario. 

As can be appreciated in the results, when fuel costs decrease, gas turbines receive fewer 

incomes. That is because when fuel costs decrease electricity price of the system decreases 

too. To remind that these power plants do not establish the electricity price of the system. But 

the previously implemented OCGT and CCGT do.  

For bio technologies case, is the other way around: when fuel prices decrease, they get more 

profitable. 
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Table 43. Data used for fuel 
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being compared with the 
normal case, in Svenska 
Kraftnät 2025 Scenario. 
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6.1.2.2. CO2 ETS Emission costs 

Simulation  EU ETS cost [SEK/ton] 

+20% 141.6 
Normal 118 
-20% 94.4 

 

 

Figure 40. Variation of IRR (with both CM and DR) for CO2 ETS Emission Costs Sensitivity Analysis in 
Svenska Kraftnät 2025 Scenario. 

As in section 6.1.2.1, technologies are more profitable when CO2 is increased 20% because 

then the electricity price is higher (electricity price includes CO2 cost). 20% up: more cost, 

more income. 20% down: less cost, less income. 
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6.1.2.3. Electricity certificates revenue 

Simulation Electricity certificates revenue [SEK/MWh] 

+20% 156 
Normal 130 
-20% 104 

 

 

Figure 41. Variation of IRR (with both CM and DR)  for Electricity Certificates Revenue Sensitivity Analysis 
in Svenska Kraftnät 2025 Scenario. 

 

Electricity price only influences biogas technologies because they are the only ones renewable. 

That is why the only significant change appreciated in the sensitivity analysis for electricity 

certificates revenue is in Biogas OCGT and CCGT plants. OCGT-BIO is much more sensitive than 

CCGT-BIO to this parameter. As expected, the higher the electricity certificates revenue, the 

more profitable the biogas gas turbine. 
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6.1.2.4. Capacity mechanisms and disturbance reserve 

revenues 

Simulation Capacity mechanisms 
revenue [SEK/MW] 

Disturbance reserve 
revenue [SEK/MW] 

+20% 230,400 66,000 
Normal 192,000 55,000 
-20% 153,600 44,000 
 

 

Figure 42. Variation of IRR (with both CM and DR)  for Capacity Mechanisms and Disturbance Reserve 
Revenues Sensitivity Analysis in Svenska Kraftnät 2025 Scenario. 

As expected, the higher capacity mechanisms and disturbance reserve revenues, the more 

profitable are all the technologies. This parameter subsidizes the peak-responding 

technologies according to their capacity.  
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6.1.2.5. Hydropower reservoir levels 

Simulation Hydropower reservoir levels 

Minimum Minimum historical record  
Normal Average historical record 

 

 

Figure 43. Variation of IRR (with both CM and DR) for Hydropower Reservoir Data Sensitivity Analysis in 
Svenska Kraftnät 2025 Scenario. 

When minimum hydropower reservoir data is used, Biogas technologies are much more 

profitable and CCGT-L is much less, as can be seen. 
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6.2. Vivace – The Swedish Energy Agency 

Scenario 2035 

6.2.1. Profitability analysis 

For the profitability analysis of Vivace – The Swedish Energy Agency Scenario 2035, the results 

are shown in the same way as in the 2025 Scenario. Remind beforehand that in this scenario 

more solar and wind capacity is introduced, especially in Region 3 and 4.  

Initially the KPIs of all the power technologies added to EDGESIM are shown, per each region 

of Sweden, and compared. That is to say, in order to assess the profitability of the new 

technologies in each region, one technology of each type is added in that region and only in 

that region. Both capacity mechanisms and disturbance reserve revenues are considered in the 

analysis. These are the profitability results of simulating the lifetime of the technologies in 

case: 

Vivace – The Swedish Energy Agency 2035 Scenario 

 Region 1 Region 2 Region 3 Region 4 

 PP NPV  
[MSEK] 

IRR PP NPV  IRR PP NPV  
[MSEK] 

IRR PP NPV  
[MSEK] 

IRR 

OCGT-L 
8.8 75  10.4% 8.8 75  10.4% 3.0 541  33.4% 3.0 532  33.0% 

OCGT-
SM 111 -185  -9.2% 111.2 -185  -9.2% 41.2 -144  -3.5% 44.4 -148  -4.0% 

OCGT-
MICRO - -1  -170% - -1  -170% - -1  -165% - -1  -166% 

OCGT-
BIO 6.6 46  14.1% 7.1 39  13.0% 8.1 25  10.7% 9.2 14  8.8% 

CCGT-L 
- -5,907  -186% - -6,532  -187% - -5,611  -185% - -6,636  -187% 

CCGT-
M - -1,240  -187% - -1,318  -187% - -1,211  -187% - -1,347  -187% 

CCGT-
BIO 24.6 -96  -1.7% 26.6 -103  -2.5% 31.7 -117  -4.4% 37.3 -128  -6.3% 

Table 48. Key Performance Indicators (KPIs) of the technologies implemented in Vivace – The Swedish 
Energy Agency 2035 Scenario, for each region of Sweden. PP: Payback period; NPV: Net Present Value; 
IRR: Internal Rate of Return. Capacity mechanisms and disturbance reserve revenues. 
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Figure 44. Internal Rate of Return (IRR) of all the implemented technologies in Vivace – The Swedish 
Energy Agency 2035 Scenario, for the four different regions of Sweden, considering both capacity 
mechanisms and disturbance reserve revenues. 

As can be appreciated in Table 48 and Figure 44, in Vivace 2035 Scenario, NPV and IRR 

calculations for the different technologies and regions show that some of these technologies 

are profitable, unlike in 2025 Scenario. Regarding the payback periods, some of them are 

longer than the lifetime of the power plants, which means that are not profitable. Others, 

however, have shorter payback periods than their lifetime, which means that are profitable. To 

remind that the lifetime of the plants is 25 years, with the exception of OCGT-MICRO, which is 

15 years. 

IRR is positive in OCGT-BIO and OCGT-L, and reaches the interest rate, which is 6%, in all the 

regions. So, OCGT-BIO and OCGT-L are the only profitable technologies in all the regions with a 

14.1% and 33.4%, respectively, of maximum IRR. The most profitable case is OCGT-L when 

placed in Region 3. But depending on the Region, OCGT-BIO is more profitable than OCGT-L. 

As explained in section 6.1.1, IRR shows that the more negative it is, the less profitable is the 

investment. Very low IRR means that the cash flow is thoroughly negative. But the IRR that is 

close to zero could have positive cash flow, even though it is not high enough to cover the 

investment costs. 

Graphs of all four regions show that technologies have similar NPV and IRR values; graphs 

behavior is mostly the same for some technologies. It means that transmission capacity has 

almost no effect when plants are recruited and therefore price is the same (the average of all 

of them). Nevertheless, OCGT-L has different profitability between Region 2 and Region 3. That 

is because transmission line capacity is reached at some point. 

Figure 33 shows for Region 3 how IRR would change if capacity mechanisms and/or 

disturbance reserve revenues would be removed from profits: 
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Figure 45. Comparison of the different Internal Rate of Return (IRR) in Region 3 for all the implemented 
technologies in Vivace 2035 Scenario if capacity mechanisms and/or disturbance reserve revenues would 
be removed of profits. 

Significant differences among the different IRRs can be seen in the graphs. When disturbance 

reserve revenue, capacity mechanism revenue, or both revenues together are considered in 

the IRR calculations, the profitability of the plants become less unprofitable. Nonetheless, even 

with these helpful revenues, some of them are far from being profitable. 

Table 42 shows which revenue would be needed so that these technologies could start being 

profitable in Region 3, as example. 

CM and DR (together) revenue needed for being profitable [SEK/MW] 

Technology OCGT-L OCGT-
SM 

OCGT-
MICRO 

OCGT-
BIO 

CCGT-L CCGT-M CCGT-BIO 

Revenue 106,061 622,105 1,383,450 -146,236 1,222,346 1,825,840 2,072,905 

Figure 46. Capacity mechanisms and disturbance reserve (together) revenue needed to provide so as to 
these technologies could be profitable in Vivace 2035 Scenario [SEK/MW]. 

Figure 47 shows the average shares of income and cost types during the technologies lifetime. 

This graph represents them for all regions, since they all have the same behavior. If the 

percentage above 0% is higher than the percentage below, then it means that the annual 

cashflow is positive. Most of the plants have a positive cashflow. However, these positive 

cashflows are not high enough to recover the investment of some technologies before their 

lifetime is reached. 

-250% 

-200% 

-150% 

-100% 

-50% 

0% 

50% 

OCGT-L OCGT-SM OCGT-MICRO OCGT-BIO CCGT-L CCGT-M CCGT-BIO 

Different IRR in Region 3  for Vivace 2035 Scenario 

IRR (with CM) IRR (with DR) IRR (with both) IRR (without) 



Market Role of Thermal Power Plants in the Swedish Future Electricity Market  
 

96 
KTH - Energy Technologies MSc. InnoEnergy Programme - Uppsala Universitet 

 

 

Figure 47. Average shares of income and cost types during lifetime, Region 1-4 Vivace – The Swedish 
Energy Agency 2035 Scenario. 

It can be seen that OCGT-BIO is the technology with the most positive ratio of incomes and 

costs, followed by OCGT-L and OCGT-SM. CCGT-BIO also has a good ratio. The one with the 

worst ratio is CCGT-M. 

Regarding to the dispatch results, Figure 48 shows the energy dispatched for each different 

source in the Swedish energy mix in week 3 simulation for Region 3. The reason why was 

chosen that week is because that one is the week in which plants are more time recruited in 

the whole year. 

Subsequently, Figure 49 shows the energy dispatched also for week 3 in Region 3, but this time 

only the newly added technologies are included. 
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Figure 48. Dispatch results of all the technologies in the Swedish Energy Market for week 3 in Region 3 in Vivace – The Swedish Energy Agency 2035 Scenario.
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Figure 49. New gas turbine technologies dispatch results for week 3 in Region 3 in Vivace – The Swedish Energy Agency 2035 Scenario. 
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By last, the change in prices between 2016 (left) and 2035 (right) can be apreciatted in Figure 

50. These graphs are obtained from simulating week 3 in Region 3. To remind that the graph of 

2016 is taken from validation section (see section 5), where historical prices (blue line) were 

compared with prices obtained through simulating with 2016 data (orange line). 

 

  

Figure 50. Comparison between the electricity price in 2016 (left) (from the validation section; see Figure 
31) with the electricity price in 2035 (right), both during week 3 in Region 3. 

In the simulation of 2016, spikes in the price were not obtained because the historical outages 

of the plants, some reserve capacity plants were not activated, some transmission capacities, 

and historical import and export are not activated in EDGESIM. They are not activated because 

when tried to activate them, prices got too wrong and too high. So it was decided to remain 

like this. In 2025 and 2035 scenarios, however, spikes do are obtained because OCGTs and oil 

power plants are activated, prices get higher because the cost of producing is higher, and 

average hydro and average wind is used. All these things affect. The only thing that remains 

equal is the demand.  
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6.2.2. Sensitivity analysis 

6.2.2.1. Fuel prices 

 

 

 

Figure 51. Variation of IRR (with both CM and DR) for Fuel Prices Sensitivity Analysis in Vivace 2035 

Scenario. 

In this scenario, unlike in 2025, technologies are more profitable both when fuel prices 

increase and decrease. 
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Simulation  Natural gas 1 
[SEK/MWh]  

Natural gas 2 
[SEK/MWh] 

Biogas 
[SEK/MWh] 

+20% 300 411.6 60 
Normal 250 343 50 
-20% 200 274.4 40 

Table 49. Data used for fuel 
prices sensitivity analysis, 
being compared with the 
normal case, in Vivace 2035 
Scenario. 
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6.2.2.2. CO2  ETS Emission costs 
 

Simulation  EU ETS cost [SEK/ton] 

 +20% 198.24 
Normal 165.2 
-20% 132.16 

  

 

Figure 52. Variation of IRR (with both CM and DR) for CO2 ETS Emission Costs Sensitivity Analysis in 

Vivace 2035 Scenario. 

In this scenario, unlike in 2025, technologies are less profitable both when CO2 emission costs 

increase and decrease. 
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Table 50. Data used for CO2 ETS 
Emission costs sensitivity analysis, 
being compared with the normal case, 
in Vivace 2035 Scenario. 
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6.2.2.3. Electricity certificates revenue 
 

Simulation Electricity certificates revenue [SEK/MWh] 

+20% 93.6 
Normal 78 
-20% 62.4 

 

 

Figure 53. Variation of IRR (with both CM and DR) for Electricity Certificates Revenue Sensitivity Analysis 

in Vivace 2035 Scenario. 

Surprisingly, when electricity certificates increase, natural gas OCGTs increase their 

profitability much more than biogas technologies (remember that electricity certificates is a 

revenue only provided to renewable technologies, such as biogas thermal power plants). On 

the other hand, when these certificates are decreased, biogas power plants reduce drastically 

their profitability. 
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Table 51. Data used for Electricty 
certificates revenue sensitivity 
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6.2.2.4. Capacity mechanisms and disturbance reserve 

revenues 

Simulation Capacity mechanisms 
revenue [SEK/MW] 

Disturbance reserve 
revenue [SEK/MW] 

+20% 230,400 66,000 
Normal 192,000 55,000 
-20% 153,600 44,000 

 

 

Figure 54. Variation of IRR (with both CM and DR) for Capacity Mechanisms and Disturbance Reserve 

Revenues Sensitivity Analysis in Vivace 2035 Scenario. 

As expected, the higher capacity mechanisms and disturbance reserve revenues, the more 

profitable are all the technologies. The most sensitive technologies for capacity mechanisms 

and disturbance reserve revenues are OCGTs, as can be seen in Figure 54. 
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revenues sensitivity analysis, being 
compared with the normal case, in 
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6.2.2.5. Hydropower reservoir levels 

Simulation Hydropower reservoir levels 

Minimum Minimum historical record  
Normal Average historical record 

 

 

Figure 55. Variation of IRR (with both CM and DR) for Hydropower Reservoir Data Sensitivity Analysis in 

Vivace  2035 Scenario. 

When minimum hydropower reservoir data is used, natural gas OCGT technologies are much 

less profitable, and the other ones tend to remain equal, as can be seen. 
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Table 53. Data used for hydropower 
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7. Discussion 

After the work carried out, some issues that determined the results have to be regarded. 

First of all, most of the data in which simulations have been performed are assumptions or 

expectations since the scenarios modeled were projecting the future. No parameter can have 

total certainty, therefore. The grade of uncertainty of them is triggering a grade of uncertainty 

in the results. Besides, the scenarios chosen are only potential pathways about where the 

Swedish energy market could end up in the future. They are merely proposals, even though, 

from the most reputed worldwide and national energy organizations. Moreover, no updates in 

the imports and exports with other countries data have been performed; the recorded data of 

2016 has been used for both 2025 and 2035 scenarios. 

Secondly, a more accurate way to obtain the yearly cash flow of the gas turbine technologies 

modeled could have been chosen. Instead of having simulated 5 representative weeks to 

obtain the cash flow of a year, simulating the 52 weeks of the year could have been done. That 

would have led to more precise results, although it would also have taken much more time 

and dedication.  

It must be said that for the recruitment of gas turbines, EDGESIM does not differ between the 

start-up times of them when they are shorter than one hour. That is because EDGESIM works 

in hourly steps. 

Last but not least, capacity mechanisms and disturbance reserve revenues have been very 

decisive in the profitability of these turbines. For the case of biogas, electricity certificates 

revenue too. An uncertainty is the likelihood that these technologies will have in the future to 

receive this type of incomes. The only plant that is actually showing a positive IRR without 

capacity mechanisms and disturbance reserve revenues is Biogas OCGT in Vivace – The 

Swedish Energy Agency 2035 Scenario. 
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8. Conclusions 

In this project, the market role, profitability and competitive features of gas turbines in the 

Swedish energy market for two different future scenarios has been studied. More reserve and 

dispatchable capacity is needed to face the transition of nuclear power phase-out and high 

penetration of intermittent energy sources that the country is experiencing. Through the 

EDGESIM market simulation tool, the future electricity system has been simulated, and the 

profitability of gas turbines has been analyzed. 

A deep study in the Swedish electricity system and how it works has been the starting point of 

the work. The different markets that exist within it, the policy mechanisms that feature it and 

the transmission capacities of the lines that constrain it are some of the issues that have been 

initially analyzed. The future grid development of it has also been approached. It has been 

followed by a research of the gas turbines and their possible future developments; both 

technical and financial future trends of this energy source have been studied as well as the 

recent biogas turbine technology. Furthermore, future trends of the other participating 

technologies of the Swedish energy mix have also been analyzed. To investigate the possible 

future costs of the fuels used by these technologies also has been necessary. The literature 

review has finalized gathering some of the most possible future electricity scenarios in 

Sweden. 

To set up the simulations in EDGESIM, initially, different types of gas turbine have been added 

in the system. Secondly, two future scenarios have been chosen and, afterwards, modeled. 

The default system specifications, technology specifications and default region setup have 

been updated to the year in case for each of both scenarios. Last but not least, new 

implementations in EDGESIM have been carried out. The electricity cost and price formation, 

EU ETS certificates cost and disturbance reserve and capacity mechanisms revenues are some 

of the new implementations in the program. Before the work, the program was designed only 

to minimize the total cost of production. Now, it also provides the profitability of each gas 

turbine type in the system. 

The simulations for the profitability analysis are designed in such a way that, when studying 

the profitability of the added gas turbines in a certain region, only one turbine of each type is 

added in that region and only in that region. 

Studying the results of the simulations, the following conclusions can be extracted about the 

profitability of the gas turbines for the two different scenarios: 

 Svenska Kraftnät 2025 Scenario: no gas turbine technology is profitable in any region if 

the discount rate is considered to be 6%, which has been established as the reference 

profitability value for both scenarios. The only technology with positive IRR is Biogas 

OCGT, which has its highest IRR in Region 4: 5.1%. All the other studied gas turbine 

types have a negative IRR, and therefore cannot be considered as profitable 

investments. Regarding to the sensitivity analysis of this scenario, it has been observed 

that fuel prices is the most sensitive parameter for the profitability of these 
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technologies. 

 

 Vivace – The Swedish Energy Agency 2035 Scenario: This scenario has much more solar 

and wind capacity. In this, Large-size OCGT and Biogas OCGT do are profitable. In all 

regions their IRR is higher than 6%. The highest IRR of Large-size OCGT is 33.4% in 

Region 3. The highest IRR of Biogas OCGT is 14.1% in Region 1. All the other studied 

gas turbine types have a negative IRR. Fuel prices parameter is also the most sensitive 

one for the profitability of these plants.  

In both scenarios more spikes are obtained in comparison with historical 2016 data because 

there is less nuclear and more intermittent energy is introduced. Because of this the electricity 

price is also higher in the peaks, when there is no wind and solar production, making it 

necessary for the system to recruit reserve power. Furthermore, in 2035, price is getting higher 

because nuclear capacity is reduced even more. This is one of the reasons why 2035 gas 

turbines are more profitable in this scenario; some of the reserves are activated more often. 

To conclude it must be said that there is a certain grade of uncertainty on the results, as 

discussed in Section 7, since everything is based on a future scope. However, even though all 

data used to perform the scenarios has been obtained from the most reliable energy-relating 

sources, the uncertainty of some policy mechanisms or fuel costs bound to these technologies 

can be very determinative about their profitability. That is why more effort on developing new 

and better capacity mechanisms pathways is needed. The increased fluctuations of the energy 

supply triggered by the volatile new renewable energy generation will make more reserve 

capacity to be needed in the future energy system. And reserve capacity needs to be 

subsidized because of their high operation costs and low yearly operation time.  
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9. Future work 

This work has improved EDGESIM market simulation tool in such a point that the profitability 

of gas turbines can be obtained. Further development in EDGESIM could be achieved if the 

profitability of all the other participating technologies in the Swedish energy market would 

also be possible to be analyzed by the user. 

An improvement in the accuracy of the results could be also achieved if imports and exports 

data were assumed values for 2025 and 2035 based on a prediction method or basing it on a 

trend line from historical data, instead of using 2016 data.  

Moreover, a more optimal gas turbine could be obtained, in terms of profitability, if there was 

a greater amount of sizes per each type of gas turbine.  

Finally, deeper research on biogas costs and the biogas turbine itself should be carried out, 

since a lot of uncertainty in them exists. Biogas OCGT will be, according to the results, one of 

the most profitable technologies for both 2025 and 2035 scenarios and therefore, more 

emphasis should be taken on it. 
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