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Abstract 
The Swedish energy market is currently undergoing a transition away from fossil fuels to renewable 
energy sources, including a potential phase-out of nuclear power. The combination of a phase-out with 
the expansion of intermittent renewable energy leads to the issue of increased fluctuations in electricity 
production. This opens opportunities for other types of dispatchable power technologies, such as 
combined heat and power. However, in order to be effective on the market, long-term profitability is 
required. In this study the potential market role and profitability of combined heat and power plants in 
two future energy scenarios is investigated. The cogeneration of heat and power is already today a 
prominent technology given the colder climate in Sweden. Short-term optimization is used to simulate 
combined heat and power plants in the Nordic electricity market Nord Pool. The results show that most 
plants are profitable in the two scenarios, while plants with higher power-to-heat ratios have increased 
profits in fluctuating markets if have flexible production options. Common for all investigated plants is 
the necessity of an appropriately designed heat capacity since heat sales is the main driver for 
profitability. Combined heat and power plants could play an important role as a balancing power 
capacity, especially in lower demand weeks when there is flexible power and heat output levels 
available. The regional results show that additional dispatchable capacity is required during cold winter 
weeks to avoid recruitment of power reserves in these two scenarios.  

  



 
 

Sammanfattning 
Den svenska energimarknaden genomgår just nu en övergång från fossila bränslen till förnybara 
energikällor, inklusive en eventuell avveckling av kärnkraften. Kombinationen av en avveckling och 
expansion av variabel förnybar energi leder till ökade fluktuationer i elproduktionen. Detta öppnar 
möjligheter för andra typer av reglerbara kraftverk, så som kraftvärmeverk. Men för att vara en 
långsiktigt hållbar lösning på marknaden krävs lönsamhet. I den här studien undersöks den potentiella 
marknadsrollen och lönsamheten för kraftvärmeverk i två framtida energiscenarier. Kraftvärme är redan 
idag en mogen och välanvänd teknik med tanke på det kallare klimatet i Sverige. Kortsiktig optimering 
används för att simulera kraftvärmeverk i den nordiska elmarknaden Nord Pool. Resultaten visar att de 
flesta kraftvärmeanläggningarna är lönsamma i de två scenarierna, medan kraftvärmeverk med 
inriktning mot elproduktion ökar vinsten på fluktuerande elmarknader om de har flexibla 
produktionsmöjligheter. Gemensamt för alla analyserade kraftvärmeverk är nödvändigheten av en 
värmekapacitet av lämplig storlek för att säkerställa lönsamhet, eftersom värmeförsäljningen är det som 
driver lönsamheten. Kraftvärmeverk kan spela en viktig roll som balanseringskapacitet, särskilt under 
perioder med lägre el- och värmebehov eftersom det då finns utrymme för flexibla kraftvärmeverk att 
styra sin produktion till en större grad. De regionala resultaten visar att ytterligare reglerbar kapacitet 
krävs under kalla perioder för att undvika aktivering av vinterreserven i dessa två scenarier.  
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1 Introduction 
The Swedish electricity market is at a major crossroads where the transition from fossil fuels to 
renewable energy sources and the uncertain future for Swedish nuclear power are challenges to 
overcome. The cross-party energy policy agreement between five Swedish political parties in 2016 sets 
ambitious goals for the future energy system in Sweden. Two major goals were agreed upon, firstly that 
Sweden shall by year 2045 release net zero emissions of greenhouse gases (GHG) to the atmosphere, 
and the second goal is to have a 100% renewable electricity production by year 2040. Nonetheless, the 
agreement clarifies that this is just a goal and not an end date for nuclear power in Sweden [1].  

Historically, with the aid of large hydropower capacity and nuclear energy, the Swedish electricity 
system has been known to be stable and sustainable with comparatively low retail prices. Whether 
nuclear energy is phased out by political, economic or other reasons, an eventual phase-out of the 
important baseload nuclear power poses challenges concerning stability and available capacity. 
Combining a phase-out with an increase of intermittent renewable power generation, from for example 
wind and solar power [2], would result in a grid characterized by great variances and spikes in available 
capacity. Current and future actors in the market have to develop means to handle the increased share 
of intermittent power sources in the grid and the resulting volatility. Conventionally, this is solved by 
introducing balancing power and through transmission schemes from areas with oversupply to 
undersupplied areas. Development of smart grid technologies and load management schemes on the 
demand-side are also examples of possible solutions. However, as intermittent energy sources have been 
expanding in the European Union, member states have had doubts about generation adequacy in the 
future. Capacity mechanisms have thus been introduced, with varying design and extent depending on 
the specific market, incentivizing balancing and reserve capacity to ultimately ensure generation 
adequacy on a long-term basis.  

The abundant biomass resources [3] in Sweden in combination with the broad use of district heating 
networks in cities have made combined heat and power plants (CHPs) an intuitive choice of technology. 
It is possible that a future where nuclear energy is phased out could lead to new potential roles and uses 
for CHP plants. Current CHP technology allow for many different designs and process schemes, 
resulting in diverse operational strategies and technical factors. CHP plants are not only used in district 
heating networks, but also to a large extent in industries where process heat is used as an input. While 
there already are vast differences in technical and economic features of CHP technologies, the 
characteristics of plants used in industries are more specific depending on the particular requirements.  

Investigating the potential for CHP plants in a future electricity market, where nuclear power is phased 
out, is a complicated task. However, by the use of modeling tools a framework can be created where 
individual characteristics and parameters can be investigated more accurately. This study uses a short-
term optimization tool called EDGESIM that simulates the Nordic day-ahead electricity market. The 
purpose is to gain insight in how the market role of CHP plants can change, while considering 
technological, political and economic aspects that can affect the recruitment of the plants. 

1.1 Objectives 
This thesis aims to explore the potential roles of CHP plants in a future Swedish electricity market with 
a diminishing share of nuclear energy and high intermittent renewable penetration. The study uses the 
previous work (see [4] and [5]) of creating and improving the short-term optimization tool EDGESIM, 
which simulates the Nordic electricity market relatively accurately, to quantify the degree of recruitment 
of CHP plants while taking design and key performance indicators (KPIs), such as efficiencies and costs, 
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into consideration. The techno-economic aspects are also analyzed in a political context to provide 
meaningful recommendations to actors within the sector. The specific objectives are: 

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

 To identify under which market conditions are specific plants more competitive, concerning 
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 
combined heat and power plants can be competitive in the future Swedish electricity-mix. 

The study has a limited geographical scope with Sweden as the targeted market and the technical level 
of detail is focused foremost on CHP technologies used in district heating. Industrial CHP applications 
have a wider range of individual plant characteristics that is dependent on the specific requirements of 
the industry. However, insights gained regarding the general technology itself could possibly be applied 
to industrial CHP plants. To save time and resources the simulations in the model will be limited to a 
limited number of weeks in a couple selected scenarios. 

1.2 Structure 
Following the introduction, where a short motivation and the aim of the report are given, a literature 
review of topics critical to the thesis is presented. The literature review provides the necessary 
knowledge about combined heat and power technologies, the overall electricity market in Sweden with 
emphasis on Nord Pool and capacity market mechanisms, the heat market of Sweden and different 
projected future energy scenarios. Whereas the literature review gives the theoretical background, the 
subsequent section explaining how the model EDGESIM is configured and how electricity markets can 
be modeled supplies the practical aspect of the study. The programming and simulation methodology 
and its results are then presented. The study as a whole, including results and their implications coupled 
to the objectives are then discussed before finally presenting the conclusions.  
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2 Background 
The literature review covers the necessary background information required for using a short-term 
optimization tool to investigate combined heat and power plant designs and characteristics on an energy 
market. A review of available CHP technologies and their future development is presented to provide 
the necessary data. Secondly, as the simulation tool used, EDGESIM, simulates the Swedish electricity 
system in the Nord Pool markets, the present market conditions and regulations are presented. An 
examination of different capacity mechanisms and development of such mechanisms in Europe is also 
included to provide relevant knowledge for the possible implementation of such mechanisms into 
EDGESIM. The current state of the heat market contributes to the opposite spectrum of CHP 
technologies, as combined heat and power plants are primarily sized to meet the underlying heat 
demand, not electricity demand. Future development implications and Swedish energy market scenarios 
from different organizations are compared to provide a setting for the simulation of the CHP plants. 
Finally, a short review of economical performance indicators used for profitability analysis is presented. 

2.1 Combined heat and power plants 
Combined heat and power plants, or CHPs, are power plants that produce both heat and electricity at the 
same time, making them ideal to use in district heating networks. The main advantage for using CHPs 
is simply that less fuel input is required compared to producing the same heat and electricity in separate 
plants [6]. District heating networks are common in Sweden as 280 of 290 municipalities in Sweden use 
district heating [7] and combined heat and power plants produced 70% of the total heat generated in 
district heating networks in 2015, corresponding to 36.9 TWh [8]. The electricity production from CHPs 
connected to district heating networks is in general controlled by the heat demand, including industrial 
CHPs where instead the demand for process steam or process heat controls the output [7]. The total 
installed electricity capacity in Sweden today is around 4,000 MW excluding the 1,500 MW in industrial 
use [9], [10]. In 2014, the total electricity generated by CHP plants reached 13.2 TWh, with 5.6 and 7.6 
TWh from industrial and district heating CHPs respectively, resulting in a 9% share of the total 
electricity generated in Sweden. The resulting production each year is however influenced heavily by 
the heat demand, i.e. the outside temperature [8].  

Currently, combined heat and power plants using biomass as fuel is the renewable energy source with 
the highest possibility for flexible production, besides from hydropower. It is common that district 
heating networks have several different production types connected, thus making it possible for CHP 
plants to choose when to be operational. The inherent thermal mass in the district heating network and 
eventual heat storage also gives a window of time where heat is not instantaneously required. In practice 
the flexibility is very situational and affected by taxes, fees and other incentives. However, this does not 
necessary mean that CHP production is prioritized when electricity prices are high, or reversely. The 
seasonal variation of outdoor temperature also means that in summertime, the demand for heating is 
very low, while focus is on providing heat in wintertime, which decreases the overall flexibility [9].  

The flexibility of a CHP plant can be increased by introducing a heat storage, such as a tank or a cavity 
below ground. Using a tank as thermal storage is quite common as it increases the flexibility of when it 
is necessary to produce heat, but it can also act as a reserve tank in case plants connected to the district 
heating network has any sudden operational failure. For CHPs, heat storage could enable the production 
of electricity at peak demand hours, while heat that is not required at the moment could be stored. 
Without storage the operation is heavily dependent on the current heat demand, whereas the distribution 
of heat and electricity can be decoupled for a limited amount of time or production when heat storage is 
accessible. There are numerous different optimization studies and techniques on heat storage available, 
see e.g. [11] or [12], which result in increased profitability [13]. 
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A steel tank for hot water storage is often included in the investment costs tabulated in the various 
technologies in the following section or could be seen as insignificant as the cost for a steel tank is 
relatively cheap compared to the other parts of a large CHP plant. A storage tank of 5,000-10,000 m3 
typically have a specific investment cost between 400-2,300 SEK per m3. The challenge with steel tanks 
is that they need to be insulated properly to avoid heat losses over time [14], [15]. Typically the 
efficiency is above 95% over a couple of days if insulated well [13]. The energy content per m3 is 
dependent on the temperature of the water stored, but 60 to 90 kWh per m3 is normal [14], [15]. 

2.1.1 CHP technologies 
Combined heat and power plants can be designed in a vast number of different configurations. Common 
for all CHP plants is the co-generation of both heat and electricity. The ratio of power-to-heat output is 
defined as alpha (α) in this report. The α-value is highly dependent on the technology and power plant 
configuration used, which typically is decided by the present heat demand and economic factors. There 
are different ways to increase the electricity production. One way could be to design power plants 
optimized for electricity rather than heat production. Efficiency improvements of available technologies 
or shifting to new gasification technologies are also options. Some combined heat and power plants can 
increase their electricity production slightly by condensing the heat as a normal condensing power plant 
or let the district heating return water be cooled by for example sea or lake water. Such a power plant is 
able to have a longer uptime, on a yearly basis. Installing power plants with surplus capacity also 
somewhat decouples the production from the underlying heat demand in the network, but without heat 
sales the production cost for electricity is increased [9], [10].  

As the use of combined heat and power technologies is extensive in many parts of the world, there is a 
considerable body of knowledge ranging from scientific research reports to fact sheets regarding specific 
data. This study has foremost relied on three reports that encompass a large number of different 
generation technologies and presents generic data collected from plant operators and manufacturers as 
well as from scientific research papers. The report “Electricity from new and future plants 2014” [16] 
from Elforsk provides detailed technical information about electricity generating technologies used in 
Sweden, including CHP technologies. The “Catalog of CHP Technologies” [17] published by the U.S. 
Environmental Protection Agency covers a wide range of CHP technologies with thorough explanations 
and detailed data for the U.S. market. The “Technology Data” catalogs [14] and [18] published by the 
Danish Energy Agency cover a large range of technologies used within the energy sector. Additional 
studies and research papers are used to corroborate and complete the information and data if necessary. 

The technologies have been categorized after which type of prime mover that is used in the process, i.e. 
the equipment that drives the overall CHP system. Because of the endless number of designs and sizes, 
a few typical sizes were selected for each technology to present general data. Considerable emphasis is 
devoted to technologies that are available commercially today, but a few technologies assumed available 
in the near future are also presented. The process of each technology, their individual characteristics and 
data are presented below. Note that some specific cost data per MWh (excluding fuel costs) is based on 
an assumed amount of electricity generated on an annual basis, which may create discrepancies between 
sources. Costs in SEK are based on the price level of 2011. Flue gas condensation is included in heat 
efficiency, capacities and power to heat ratio if not explicitly noted otherwise.  

2.1.1.1 Gas turbine 
In general, there are two different types of gas turbines, aeroderivative and industrial. The 
aeroderivatives are turbines adapted from aircraft engine counterparts and compared to turbines 
designed exclusively for stationary applications they are lighter and have higher thermal efficiency but 
are also more expensive. The industrial gas turbines, also known as frame gas turbines, are less 
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expensive, more rugged, heavier and have longer intervals between maintenance services compared to 
aeroderivatives. This makes them more suitable for continuous base-load operation, with efficiencies 
reaching 40% in simple-cycle (SC) configuration and 60% in combined cycle (CC) configuration, for 
large-scale units. The industry sector typically uses these turbines for on-site process heat or steam and 
power generation, or for direct mechanical drive applications. The simple-cycle is, as the name suggests, 
less advanced with the major components being a gas turbine, a gear (if needed), a generator and a flue 
gas heat exchanger or heat recovery steam generator (HRSG). Figure 1 shows a simple-cycle gas turbine 
with heat production connected to the district heating network. The gas turbine uses air as working fluid 
and usually natural gas as fuel. The air is compressed before being combusted together with the fuel and 
then expanded in a turbine. This process is called a Brayton cycle and the efficiency of the cycle is 
dependent on the pressure ratio, ambient and inlet air temperatures, efficiencies of the turbine and 
compressor as well as any other performance enhancements, for example intercooling, recuperation or 
reheating. These performance-enhancing steps are used to increase the total efficiency of the plant, but 
also make the operation more advanced and expensive to install. A supplementary burner can also be 
used to increase the flue gas temperature further before the heat recovery steam generator. The system 
flexibility is also enhanced when using supplementary firing as it enables steam production control 
independent of the gas turbine [17], [18]. 

 
Figure 1. Simple-cycle gas turbine with heat production for district heating [19]. 

The simple-cycle configuration only uses the process of a Brayton cycle while the combined cycle 
combines it with a steam cycle, known as a Rankine cycle, where a steam turbine is used to generate 
electricity. In the combined cycle, the resulting hot exhaust gases are used to heat steam in an exhaust 
boiler. The heated steam is then expanded in a steam turbine. The choice of cooling determines if the 
plant also produces heat. For pure electricity production condensing cooling is used while a HRSG can 
be used for heating district heating water and cooling the steam [16]. Plants that can shift between 
condensing mode (power only) and backpressure mode (power and heat) have an extraction steam 
turbine, which are only available in sizes suitable for large-scale plants [18]. The exact layout of the 
system can vary depending on the operating strategy, see Figure 2 for a schematic representation, 
resulting in a wide but relatively high range of possible α-values compared to other CHP technologies.  

 
Figure 2. Schematic of combined cycle gas turbine [17]. 
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By using a combined cycle, the efficiency for electricity conversion is decreased for the gas turbine but 
the total overall efficiency of the entire plant is instead increased due to the steam cycle. Combined 
cycles are thus in larger plants more often, to take advantage of the increased efficiency and economies 
of scale. Several gas turbines can be connected to one steam cycle that could have several superheating, 
preheating or reheating steps to increase overall efficiency [16].  

Technical data for a few selected sizes and configurations of gas turbines can be compared in Table 1. 
Two single cycles and three combined cycles were selected to give a notion on the characteristics 
between the sizes and configurations. The two largest combined cycle categories, CC-M and CC-L, 
correspond to the Rya and Öresundsverket CHP plants in Sweden, respectively. Öresundsverket, CC-L, 
was installed in 2009 [20], uses natural gas as main fuel and is highly focused on electricity production 
with its high power to heat ratio of 1.6 and 400 MWelectrical coupled with 250 MWthermal capacity. The 
Rya CHP plant, CC-M, was built in 2006 [21] and has a focus on heat production with 261 MWel and 
294 MWth capacity, with a power to heat ratio of 0.9. Specific data for these two plants at half load was 
not found, but as these plants are comprised of several gas turbines that can be run separately to adjust 
to current demand, the efficiency losses can be reduced somewhat. However, for a single turbine, lower 
load leads to decreased electricity efficiency but increased heat efficiency in general [17]. A smaller 
combined cycle, CC-S, cannot reach the same efficiencies as it is not economically viable to add as 
many performance enhancing steps in the process for such a small plant.  

Reliable and universal data for single cycle turbines in CHP configuration is harder to find, as they tend 
to be used in industrial applications or as peak load capacity rather than for district heating. A 
microturbine and a medium-sized single cycle CHP plant is tabulated, SC-MI and SC-M. The single 
cycle plants do not reach the same efficiencies as the combined cycles, but are easier to install and to 
operate. Notably is the shorter startup time for the plants to reach operational load level and the increased 
ramp rates. Including forced outage and planned downtime, the availability was set to 95% for all 
configurations. The large configurations run in base load operations could have slightly shorter planned 
downtime for maintenance, but a higher rate of forced outages given the complexity of the combined 
plants. In general, maintenance costs and downtime increase as installed plants gets older [18], [17].  

Table 1. Overview of technical data of gas turbine CHP plants with varying size and configuration.  

Parameter Value Unit References 
Configuration SC-

MI 
SC-
M 

CC-
S 

CC-
M 

CC-
L 

- SC-
MI 

SC-
M 

CC-S CC-
M 

CC-
L 

Electricity/heat 
capacity 

0.20/ 
0.33 

45/50 40/ 
30 

261/ 
294 

400/ 
250 

MW [18] [22] [22] [23] [20] 

α-value, nominal 
load 

0.6* 0.9 1.3 0.9 1.6 - [18] [18], 
[17] 

[16], 
[18] 

[23] [16] 

Electricity 
efficiency, 
nominal load 

30 40 50 43.5 60 % [18] [22] [16] [23] [20] 

Electricity 
efficiency, 50% 
load 

22 27 33 30 45 % [17] [17] [17] [17] [17] 

Heat efficiency, 
nominal load 

25* 30 35 49 30 % ** ** [16] [23] [20] 

Heat efficiency, 
50% load 

30* 38 50 60 40 % [17] [17] [17] [17] [17] 

Availability 95 95 95 95 95 % [17], 
[18] 

[17], 
[18] 

[17], 
[18] 

[17], 
[18] 

[17], 
[18] 

Minimum load 40 25 40 40 40 % of 
cap. 

[18] [22] [18] [18] [18] 
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Parameter Value Unit References 
Ramp up/down 
rate 

20 20 15 15 15 % of 
cap./ 
min. 

[18] [22], 
[18] 

[18] [18] [18] 

Cold-start time 30 30 150 150 150 Mins. [18] [18] [18] [24], 
[18] 

[24], 
[18] 

Warm-start time 15 10 45 60 60 Mins. [18] [22], 
[18] 

[22], 
[18] 

[18] [18] 

Lifetime 15 25 25 25 25 Years [18] [18], 
[16] 

[16] [16] [16] 

Build time 0.5 1.5 3 3 3 Years [18] [18] [16] [16] [16] 

*Excluding flue gas condensation 
**Qualitatively assumed 

The financial data of each selected configuration can be overviewed in Table 2. As can be seen, the 
specific investment costs are decreased as the size of the plant increases due to economies of scale. 
Variable and fixed operation and maintenance cost (O&M) vary between data sources and is very 
dependent on how plants are operated. For example, frequent startups and thermal cycling (large changes 
in temperature under short time) can introduce extra wear on the equipment. In general, economy of 
scale affects these costs as well, as seen in the table.  

Table 2. Overview of financial data of the selected gas turbine CHP plants. 

Costs Value Unit References 
Configuration SC-

MI 
SC-
M 

CC-
S 

CC-
M 

CC-
L 

- SC-
MI 

SC-
M 

CC-S CC-M CC-
L 

Investment 
cost 

11 6-
10 

12 8-
10 

7.5 MSEK/MWel [18] [18], 
[17] 

[18] [25], 
[16], 
[17] 

[26] 

Variable 
O&M cost 

105-
142 

52 25-
42 

25-
42 

25-
42 

SEK/ MWhel [17], 
[18] 

[18] [16], 
[18] 

[16], 
[18] 

[16], 
[18] 

Fixed O&M 
cost 

0 200 120 90 90 SEK/ kWel [18] [18] [18], 
[16] 

[16] [16] 

 

2.1.1.1.1 Future development 
Traditionally, natural gas has been the main fuel and gas turbines in combined cycle plants have been 
used for base load operations while single cycle turbines are frequently used as peak load capacity. 
Today, development is aimed at fuel-flexibility, enabling the use of different synthetic gases or biogases 
[27], [28]. Clean liquid fuels can also be used in gas turbines, as long as the contaminants in the fuel are 
low enough to avoid corrosion and flow impediment. Converting gas turbines for liquid fuel usage is 
quick, but many turbines already have dual firing available. The general performance difference is not 
substantial, but liquid fuels increase the net performance slightly with the downside of higher O&M 
costs. Additionally, for large gas turbines some manufacturers have developed combustors that can 
handle gasified solid fuels [17]. Other types of fuels, such as biogas, could cause problems with 
corrosion, forcing the manufacturers to focus research on materials with high resistance to oxidation and 
corrosion [27]. Material design and turbine blade cooling also affects the allowed maximum inlet 
temperature, which can improve the electricity efficiency of the gas turbine [18]. However, according 
to Genrup and Thern [27] it is unlikely that the efficiency will be significantly increased above 60% in 
the near future. It is more likely that future development will be concentrated on increased availability 
and fuel flexibility, with a focus on maintaining the high efficiency even at partial loads [16]. Research 
from the Danish Energy Agency [18] agrees with these findings and furthermore predicts minor cost 
reductions for all configurations assessed in this study. Both of the mentioned Danish Energy Agency 
and Genrup and Thern studies point out the possibility for combined cycles to play a bigger role in grid 
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balancing as the share of intermittent wind and solar power in the grid is increased. Better ramping rates 
and startup times are thus also a likely future development.  

2.1.1.2 Steam turbine, biomass-fired boiler 
Compared to other prime mover technologies still in use, the steam turbine is one of the oldest 
inventions. Low costs, high efficiencies and a wide range of available fuel types makes them suitable 
for combined heat and power applications. In contrast to gas turbines, where electricity is the main 
product, the steam turbine generators produce electricity as a byproduct of heat generation in these types 
of power plants. A boiler is used instead of a gas turbine to provide the heat. The boiler produces high-
pressured steam with high temperatures that powers the turbine and its generator. As the steam turbine 
and boiler is separated in function, a large variety of fuels can be used including gases and many types 
of solid fuels such as coal, biomass, waste or other byproducts. In CHP applications, some of the steam 
is extracted at lower pressure from the turbine to be used in a process or for district heating. The steam 
turbines are customized to match the desired specifications including several pressure stages and can be 
designed for different type of modes, such as backpressure, condensing or extraction. The condensing 
mode only produces electricity and exhausts the heat directly to condensers that condense the steam into 
water at vacuum conditions. The backpressure mode, also known as non-condensing, exhausts some or 
all of the steam flow for use in another process. Typically, low-pressure steam is used for district heating 
while higher pressures are used in industrial applications. The extraction turbine is designed for 
extracting medium or low pressure steam at one or more openings in its casing, while still producing 
power and high pressure steam for condensing or process use [17], [29].  

The thermodynamic cycle used is the Rankine cycle, as mentioned in the previous chapter about gas 
turbines. Hot gases from the incineration of some type of fuel, in Sweden typically wood chips, heats 
up pressurized water in tubes on the walls of the boiler that is evaporated to steam. The steam is often 
superheated in additional steps, before being expanded to lower pressure in a steam turbine connected 
to a generator for electricity generation. Low-pressure steam can then be condensed to provide heat to a 
district heating network. Additional steps in the process can be introduced to increase the efficiency, for 
example using hot steam to preheat the feedwater. Reheating of the steam is another option to raise the 
average temperature of the supplied heat further, which in turn means that the steam pressure can be 
increased without any risk of too high moisture levels in the turbine. The exact design and number of 
additional components is optimized depending on required operating ranges and economic factors. 
Large plants have more advanced cycle configurations enabling higher efficiency rates [16], [17]. A 
schematic of the process for a biomass CHP plant with 80 MW electrical capacity can be seen in Figure 
3. There are several preheaters and reheating steps used in order to maximize the efficiency of the plant. 

 
Figure 3. Process schematic of a biomass fueled steam turbine power plant with electrical capacity of 80 MW [16]. 
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Several different designs of boilers are used, depending on type of fuel, size and economic factors. A 
Stoker boiler uses direct-firing combustion of solid fuels with excess air. The fuel is fed by the stoker 
onto a grate which allows combustion together with air. Additional design classifications can be made 
depending on how the fuel is fed, for example underfeed, overfeed or spreader. If a stoker design is not 
adopted, a fluidized bed is probably used. This type of boiler burns the fuel in a hot bed of incombustible 
particles. The particles are suspended by a flow of hot air injected below the bed, keeping it fluidized. 
The moving bed also strips away carbon dioxide and solid residues that are formed around the fuel, thus 
enhancing the combustion. Since the bed effectively mixes air into the combustion, non-standard wood 
or solid waste fuels can be used. The inert bed material can also reduce effects from variations in fuel 
supply due to its contained heat. The fluidized bed boilers can also be categorized as either pressurized 
or atmospheric units. A pressurized fluidized bed boiler costs more but the increased pressure improves 
the efficiency. Atmospheric units have two different designs, depending on the velocity of the air 
beneath the bed. A higher velocity results in a circulating bed that enables the separation and capture of 
solids in the exhaust gas. The solids are returned to the bed for complete combustion. If a lower velocity 
is used the outcome is a bubbling bed. The bubbling bed is suitable for fuels with lower heating values, 
while the circulating bed is selected for fuels with higher heating values [29].  

Typical technical data for small (ST-S), medium (ST-M) and large (ST-L) scale configurations of steam 
turbine plants is presented in Table 3. The smaller configuration uses a backpressure steam turbine, 
while the other two have steam extraction turbines, with increased flexibility as a result. Additionally, 
the data corresponds to steam turbine CHP plants using a biomass fuel mix, as it is the predominantly 
used fuel in CHP applications in Sweden. This brings difficulties to find reliable data because the many 
different biomass fuel types have dissimilar parameters that effect the efficiency of the boiler. The two 
major factors are moisture content and heating value, which due to the heterogeneous nature of biomass 
can be hard to measure with high accuracy. In addition to this, boiler efficiency is not constant over the 
operating range and it is impractical to operate at peak efficiency at all times due to demand and fuel 
variations [29]. As the energy of biomass is less dense than for example oil or diesel, plants need to have 
an extensive fuel management system, usually with silos, reprocessing steps and in some cases daily 
transports. The moisture content of biomass fuels also makes it possible to use flue gas condensation, 
which increases the total efficiency remarkably, making it possible to reach above 100% [16]. The three 
configurations all utilize flue gas condensation to increase the total efficiency.  

Table 3. Typical technical data for biomass fueled steam turbine CHP plants. 

Parameter Value Unit References 
Configuration ST-S ST-M ST-L - ST-S ST-M ST-L 
Electricity/heat capacity 5/18 30/81 80/194 MW [16], [14] [16] [16] 
α-value, nominal load 0.3 0.37 0.41 - [16], [14] [16] [16] 
Electricity efficiency, nominal 
load 

23 29 31 % [16], [14] [16], [14] [16] 

Electricity efficiency, 50% load 15 23 25 % * * * 
Heat efficiency, nominal load 80 77 75 % [16], [14] [16], [14] [16] 
Heat efficiency, 50% load 70 65 65 % * * * 
Availability 95 95 95 % [16], [14] [16], [14] [16], [14] 
Minimum load 40 20 20 % of cap. [14] [14] [14] 
Ramp up/down rate - 10 10 % of 

cap./min. 
** [14] [14] 

Cold-start time 240 300 300 Mins. * * * 
Warm-start time 180 240 240 Mins. [14] * * 
Lifetime 25 25 25 Years [16] [16] [16] 
Build time 2 2 2 Years [16] [16] [16] 

*Qualitatively assumed 
**Smaller configurations is best run as base load 
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The power to heat ratio increases with the size of the plant as the electricity efficiency is improved 
correspondingly. The electricity efficiency is in a range between 20% and 35% while the total efficiency 
can reach 110-115% in the right conditions. The electricity efficiency is decreased in the smaller 
configurations due to a simpler process, without any performance enhancing steps (e.g. reheating), 
which leads to lower steam temperature and decreased turbine efficiency [30]. As already stated, it is 
difficult for plant operators to keep track of efficiencies due to the variations of biomass fuels and in 
combination with the vast range of boiler and turbine designs, the data can fluctuate greatly between 
specific plants. Common for boilers is the prolonged startup time compared to gas turbines, as biomass 
fuels demand a higher temperature for complete combustion. The steam cycle also needs to build up 
sufficient pressure to operate efficiently. It is specifically during low loads and startup that emissions of 
example NOx and CO can be dangerously high, as post-combustion emissions controls typically require 
a higher temperature to work effectively. Another used method is to control the combustion temperature, 
which is cheaper but has tradeoffs. A high temperature means a better combustion and low amounts of 
CO, but increases NOx formation. A lean combustion reduces the temperature and NOx formation but if 
it is too lean it could lead to incomplete combustion, thus increasing CO emissions [17].  

The financial data of the three selected configurations can be overviewed in Table 4. Economy of scale 
is apparent as the specific investment, variable and fixed operation and maintenance costs decrease for 
the larger plants. While the biomass fuel price is excluded, the fuel and transport management costs are 
included, which can be quite extensive for large plants. Costs relating to emission control are usually 
very specific, as the limits in Sweden are set per the conditions of each plant [16].  

Table 4. Typical financial data for biomass fueled steam turbine CHP plants, excluding fuel costs. 

Costs Value Unit References 
Configuration ST-S ST-M ST-L - ST-S ST-M ST-L 
Investment cost 40-62.3 40 25-32.7 MSEK/MWel [30], [16], [14] [16], [14] [16], [14] 
Variable O&M cost 76-80 70 67 SEK/MWhel [16], [17] [16] [16] 
Fixed O&M cost 1,430 700 500 SEK/kWel [16], [29] [16], [29] [16], [29] 

 

2.1.1.2.1 Future development 
Considerable research has been focused on improving the electricity efficiency by increasing the steam 
temperature and pressure. This development has been driven by historically high electricity prices and 
the introduction of the elcertificate (see section 2.2.1) [16]. Any increase in efficiency results in reduced 
fuel consumption and emissions. Further material development of the boiler and steam turbine could 
enable higher pressures and temperatures, especially in smaller units, but there is also focus on 
improving the performance of already installed turbines by retrofitting parts during routine revisions 
[17]. Small-scale plants are most likely to receive the most research attention in the upcoming years. 
Already today, certain manufacturers offer small-scale steam extraction turbines, built in a modular 
design or as prefabricated complete systems, meant to bring down the specific investment cost and 
increase efficiencies. On the other hand, the vast variety of used fuels and applications makes it difficult 
to present standardized models that are able to operate in a range of disparate conditions [30]. 

2.1.1.3 Steam turbine, waste-fired boiler 
The incineration of waste is a common application in Sweden. Both industrial and household waste is 
used as fuels and in 2012 over 5 million tons was incinerated, of which some was imported to Sweden. 
The primarily used fuel is municipal solid waste (MSW). By incinerating waste methane emissions 
otherwise generated if the waste is landfilled can be avoided. The design of the process is similar to the 
biomass-fired steam turbine plants, but the boiler is of special design. Fire-grated boilers are most 
commonly used, but fluidized bed models are also an option for sorted waste. The natural inhomogeneity 
of the waste brings difficulties, such as risk of corrosion, high ash and alkali metal contents and increased 
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emission rates of harmful particles. A waste boiler is designed to improve fuel burnup and has an empty 
draught to lower the flue gas temperature before it meets the superheater tubes. The flue gas also has to 
go through extensive purification treatments to meet emission limits. The result is a considerably more 
expensive power plant compared to traditional steam turbine biomass plants. From the fuel ash, called 
slag, metals can be recycled after cooling while the remaining part of the slag is deposited. The slag can 
also be used as an additive in for example road construction. Since the risk of corrosion is increased 
with high temperatures, the steam data is kept relatively low resulting in rather small power to heat 
ratios. The fees for submitting household and industrial waste results in a negative fuel cost, i.e. plant 
operators are paid to incinerate waste fuels, compensating for the increased investment costs. The total 
electricity produced from waste-fired CHP plants in Sweden was 1.7 TWh in 2012 [16], [14].  

Waste-incineration units are only built for large-scale applications due to the stringent emission controls 
required making small-scale units technologically and economically unviable. Furthermore, the main 
objective is to handle waste and produce heat, rather than electricity. Typical data for a medium to large-
sized unit in Sweden is available in Table 5. The constrained steam data limits the resulting electricity 
efficiency to 20-25% and total efficiency close to 100%. There are strict limits on emissions and these 
plants are meant to run strictly as base load, thus the absence of ramping rates and efficiencies at half 
load in the table. For same reason, the minimum load is high and the startup times are long. 

Table 5. Typical technical data for a waste-fired steam turbine CHP plant, including flue gas condensation. 

Parameter Value Unit References 
Configuration ST-W - ST-W 
Electrical/Heat capacity 20/90 MW [16], [14] 
α-value, nominal load 0.23 - [16] 
Electrical efficiency, nominal load 20-25 % [16], [14] 
Electrical efficiency, 50% load - % ** 
Heat efficiency, nominal load 75 % [16] 
Heat efficiency, 50% load - % ** 
Availability 95 % [16] 
Minimum load 75 % [14] 
Ramp up/down rate - % of cap./Min. ** 
Cold-start time 16 Hours * 
Warm-start time 12 Hours [14] 
Lifetime 25 Years [16] 
Build time 3 Years [16] 

*Qualitatively assumed 
**Not applicable, operated as base load with minimum load 75% of nominal 

Typical financial data for the selected configuration of a waste-fired steam turbine CHP plant is 
presented in Table 6. If compared to the previous section, where biomass was used as fuel, the operating 
and investment costs have increased significantly. When waste is used as fuel, there is an increased cost 
for depositing ashes and using chemicals, added to the variable cost. The fixed cost is assessed to be 
almost 3% of the investment cost accordingly to Elforsk’s report [16]. The increased costs are however 
offset by the negative fuel cost for waste in Sweden, which is discussed further in section 2.1.2. 

Table 6. Typical financial data for a waste-fired steam turbine CHP plant, including flue gas condensation. 

Costs Value Unit References 
Configuration ST-W - ST-W 
Investment cost 70-100 MSEK/MWel [14], [16] 
Variable O&M cost 160 SEK/MWhel [16] 
Fixed O&M cost 3,140 SEK/kWel [16] 
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2.1.1.3.1 Future development 
Methods to increase the steam data without harming the superheater are being developed, with the aim 
to increase the electricity efficiency. Examples of such methods could be to use an external superheater, 
or to protect the superheater with special materials [14]. Besides from improving steam data, new types 
of waste fuels are being supplied to incineration plants due to legislative changes in waste management, 
resulting in new plants and processes. Further research into how waste material can be reused is also 
pursued in combination with new methods to separate specific compounds from the waste and flue gas, 
for example ammonia [16].  

2.1.1.4 Gas engine 
The gas engine is a mature technology and can be used both for transportation and for stationary use. 
Typically, gas engines are used in peaking applications or as emergency power, as these units have short 
startup time and can start with minimal auxiliary power, for example batteries or compressed air. A heat 
storage is often coupled to the gas engine if it is running in a CHP application to avoid fluctuations in 
heat supply. Furthermore, gas engines have particular high efficiencies at part-load operation [17].  

For stationary applications, there are two primary designs that are relevant, the spark ignition (SI) Otto 
cycle and the compression ignition diesel cycle. The Otto cycle usually uses a diesel engine converted 
for gas operation, thus several different gases can be used, such as natural gas or different types of 
biogas. The gas is supplied to the engine at atmospheric pressure for combustion together with air via a 
gasifier. A spark plug is used to ignite the mixture. The compression ratio is restricted to a level low 
enough to ensure that the gas does not spontaneously ignite during the compression in the cylinder. The 
heat is produced by heat recovery from the exhaust gases and the engine cooling water [16]. Natural gas 
is the predominant fuel used for Otto cycle engines while other fuels also can be used with proper system 
tuning. The Otto cycle typically offers lower efficiencies than the diesel engine, but large lean burn 
engines can exceed the efficiency of diesel engines of the same size. A diesel engine has the same cycle 
but compresses the air to a pressure and temperature high enough for the gas to self-ignite. The primary 
used fuels are different types of distillate oils or diesels, depending on the engine speed. Historically, 
diesel engines have been used for base load operations, but are today increasingly restricted to peaking 
or emergency applications, due to emission concerns and high fuel costs, in favor to Otto cycles [17]. 
Therefore, the following data and discussion will be focused on the Otto cycle engine.  

Typical technical data for three different sizes of Otto cycles (spark ignition) in CHP applications is 
presented in Table 7. The three selected configurations (SI-MI, SI-S and SI-M) are in most situations 
run on natural gas and the data is thus matched to the use of high-grade natural gas. However, upgraded 
biogas can also be used, with a slight efficiency decrease and increased O&M costs as a consequence 
[18], [17]. Larger units achieve higher electricity efficiencies as several performance enhancing steps, 
for example turbocharging, become economically viable. The improved electricity efficiency comes at 
a cost of decreased heat efficiency, which also is evident at half load. Gas engines typically only lose 8-
10% of their electricity efficiency at half load, but the heat production is increased instead [17]. As these 
units are typically used for balancing and regulating frequency, the ramping rates are extremely high. 
The startup times are also very short, and there are large gas engines successfully developed to reach 
full load in cold-start in less than one minute [18].  

Table 7. Typical technical data of selected configurations of Otto cycle gas engines in CHP applications. 

Parameter Value Unit References 
Configuration SI-MI SI-S SI-M - SI-MI SI-S SI-M 
Electrical/Heat capacity 0.1/0.17 1/1.17 9/8 MW [17], [16] [17], [16], 

[18] 
[17] 

α-value, nominal load 0.6 0.8 1.13 - [17], [16] [17], [16] [18], [17] 
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Parameter Value Unit References 
Electrical efficiency, 
nominal load 

27-38 37 40 % [17], [16] [17], [16] [17] 

Electrical efficiency, 
50% load 

25-30 32 36 % [17] [17] [17] 

Heat efficiency, nominal 
load 

52 45 40 % [17], [16] [17], [16] [17] 

Heat efficiency, 50% 
load 

57 50 44 % [17] [17] [17] 

Availability 95 95 95 % [16], [17] [16], [17] [16], [17] 
Minimum load 50 50 50 % * [18] [18] 
Ramp up/down rate 50 50 50 % of 

cap./min. 
* [18] [18] 

Cold-start time 20 20 20 Mins. * [18] [18] 
Warm-start time 3 3 3 Mins. * [18] [18] 
Lifetime 15 15 25 Years [16] [16] [18] 
Build time 1 1 1 Years [16] [16] [18] 

*Qualitatively assumed 

Typical financial data of the three selected configurations of Otto cycle gas engines are available in 
Table 8. Often maintenance is contracted through service agreements with a fixed cost and a variable 
cost. The division between fixed and variable O&M costs varies depending on the size of the plant, 
country and contractor. The specific costs are increased for smaller units and vice versa for larger units. 
Biogas powered gas engines costs more to build and to operate due to the extra cleaning, scrubbing and 
filtration to get clean raw biogas [17].  

Table 8. Typical financial data of selected configurations of Otto cycle gas engines in CHP applications. 

Costs Value Unit References 
Configuration SI-MI SI-S SI-M - SI-MI SI-S SI-M 
Investment cost 13.9-18 8.5-15 8 MSEK/MWel [16],[13] [18], [16],[13] [13], [18] 
Variable O&M cost 60 50 45 SEK/MWhel * [16], [18] [16], [18] 
Fixed O&M cost 2200 220 88 SEK/kWel [31] [31] [18], [31] 

*Qualitatively assumed 

2.1.1.4.1 Future development 
Current focus is on designing new engines that have decreased emissions at the same time as achieving 
improved efficiencies at a competitive cost [17]. Besides from emission reduction, flexible fuel 
operation has already been introduced to the market and further development into the area of other fuels 
will likely continue. Today there are engines that can almost instantaneously shift between fuels while 
running. Additionally, as the expansion of intermittent power sources increases, research will be focused 
at improving startup times and load response times even further. There has also been a trend towards 
introducing auxiliary equipment in the process, for example heat pumps or low-pressure steam turbines, 
which can improve the total efficiency [18].  

2.1.1.5 Organic Rankine cycle 
In the organic Rankine cycle the traditional water steam cycle is replaced by an organic working agent, 
thus the name organic Rankine cycle (ORC). The process in the cycle is in principle the same as for the 
steam cycle. An evaporator vaporizes the organic working agent before it is expanded in a turbine, or 
expander screw, to then be condensed and pumped back to the evaporator. The cycle is driven by the 
heat in the flue gases from a usually biomass fuel-fired oven via a hot oil boiler between the gases and 
the evaporator. The reason for applying an ORC cycle instead of a traditional steam cycle is that a lower 
evaporation temperature can be achieved which eliminates the risk of corrosion and erosion to the 
equipment. Additionally, the pressure is lower which makes the hot oil boiler easy to control while 
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having good efficiency at partial loads. Moreover, the system is closed; resulting in less loss of working 
fluid and it can use a direct-drive generator with less noise and mechanical stress [16]. An illustration 
of how a biomass fuel-fired ORC power plant could be configured is available in Figure 4 below. 

 
Figure 4. Process of a biomass fuel-fired ORC [30]. 

Although there are only a handful ORC plants in Sweden, the technology is commercially available and 
used in other parts of Europe [32]. ORC technology is typically in competition with steam turbines on 
small and micro-scale levels. The electricity efficiency is at around 15%, with a heat efficiency at 85%, 
which is hard to reach with normal steam turbines at micro-scale. ORC plants have exceptional part-
load efficiencies down to 50% load, and have a rather short warm-startup time, see Table 9.  

Table 9. Typical technical data of an ORC CHP plant. 

Parameter Value Unit References 
Configuration ORC - ORC 
Electrical/Heat capacity 2/13 MW [16] 
α-value, nominal load 0.15 - [16] 
Electrical efficiency, nominal load 13 % [16] 
Electrical efficiency, 50% load 12 % [33] 
Heat efficiency, nominal load 85 % [16] 
Heat efficiency, 50% load 84 % [33] 
Availability 95 % [16] 
Minimum load 30 % of capacity [33] 
Ramp up/down rate 10 % of capacity/Min. * 
Cold-start time 30 Mins. * 
Warm-start time 5 Mins. [34] 
Lifetime 15 Years [16] 
Build time 1 Years [16] 

*Qualitatively assumed 

The specific investment cost is high compared to other small-scale plants, such as gas engines, but the 
ORC cycle is more complex and solid biomass can be used as a fuel. The operation and maintenance 
costs have been assessed to be equal to 2.5% of the investment cost according to [33]. Operation and 
maintenance costs can be kept low as these plants can be run remotely offsite with hardly any hours of 
weekly maintenance needed. The financial data is available in Table 10. 

Table 10. Typical financial data of an ORC CHP plant. 

Costs Value Unit References 
Configuration ORC - ORC 
Investment cost 75 MSEK/MWel [16] 
Variable O&M cost - SEK/MWhel [16] 
Fixed O&M cost 1,875 SEK/kWel [33] 
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2.1.1.5.1  Future development 
As the technology is rather new and not traditionally used in Sweden today, future costs are bound to 
decrease as the industry gains more knowledge regarding manufacturing, installation and use. Further 
development of equipment will increase efficiencies and operating range. Today there are prefabricated 
models available suitable for a range of applications, e.g. waste heat operation. Expanding applicable 
operating range and cases will likely lead to increased market shares and faster cost reductions [30].  

2.1.1.6 Semi-commercial integrated gasification technologies  
Gasification involves the heating of solid biomass fuels in a low-oxygen environment to produce gas. 
The heating value of the produced gas, known as producer gas, is dependent on the chemical 
composition of the biomass fuel and the design of the gasifier. After the producer gas has been cleaned 
it is usually defined as synthetic gas or syngas. The heating value of a syngas can range between 10% 
to 50% that of natural gas. Gasification of biomass fuels for combustion in CHP plants is still assessed 
as a semi-commercial technology due to the limited warranties by manufacturers. Gasification of 
biomass has a number of advantages compared to direct firing of biomass. The use of solid fuels is 
limited compared to gaseous fuels, which can be used in a range of applications, while a wide range of 
biomass feedstocks can be used for gasification as well. The producer gas can be cleaned to a higher 
degree, thus reducing contaminants and emissions. Gasification of waste fuels is also possible, enabling 
removal of dangerous contaminants. As in the steam turbine technology explained in section 2.1.1.2, the 
gasifiers are typically designed either as fixed bed or as fluidized bed gasifiers. The fixed bed gasifier is 
of simpler design, cheaper and yields syngas of lower heat content, while the fluidized design is more 
expensive and complicated, compensated by the production of a syngas with higher heating value [29].  

Regardless of gasifier design, non-combustible materials are sorted out from the fuel in a preprocess and 
measured for size and then the gasifier is adjusted accordingly to the fraction size. The fuel is sometimes 
dried as well, as the moisture content can vary, before being supplied to the gasifier along with preheated 
gasification air [16]. The main process in the gasifier is called pyrolysis. Pyrolysis involves the heating, 
thermal decomposition, of the biomass fuel which produces gases, tar and char [29]. Coarse particles in 
the resulting gas are then separated in cyclones. The next step is gas purification, which can be designed 
differently depending on what type of fuel is used for gasification; waste fuels need several steps to 
remove particles for example. If additional technological development could lead to an economically 
viable way to further separate mercury and sulfur from the gas of waste fuels, the gas could potentially 
be classified as “green” and enable the use of gas turbines and engines, as well as other usages [16].  

If biomass is used as fuel for gasification, more options are available and there are numerous of different 
CHPs operational internationally. Biomass integrated gasification internal-combustion engineering 
(BIG ICE) uses gas engines, and is usually sized up to 15 MW of electricity. However, biomass fuel 
gasification can also potentially be used with a gas turbine and steam turbine in a combined cycle. This 
type of plant design is known as biomass integrated gasification combined cycle (BIGCC) and is not 
commercially available today. The combined cycle could make it possible to have sizes up to 100 MW 
of electricity with high efficiencies and alpha-value. This would make it possible to increase electricity 
production substantially from a given heating demand [16].  
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Reliable data is unavailable as the technology is still being developed for commercial use. Because of 
this, only the BIG ICE will be investigated in the study. Two selected configurations representing BIG 
ICE, G-S and G-M, and their typical technical data is presented in Table 11. The technical data should 
be similar to the case of gas engines as the addition of a gasifier principally only involve a fuel change 
(as well as increased internal electricity consumption). The electricity efficiency increases with size, as 
the designs become more complex with larger configurations.  

Table 11. Typical technical data of CHP plants with integrated gasification. 

Parameter Value Unit References 
Configuration G-S G-M - G-S G-M 
Electrical/Heat capacity 1/2.1 5/9.6 MW [16] [16] 
α-value, nominal load 0.48 0.52 - [16] [16], [14] 
Electrical efficiency, nominal load 30 35 % [16], [14], [29] [16], [14] 
Electrical efficiency, 50% load 20 29 % * * 
Heat efficiency, nominal load 50 60 % [16] [16] 
Heat efficiency, 50% load 50 60 % * * 
Availability 95 95 % [16], [14] [16], [14] 
Minimum load 10 10 % of cap. [14] [14] 
Ramp up/down rate 6 6 % of cap./Min. [14] [14] 
Cold-start time 30 60 Mins. * [14] 
Warm-start time 15 20 Mins. [14] * 
Lifetime 15 15 Years [16] [16] 
Build time 1 1 Years [16] [16] 

*Qualitatively assumed 

The typical financial costs associated with the selected configurations of integrated gasification CHP 
plants are presented in Table 12. A limited number of existing gasification plants results in uncertain 
data regarding operational costs. A span of costs has been applied acquired from two technology 
surveys. The unreliable data makes it difficult to say whether an economy of scale exists for gasification 
technologies, but specific costs are lower for larger configurations.  

Table 12. Typical financial data of a CHP plant with integrated gasification. 

Costs Value Unit References 
Configuration G-S G-M - G-S G-M 
Investment cost 30-60 30-52 MSEK/MWel [14], [16] [14], [16] 
Variable O&M cost 67-150 67-150 SEK/MWhel [16], [14] [16], [14] 
Fixed O&M cost 1,200-1,600 600-1,000 SEK/kWel [16], [14] [14], [16] 

 

2.1.1.6.1 Future development 
Given the early stage of commercialization of gasification technologies, further demonstration plants 
and research will likely lead to insights that can decrease costs and increase efficiencies in the future. 
Interest from gas turbine manufacturers is undoubtedly required to propel development of prototype 
systems of integrated gasification technologies. However, the low electricity prices on the market today 
is a deterrent, as the major promise is the potential of increased electricity production compared to direct-
firing of solid biomass. Using gasification as a precursor (not integrated) is more applied today, and can 
act as an important transitional step towards integrated gasification plants. Further advancement of 
cheaper cleaning processes could also enable the use of syngas in a wide range of applications other 
than CHP technologies, which can act as an additional proponent in the development [14], [29], [16].  
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2.1.2 Fuels, emissions and taxes 
This section contains general data about different types of fuels used in combined heat and power plants 
and costs not directly related to the operation of the plant. Energy content, prices and emissions of each 
fuel as well as taxes related to operating a CHP plant are presented. 

2.1.2.1 Fuel data 
A vast range of different fuels can be used in CHP applications, with individual advantages and 
disadvantages, as well as costs. In Table 13 an average effective heating value of common fuels is 
presented for comparison of energy content. The efficiency of the plant in combination with the energy 
content of the fuel used is what decides the actual generated heat or electricity. In general, the fossil 
fuels natural gas, oil, diesel and coal have a larger specific energy content, or heating value, compared 
to renewable fuels as biogas and biomass.  

Table 13. Average effective heating value of different fuels used in CHP applications. 

Fuel MJ MWh References 
Wood chips 12 MJ/kg 3 MWh/t [29], [35] 
Pellets 17 MJ/kg 4.5 MWh/t [35] 
MSW 11 MJ/kg 2.5 MWh/t [16], [14] 
Biogas 23 MJ/m3 (65% CH4) 6.4 MWh/103 m3 [14] 
Upgraded biogas 34.9 MJ/m3 9.7 MWh/103 m3 [35] 
Natural gas 38.9 MJ/m3 11.1 MWh/103 m3 [35] 
Oil 37,000 MJ/m3 10.1 MWh/m3 [35] 
Diesel 35,000 MJ/m3 9.95 MWh/m3 [35] 
Coal powder 27.2 MJ/kg 7.56 MWh/t [16], [35] 

 
The cost of procuring each fuel is as important as the energy content for a plant owner, because the 
difference in energy content might be offset by the price. Figure 5 shows the historic price development 
of different biomass fuels used in district heating plants in Sweden from 1993 until 2016. Regional 
variations exist because of individual contracts between consumers and suppliers. The figure implies 
that recycled wood would be optimal, but there are also other parameters to consider when choosing a 
biomass fuel. Firstly, the fuel management system is affected, secondly the design of the boiler can limit 
which fuels that are optimal, and thirdly the chemical composition of the fuel affects what type of 
emission control is required and there has to be a stable supply available. Refined biomass is expensive 
since it typically is more energy dense and easier to handle for smaller applications. 

 
Figure 5. Historic price development of different biomass fuels for district heating plant operators, in SEK/MWh, 2012 prices. 
The price is calculated on a yearly average excluding taxes [36]. 
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In Sweden, municipalities apply a waste reception fee between 300 and 450 SEK per ton. An average 
of 400 SEK per gross ton is used by [16], excluding any sorting, treatment or handling of the waste since 
it is included in the variable operating and maintenance cost for the technology. Depending on the 
specific energy content applied, as it depends on the type of waste, the cost is between -130 to -160 SEK 
per MWh of waste, i.e. operators are paid to incinerate the waste.   

The historic price for industrial consumers of natural gas has been quite steady for the past ten years, as 
can be seen in Figure 6. The average price includes network charges and taxes, and is dependent on the 
annual consumption of the consumer. Larger yearly consumption equals a better contract and lower 
specific cost of natural gas, the price for the second half of 2016 for the largest consumers was 350 SEK 
per MWh, including taxes and other charges. According to the weekly market report from the Swedish 
Energy Agency [37], the current price is around 17.6 EUR per MWh on the day-ahead market, which 
equals 168 SEK per MWh, excluding taxes and other charges.  

 
Figure 6. Average total price of natural gas for industry sector, including network charges and tax after exemptions, in 2012 
prices SEK/MWh, depending on annual consumption [38].  

Upgraded biogas at filling stations, with its slightly lower energy content compared to natural gas, is 
priced at 17.8 SEK per kg for household consumers, including VAT and taxes, as of 7th February, 2017 
[39]. With an average density of 0.8 kg per m3 (the density varies depending on the ratio of natural gas 
and biogas in the fuel) the price can be converted to 10.68 SEK per Nm3, excluding VAT [40]. This 
would equal 1,100 SEK per MWh. However, in most cases the power or heat generation unit is installed 
on-site of biogas production. According to [41], the cost for gas collection and flaring in a 3 MW internal 
combustion engine at a landfill is between 29-91 SEK per MWh, while the levelized cost of electricity 
production ranges between 660-900 SEK per MWh for anaerobic digester power systems [42]. 

The cost for heavy fuel oil is 7,827 SEK per ton including taxes, as of 9th May, 2017 [43]. If the energy 
content is 11.417 MWh per ton [44], this equals a cost of 686 SEK per MWh oil. On the coal front 
month market, the price is currently around 765 SEK per ton [37], without taxes and other charges. 
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2.1.2.2 Emission data 
Carbon dioxide equivalent emissions from the electricity and district heating sector by fuel type between 
1990 and 2015 are available in Figure 7. The trend points downward, but there are periods where the 
emissions have spiked, mostly due to cold winters as in year 2010 for example. Emissions from fossil 
fuels have been cut in half since 1990. The increased use of waste incineration plants has evidently led 
to more emissions from waste fuels, while the use of peat for energy is slowly diminishing.  

 
Figure 7. Emissions of greenhouse gases from electricity and district heating by fuel type and year [45]. 

While renewable fuels per definition have zero carbon dioxide emissions, this is not true concerning 
NOx emissions, which vary between fuel types and plant designs. The amount of carbon dioxide 
emission is only reliant on what type of fuel is used, but the efficiency of the plant affects the specific 
emission per generated MWh of electricity. In Table 14 a comparison of specific emissions of NOx and 
CO2 per MWhfuel for each investigated configuration is available.  

Table 14. Specific NO2 and CO2 emission per MJ of fuel input, per configuration. 

Configuration NOx (mg/MJfuel) CO2 (g/MJfuel) References 
SC-1 10 57 [18] [16] 
SC-2 20 57 [18] [16] 
CC-1 20 57 [18], [16] [16] 
CC-2 20 57 [23] [23] 
CC-3 20 57 [18], [16] [16] 
S-1 80 0 [14], [16] ** 
M-1 60 0 [14], [16] ** 
L-1 40 0 [16] ** 
W-1 40 57 [16] [16] 
SI-1 75 57 [16] [16] 
SI-2 75 57 [16] [16] 
SI-3 75 57 * [16] 
O-1 70 0 [16] ** 
G-1 75 0 [16] ** 
G-2 75 0 [16] ** 

*Qualitatively assumed 
**Zero per definition of renewable 
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2.1.2.3 Taxes 
All power plants are charged with a general industrial property tax. Currently CHPs are charged 0.5% 
of the property value of the electricity production only [46], [47]. Furthermore, the fuel used for 
production is covered by the energy tax and carbon dioxide tax, but the taxes are reduced by 100% if 
taxable electricity is produced. If used for heat production in a CHP, the energy tax is reduced by 70% 
while the carbon dioxide tax is reduced by 20% if the electric conversion efficiency is at least 15%. Heat 
production units included in the European Union Emission Trading Scheme (EU ETS) have 100% 
exemption [48], [49]. See Table 15 for a compilation of the reduction of the taxes for each case and in 
Table 16 the energy and carbon dioxide tax for taxable fuels during 2017 can be overviewed. Renewable 
fuels, such as biomass and waste are exempted. 

Table 15. Tax exemption rates for combined heat and power plants [49]. 

Type Conversion efficiency Energy tax CO2 tax If incl. in EU ETS 
Taxable electricity - 100% 100% 100% 
Heat Minimum 15% 70% 20% 100% 
Heat Lower than 15% 0% 0% 0% 

 
Table 16. Overview of energy and carbon dioxide taxes per taxable fuel for 2017 [50]. 

Fuel Unit Energy tax CO2 tax Total 
Oil and diesel SEK/m3 855 3,237 4,092 
Coal SEK/ton 650 2,817 3,467 
Natural gas SEK/103 m3 945 2,424 3,369 

 
Organizations that have boilers or turbines that produce electricity or heat with a yearly production of 
at least 25 GWh are also subject to the NOx tax of 50 SEK per kg. The organization has to report their 
NOx emissions and generated energy to the Swedish Environmental Protection Agency annually. The 
agency calculates the total sum of all NOx emissions and energy generated by these organizations and 
the resulting total tax to be paid. Administrative costs are excluded from the total tax. A repayment is 
then calculated by dividing the total tax to be paid by the total sum of energy generated, i.e. equaling a 
number expressed as SEK per MWh. The total tax is thus calculated by multiplication of produced 
energy times repayment minus emitted NOx in kg times 50 SEK per kg. The design is meant to provide 
an economic incentive for plant owners to reduce their NOx emissions. The operators that produce 
energy with low emissions could get repayment that exceeds the tax, resulting in an additional net 
income [51]. In 2015 the repayment was 8.45 SEK per generated MWh [52]. 
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2.2 The electricity system 
Currently the Swedish electricity system consists mainly of nuclear power and hydropower, see Figure 
8. Historically, hydropower has been the foundation on which the electricity system was built upon in 
Sweden since the beginning of the 20th century. The fluctuating power production from hydropower is 
due to hydrological and metrological seasons with different weather conditions. The expansion of 
hydropower ended in the sixties when a decision was made to protect the remaining large rivers in 
Sweden. The seventies were characterized by oil-crises and expansion of nuclear power until the end of 
the eighties, when the accident in Chernobyl occurred. Since then, no new nuclear reactors have been 
built but some have been decommissioned, although others have been refurbished for prolonged lifetime 
and increased capacity. The electricity demand in Sweden has been fairly stable for the last 30 years 
while new capacity installments have consisted of combined heat and power plants and, more recently, 
wind power [53], [54]. The current installed capacity per region is available in Table 17.  

Table 17. Installed capacity (in MW) per region, as of the 1st of January 2016 [48]. 

Technology SE1 SE2 SE3 SE4 Total 
Hydropower 5,215 8,035 2,586 348 16,184 
Nuclear power 0 0 9,714 0 9,714 
Wind power 506 2,007 1,993 1,523 6,029 
Thermal power, total 262 576 4,512 2,565 7,915 
- District heating CHP 140 261 2,185 940 3,526 
- Industry CHP 122 315 604 335 1,376 
- Condensing power 0 0 743 670 1,413 
- Gas turbines 0 0 980 620 1,600 

Solar power - - - - 104 
Miscellaneous 1 1 1 2 6 
Total (MW) 5,984 10,619 18,806 4,438 39,951 

 

 
Figure 8. Net electricity production in Sweden from 1970 to 2014 [8]. 

In 1996 the electricity market in Sweden was reformed and deregulated to create conditions for increased 
competition in the market. The reform amended trading regulations while the grid distributors were kept 
as regulated monopolies. Three years later additional changes enabled consumers to choose freely whom 
to buy electricity from. The consumer is however still bound to the local grid owner for the distribution 
of electricity. Having a deregulated and open market ensures efficiency and provides conditions for 
effective pricing [55]. The retail price for consumers is comprised by three parts; electricity price, 
distribution grid costs and taxes as well as certificates. The grid cost is the price for the transmission of 
electricity on the grid to the consumer. Almost half of the total cost for electricity is due to fees, taxes 
and certificates, for example energy tax, carbon dioxide tax and value added tax (VAT) [56].  
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2.2.1 Electricity certificates and the EU ETS 
In 2003, an elcertificate system was implemented in Sweden with the aim to increase the use of 
renewable energy sources. Together with Norway an elcertificate market was established in 2012, and 
the joint target was to achieve an absolute increase of 28.4 TWh of electricity generated by renewable 
sources between 2012 and 2020 [57]. Electricity producers are eligible to receive an elcertificate for 
every generated MWh of renewable electricity for up to 15 years. The elcertificates can then be sold on 
the market at a price determined by the individual seller and buyer. The resulting effect is that producers 
generating renewable electricity obtain an additional income by selling elcertificates, thus increasing the 
competitiveness of renewable sources versus fossil fuels. The demand for elcertificates is ensured by 
enforced quotas corresponding to a certain proportion of electricity consumption or sales. Electricity 
distributors, actors that use self-produced electricity or trade on Nord Pool markets, as well as certain 
electricity intensive industries have enforced quotas by law [58]. The level of the quota is incrementally 
increased up to a maximum in year 2019 and then gradually decreased to the current expiration year of 
2035 (decided by the end date of 2020 plus the maximum 15 years of eligibility to obtain certificates). 
The quota is currently (2017) 24.7% of electricity sales or use [59]. For CHP plants, the number of 
eligible elcertificates is affected by the share of renewable fuel used in the power production [60].  

The price on the market for elcertificates is currently falling, see Figure 9, as the target of 28.4 TWh 
will be reached when current power plants being installed are operational. The highest amount of 
elcertificates on the market was reached December 2016, explaining why the price is decreasing [61]. 
The cost of purchasing elcertificates for electricity suppliers is paid by the end users in the system, i.e. 
households and industry consumers. The price paid by end users is dependent on the elcertificate price 
and the quota level. In 2015 the total volume-weighted cost over a year for a Swedish household with 
an annual consumption of 20,000 kWh was 555 SEK [60]. Norway has decided to leave the joint market 
and stops approving certificates for new installations from 2022 [62]. Recently a new target to achieve 
an additional 18 TWh by 2030 for the Swedish market was decided, which means the expiration date is 
pushed to 2045, but the exact formation of the new quota curve is still being assessed [63].  

 
Figure 9. Monthly average electricity certificate price, 2003 – 2017 [64]. 
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The European Union (EU) initiated the first phase of the emission trading scheme (ETS) in 2005 as a 
tool to reach the target of reducing GHG emissions by 21% until 2020 compared to the level of 2005. 
The goal is to create an effective European market for emission trading, ultimately incentivizing 
organizations to decrease their greenhouse gas emissions. Carbon dioxide is the main greenhouse gas 
targeted but others are included as well [65]. Presently in the third phase (2013-2020), roughly 13,000 
facilities and plants have been included, encompassing about 40% of the total emissions in the EU, and 
more are continuously being added. Within the heat sector, all incineration plants with a capacity over 
20 MW or plants connected to district heating networks with a combined capacity over 20 MW are 
included. The companies included in the ETS have to compensate their yearly GHG emissions with 
certificates, while the total amount of available certificates is decreased yearly by the EU commission 
[66]. The emission certificates can be bought either via auction or on the secondhand market where 
anyone can trade. Actors who decrease their emissions can sell their surplus certificates, thus gaining 
additional revenue. In the previous phase, over 95% of the certificates were handed out for free to the 
concerned organizations by the grandfathering principle at the beginning of the year. In the current phase 
40% of the certificates were handed out in 2013 while the remaining portion was auctioneered. The 
share of auctioneered certificates is incrementally increased to 100% by year 2027 [65]. The price of a 
certificate has fluctuated during the different phases, while being well over 15-20 Euro per ton carbon 
dioxide in the first two phases the current price is around 5 Euro per ton CO2, see Figure 10 [67].  

 
Figure 10. Historic prices of the emission trading scheme in Euro per ton carbon dioxide [68]. 

2.2.2 Grid operation and stability 
Svenska kraftnät (SvK) is the transmission system operator (TSO) in Sweden responsible for providing 
a safe, ecofriendly and cost-efficient transmission and distribution grid. SvK operates and develops the 
Swedish national grid that transports electricity from power production units to the regional and local 
distribution networks, which is connected to the consumers. One of the main activities is to balance the 
production and consumption to ensure the frequency of the grid is kept around 50.0 Hz to avoid 
disruptions in the grid [69]. Electricity suppliers are obliged to supply equal amounts of electricity as 
their consumers consume. The supplier can either undertake the balance responsibility itself or hire 
another company, a balance responsibility party, who has an agreement with SvK. Nonetheless, a perfect 
balance of supply and demand is rarely met according to plan, hence Svenska kraftnät has to intervene 
by selling or buying electricity to restore the balance. The resulted cost is then transferred to the balance 
responsibility party in a balance settlement [70].  
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The government has also 
tasked SvK to ensure 
electricity trading is possible 
in an easy way and in free 
competition, both nationally 
and internationally. 
Additionally, the continued 
introduction of intermittent 
renewable energy requires 
strengthening and expansion 
of the grid by building new 
power lines. Bottlenecks in 
the transmission networks 
are also targeted to ensure 
efficient trading and 
operation [69]. In Figure 11 
the national grid and its 
connections to nearby 
countries can be overviewed. 
The main part of the 
transmission network of 
Sweden is built to transport 
electricity from the 
hydropower plants located in 
the north to the high demand 
areas in the south. 

 

 

 

2.2.3 Nord Pool power exchange 
Year 1996, Norway and Sweden started a joint power exchange, named Nord Pool. By year 2000 
Denmark and Finland had also joined the exchange, establishing a fully integrated Nordic power 
exchange [71]. Today, most of the generated electricity in the Nordics is indeed traded on the Nord Pool 
markets (90% of generated electricity in Sweden) and it is owned by the system operators in the Nordic 
and the Baltic countries [72]. The Baltic countries joined the Nord Pool power exchange between 2010 
and 2013. The Nord Pool power exchange makes it easier to buy and sell electricity across regional 
areas or countries and is connected to the European continent. This means that available power can be 
used more efficiently as it enables transmission from supply to demand areas, while also ensuring a 
liquid market with high volumes traded. The power price is governed by the balance of supply and 
demand. Consequently, the weather or other factors contributing to a lowered available capacity can 
impact the resulting power price and vice versa for variation in demand [73], [74]. The electricity utilities 
typically set their retail prices with the Nord Pool system price as a starting point. The Nord Pool power 
exchange consists of two different physical markets, Elspot and Elbas, which are explained in detail in 
the following two subchapters [72].  

Figure 11. Map of the Swedish national grid and its connections to neighboring 
countries [139]. 
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A decision was made in 2009 by the European Commission to develop a framework with detailed 
regulations for the energy markets, so called network codes and guidelines that have been adopted in 
different bundles. The structure of the Nordic electricity system is already very similar to the European 
target model, with a day-ahead market, intraday market and a balancing market. However, minor 
changes have to be made to follow the new guidelines and the target of a European-wide intraday market 
and balancing market [9]. The draft regulation establishing guidelines for electricity balancing is still 
pending [75], but Svenska kraftnät addresses some of the more important suggested changes and their 
implications in [9]. For example, in the network code for electricity balancing a new role is suggested 
for actors in the market, called the Balance Service Provider (BSP). The suggested BSP is an actor that 
can bid on the regulating power market without being a Balancing Responsible party. A BSP could also 
aggregate smaller plants to meet the requirements to bid on the market. Such a role is believed to help 
solve the balancing challenge since it can stimulate more bids on the regulating power market [9].  

2.2.3.1 Elspot 
Elspot is a day-ahead market with almost four hundred buyers and sellers contracting delivery of power 
on the following day, hour by hour, and handles the majority of the electricity traded. The market is a 
two-sided auction as the electricity price is determined by both demand and supply bids; see Figure 12 
for an illustration. The electricity utility is typically a buyer and needs to plan how much electricity is 
demanded by their customers for each hour the following day and at what price it is willing to buy. 
Similarly, the seller, typically a producer, has to plan how much electricity it can sell the following day, 
and at which price. The actors enter their orders in the trading system on an hourly basis. The deadline 
for submitting bids for the following day is at 12:00 CET, after which the price is calculated by advanced 
algorithms. After the prices have been calculated and overseen, the hourly prices are announced and 
trades are settled. At the start of the next day the hourly delivery of power to the buyers begins, 
accordingly to the agreed contracts [76]. 

 
Figure 12. A supply curve consisting of hypothetical marginal production costs with two demand curves superimposed. The 

intersection of the curves sets the price, thus increased demand results in a higher price. 
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2.2.3.2 Elbas 
The intraday market Elbas enables actors to trade electricity in almost real time to help keep balance 
between supply and demand in Northern Europe. The Nordic, Baltic, UK and German markets are 
covered by the intraday market. Every day at 14:00 CET the available capacities on Elbas are announced 
and the prices are decided simply by highest buy price and lowest sell price. Since balancing of the grid 
is required around the clock, trading is continuously made every hour and day until one hour before 
delivery. According to Nord Pool the intraday market can be an asset for balancing future increase of 
intermittent renewable energy sources, such as wind power [77].  

2.2.3.3 Bidding areas, transmission capacities and pricing 
After the price has been set on the day-ahead market the area and system prices are published. The 
difference between the prices is related to transmission capacities between bidding areas. The system 
price excludes the transmission line capacities and is used as a Nordic reference price for trading in the 
financial markets [78]. The price is calculated by the total summation of demand and supply bids in the 
entire Elspot market, after the bidding area price calculations have been made. Included in the system 
price is the export or import of power between the market and continental Europe. The system price 
calculation uses an area arrangement where the Nordic countries constitute one area and the other 
countries one each. The bidding area price calculation uses a finer mesh of bidding areas [79].  

The local TSO of each country decides if and how their country should be divided into bidding areas in 
the area price calculation. Sweden is since the 1st of November 2011 divided into four different bidding 
areas, SE1 to SE4. For the moment, Norway is divided into five areas, Denmark into two while Finland 
and the Baltic countries constitute one area each. An overview of the bidding areas can be seen in Figure 
13, together with the flows and area prices of the 24th of January 2017. The purpose is to include eventual 

bottlenecks in the transmission 
network and to ensure that the current 
market conditions of each regional 
bidding area are reflected in the 
price. The bottlenecks may result in 
different area prices in the bidding 
areas. In such a case, the power flows 
from low price areas to high price 
areas, which makes sense as the 
demand is higher in the high price 
area [78]. The idea is to configure the 
area prices in such a way that the 
limited trading capacity is not 
exceeded, and if this is achieved the 
price of the two areas will be the 
same as the system price. The trading 
capacities are not explicitly 
auctioneered, implying that the 
capacity is available for anyone, and 
are determined by the local TSOs one 
day in advance [80]. 

Figure 13. Overview of the bidding areas in the Nord Pool market with present flows (MW) marked by the arrows and the 
different area prices (£/MWh), at mid-day of the 24th of January 2017. Note that power flows to areas with higher costs due to 
higher demand [81]. 
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The present transmission capacities, as of March 2017, between the Swedish bidding areas, SE1 to SE4, 
and neighboring areas can be found in Table 18. The total installed capacity is not available at all times 
due to outages and planned maintenance work.  

Table 18. Installed transmission capacities between regions connected to the Swedish bidding areas [82]. 

Connection  Installed capacity  
SE1 → SE2  3,300 MW  
SE2 → SE1  3,300 MW  
SE2 → SE3  7,300 MW  
SE3 → SE2  7,300 MW  
SE3 → SE4  5,400 MW 
SE4 → SE3  2,000 MW  
SE1 → FI  1,500 MW  
FI → SE1  1,100 MW  
SE3 → FI  1,200 MW  
FI → SE3  1,200 MW  
SE1 → NO4  600 MW  
NO4 → SE1  700 MW  
SE2 → NO4  300 MW  
NO4 → SE2  250 MW  
SE3 → NO1  2,095 MW  
NO1 → SE3  2,145 MW  
SE2 → NO3  1,000 MW  
NO3 → SE2  600 MW  
SE3 → DK1  680 MW  
DK1 → SE3  740 MW  
SE4 → DK2  1,300 MW  
DK2 → SE4  1,700 MW  
SE4 → LT  700 MW  
LT → SE4  700 MW  
SE4 → PL  600 MW  
PL → SE4  600 MW  
SE4 → DE-TenneT  615 MW  
DE-TenneT → SE4  600 MW  

 

2.2.3.4 Regulating and reserve power 
Svenska kraftnät is responsible for keeping the balance of the grid at all times in Sweden, i.e. ensuring 
that there is an equal amount of electricity generated as consumed. This is done by contracting regulating 
capacities from Balancing Responsible Parties that have suitable resources. A suitable resource could 
for example be stored energy in hydropower reservoirs or industry facilities that can either increase or 
decrease their consumption. The various regulating capacities are divided by their characteristics into 
three categories, primary, secondary and tertiary. In times of high stress on the grid there are also two 
available power reserves [83], [84].  

2.2.3.4.1 Regulating power market 
The different regulating capacities can be overviewed in Table 19. The primary capacities are 
automatically activated, within seconds to minutes, and control the smallest fluctuations in frequency 
deviation from the pre-planned balance in the intraday market, Elbas. Hydropower is typically used for 
this type of frequency control. In Sweden there are two primary capacities, Frequency Containment 
Reserve – Normal (FCR-N) and Frequency Containment Reserve – Disturbance (FCR-D). FCR-N is 
activated when the frequency deviates within ±0.1 Hz while FCR-D is activated for deviation outside of 
±0.1 Hz [83]. In normal operation the FCR-N is enough to handle frequency deviations, but if there is a 
larger sudden change the FCR-D is activated. It is for this reason that the start-up time has to be 
extremely fast. Typically, the required capacity is 200 MW and 400 MW respectively, while FCR-N is 
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remunerated both per capacity (pay as bid) and produced electricity in comparison with FCR-D which 
only has a capacity (pay as bid) remuneration [85].  

After a small frequency deviation has been counteracted by the primary capacity the secondary capacity 
is activated to reset the frequency of the system to 50.0 Hz, thus enabling the use of the primary 
capacities again. This capacity was recently added to the Nordic grid and is called Automatic Frequency 
Restoration Reserve (aFRR). The capacity in Sweden is 100 MW, while it is 300 MW in total for the 
entire Nordic region. The aFRR is remunerated both per capacity (pay as bid) and electricity [85].  

The tertiary category consists of a regulating power market, called Manual Frequency Restoration 
Reserve (mFRR) and is part of the reserves that are activated manually. The activation of tertiary 
regulating capacity subsequently makes secondary regulating capacity available again. The capacity has 
to be activated within 15 minutes in general, but longer activation times can also be allowed. The 
capacity only receives payment per energy, equal to the bid on the market [85].  

The regulating power market (mFRR) is managed by the TSO. The Balancing Responsible Parties can 
participate on the regulating power market by offering either “up-regulation” or “down-regulation” bids 
on an hourly basis or reserve capacity available for extreme situations. If consumption exceeds 
generation the TSO buys power from a producer who has offered up-regulation to stabilize the 
frequency. Similarly, the TSO sells power to a producer if a down-regulation is required. The resulting 
price of the regulation is set at the last up- or down-regulation procured by the TSO. Consequently, up- 
or down-regulations that have been procured below the set price have a profit equal to the difference 
between the final price and the offered price [84], [86].  

The Nordic TSOs decided in December 2015 to create a Coordinated Balancing Area (CoBA) for 
balancing. The CoBA aims to prepare the Nordic regulating power market for improved cross-border 
cooperation with other balancing markets and to be aligned with the future network code on Electricity 
Balancing when adopted by the EU [87].  

Table 19. Regulating power types in the Swedish grid [85]. 

Type Volume Start-up time Remuneration 
Primary    
FCR-N 200 MW 63% - 1 min 

100% - 3 min 
Capacity and energy 

FCR-D 400 MW 50% - 5 sec 
100% - 30 sec 

Capacity 

Secondary    
aFRR 100 MW 100% - 2 min Capacity and energy 
Tertiary    
mFRR - <15 min Energy 

 

2.2.3.4.2 Reserves 
The tertiary category also contains power reserves, the disturbance reserve and the capacity reserve (also 
known as winter reserve). The disturbance reserve should be able to handle sudden large changes in 
electricity production, e.g. if a nuclear reactor unexpectedly has to be shutdown, or if there is an outage 
on the national grid. Gas turbines are typically used in the disturbance reserve as they can be started 
quickly. Demand-side response capacities are also able to participate in the disturbance reserve if it can 
change its demand within 15 minutes [88]. Operators are remunerated for both capacity and electricity, 
where the exact prices are individually set in procured multi-year contracts. According to Svenska 
kraftnät, the procured volume is about 1,450 MW [85]. 
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In Sweden (and Finland) a winter capacity reserve is procured to ensure enough capacity to handle 
demand peaks in cold winters since 2003. The capacity reserve is procured for the period between 16th 
of November and 15th of March in Sweden and has a set maximum capacity allowed to be procured [89]. 
At least 25% of the capacity has to be in the form of available demand reductions. Originally the 
maximum capacity allowed to be procured was 2,000 MW, but this limit has been gradually decreased. 
Currently the allowed capacity is 1,000 MW until 2017 and after that 750 MW until the end date 15th of 
March 2025. The government decided in 2010 to set the end date at 2020, but this was superseded by a 
new decision last year, to postpone the end date to 2025 due to the uncertain future of nuclear power as 
well as the expansion of intermittent power sources [90]. In the period 2003 to 2015 the reserve was 
activated a total of ten times, sometimes due to generation problems in neighboring countries [91]. The 
remuneration for available capacity and produced electricity is decided in the annual procurement 
contract. The actual recruitment of the reserve capacity occurs on the mFRR market where the reserve 
capacity is obliged to bid [85].  

2.2.4 Capacity market mechanisms 
The previously mentioned network codes and guidelines give the TSOs further control and mandate to 
on the development of the electricity system. An option to improve the overall system is to incentivize 
power units with system-supporting characteristics, by introducing for example fees for power units 
with a negative influence on the system balance or vice versa. A similar approach is to introduce capacity 
market mechanisms, which currently is getting traction in some member states in the EU [9].  

The member states are introducing capacity mechanisms because of the increased share of intermittent 
renewables in the system at the same time as wholesale electricity prices are dropping. In turn this results 
in fewer running hours for conventional power plants and less income (“missing money” problem), 
thereby threatening their profitability, leading to concerns about generation adequacy. A possible 
solution is capacity mechanisms designed to ensure that existing capacity remains available and to 
encourage new investments (addressing the “missing money” problem). However, badly designed 
capacity mechanisms can create distortion between power technologies and actors by for example acting 
as a subsidy for fossil-fuel generators or as a barrier to entry the market by strengthening the position of 
current incumbents. It could also undermine measures for energy efficiency and demand side 
participation [92]. Additionally, capacity mechanisms could distort investment signals and undermine 
electricity trading between member states [9], [92].  

Since many capacity mechanisms involve State aid and have an impact on the competition in the internal 
electricity market these are subject to state aid rules of the EU (specifically the EEAG1). The European 
Commission launched a sector inquiry into national capacity mechanisms on the 29th of April 2015 [93]. 
Last year, the 4th EEAG Working Group of the inquiry found 35 capacity mechanisms in 11 member 
states, that are either active, planned or have been abandoned. It was established that in some of these 
cases the capacity mechanisms were not always necessary, justified or well designed. Most of the 
mechanisms only targeted a specific group of generation technologies and the allocation of contracts 
was not done in competition while cross-border participation was almost never enabled [92].  

2.2.4.1 Capacity mechanism types 
Capacity mechanisms can be designed in various forms and while there are different ways to categorize 
and name them (for example [94] and [95]), this report will use the taxonomy used by the European 
Commission. Capacity mechanisms can be divided into two major groups, targeted mechanisms and 

                                                      
1 EEAG is an abbreviation for the Environmental and Energy State Aid Guidelines 
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market-wide mechanisms. Additionally, it is possible to further separate volume-based or price-based 
mechanisms within the two groups, see Figure 14 [96].  

 
Figure 14. Taxonomy of capacity mechanisms used by the European Commission [96]. 

In targeted mechanisms the total capacity required and expected to be procured from the market are 
determined centrally, usually by the TSO. The eventual difference is procured through a capacity 
mechanism. Therefore, only the additional required capacity on top of what the market provides is 
supported by the mechanism rather than the whole market. Contrarily, the market-wide mechanisms 
provide support to all capacity, including both new providers and existing, thus establishing capacity as 
a separate product, versus electricity [96].  

Additionally, demand-response schemes or interruptibility schemes is also a sort of capacity mechanism. 
In these schemes industrial plants can be paid to reduce their demand at periods of high demand. This 
is seen as a reserve capacity and can aid as a catalyst to other demand side flexibility schemes [97].  

2.2.4.1.1 Targeted mechanisms 
About two thirds of the 35 mechanisms found in the sector inquiry are targeted mechanisms. The most 
common is the reserve or strategic reserve where governments pay operators for keeping capacity 
available in emergencies. The Swedish winter reserve and the disturbance reserve are examples of this 
type of mechanism. Tender involves governments supporting new investments, usually located in a 
specific region and with very specific requirements of size and technology type. Targeted capacity 
payment schemes include payments to certain power technologies and forcing them to have capacity 
available at peak demand hours. The remuneration amount is usually decided by the involved agency 
rather than through a competitive process and the scheme usually covers one or several technologies, 
such as coal, gas, hydropower and oil [97].  

2.2.4.1.2 Market-wide mechanisms 
Most of currently planned mechanisms are of the market-wide type. In the central buyer model a central 
buyer purchases the required capacity on the behalf of consumers and suppliers. Decentralized 
obligation schemes place an obligation on suppliers to contract the capacity they require, by their own 
arrangements. Finally, in the market-wide capacity payment model an administrative payment is made 
available for all actors on the market [97].  

2.2.4.2 European Commission recommendations 
The recent sector inquiry and changes of regulations and directives attempt to set clear guidelines for 
how to unite the internal electricity market between the Member States of the EU. The EEAG will be 
complemented by the proposed Clean Energy for All Europeans package (see [98]) which aims to create 
a legal framework for capacity mechanisms by introducing rules regarding cross-border participation. 
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The long-term objective is to integrate the capacity markets within the EU. The package includes a series 
of reforms aimed to e.g. remove price caps on wholesale market and make short-term markets more 
flexible and responsive to the increasing intermittent renewable generation. However, although a 
reformed market can deliver energy security there may still be uncertainty about generation adequacy 
on a long-term basis. Member States need to do a thorough adequacy assessment as a first step of 
introducing a capacity mechanism. The assessment will help determine the size and suitable design of 
the capacity mechanism. A proper methodology for adequacy assessment will be developed and it is 
proposed that ENTSO-E2 perform annual adequacy assessments with a transparent methodology [97].  

Furthermore, the EEAG states that capacity mechanisms should be open to all power technologies, 
including both existing and future installments. A competitive price setting process is also required to 
ensure a cost-effective mechanism, thus eliminating the use of many targeted mechanisms. Strategic 
reserves are however exempted, but to avoid market distortion new generation capacities should not be 
promoted. Additionally, all market-wide capacities must be open to explicit cross-border participation 
to ensure incentives for interconnections and to reduce the overall system costs of Europe. The European 
Commission continues to cooperate with Member States to align current capacity mechanisms with the 
EEAG. Future capacity mechanisms will be assessed with the insight gained from the sector inquiry and 
should be designed with the integrated energy market in mind [97]. 

2.2.4.3 Examples of approved capacity mechanisms 
The European Commission has investigated a number of implemented or proposed capacity mechanisms 
in Europe, in light of the established guidelines and criteria in the EEAG [93]. The cases of the capacity 
mechanism in France and the capacity market in United Kingdom are summarized below, both being 
market-wide mechanisms of type de-central obligation and market-wide capacity payment respectively. 

2.2.4.3.1 Country-wide capacity mechanism of France 
As of 7th December 2010, when the so called NOME Act was employed, suppliers are obliged to actively 
contribute to the security of electricity supply in France. The level of contribution is decided by the 
aggregated power consumption of both customers and their own consumption. The yearly contribution 
is reached by acquiring a certain amount of so-called capacity guarantees, in line with the peak-period 
consumption. The capacity guarantees are either acquired directly for owned generation plants (or 
demand-side response capacities) or bought on an auction market from other entities [99].  

The transmission grid operator specifies the number of days of peak-period consumption based on the 
day-ahead national demand forecast. There is a set minimum of 10 days and a maximum of 15 days for 
each delivery year, with two time-periods per day equaling 10 hours. Consequently, the number of peak-
period consumption hours is always between 100 and 150 hours per delivery year [99].  

The capacity guarantees are given out to operators of generation or demand-side response capacity that 
have been certified by the operator of the public electricity transmission grid (RTE). The amount of 
capacity guarantees to be delivered is decided by the projected contribution to decrease the risk of 
shortfall at peak demand hours by the specific certified capacity. The certification process forces 
operators to make an estimation of projected available capacity during peak consumption periods in a 
certain delivery year. The actual level of certified capacity is calculated by RTE, taking into account for 
example if the capacity is subject to favorable weather conditions or max amount of successive days of 
operation. Operators can accordingly to their availability forecasts recertify their capacity upwards or 

                                                      
2 European Network of Transmission System Operators for Electricity 
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downwards during the years up to and including the delivery year (specific time periods apply for 
different capacities regarding when a certification process has to begin before the delivery period) [99].  

On 15th December 2016 the first auction of the capacity market was successful, with year 2017 as 
delivery period. A total of 226,358 capacity guarantees were traded and as 1 capacity guarantee 
represents 0.1 MW certified capacity, this equals 22.5 GW capacity. The price per guarantee was settled 
to about €100 per MW for the delivery year, i.e. to be available about 125 hours per year [100].  

2.2.4.3.2 Capacity market of United Kingdom 
The capacity market of United Kingdom had its first auction in December 2014, with delivery for 2018. 
The mechanism is open to all operators on the market, who are remunerated for their capacity in return 
for being available at times of high system stress [101]. All generating units above 50 MW that are 
capable of independent control of output can participate. However, resources that already acquire other 
support measures are not eligible for participation, for example low-carbon generating plants with feed-
in-tariff, renewable generators in the Renewables Obligation (they may choose only one support scheme 
to participate in) or plants receiving support from the Renewable Heat Incentive [102].  

Similar as to the French capacity mechanism, an independent entity estimates the expected contribution 
of plants at times of high system stress, by the use of de-rating factors. The factors are technology-
specific and apply to all plants within the technology category regardless of age. Successful auction bids 
are adjusted with the de-rating factor, i.e. providers receive payments equal to the contracted volume 
multiplied by the de-rating factor [102].  

The system operator estimates the amount of capacity that is required to ensure security of supply for 
each year, based on a number of scenarios and sensitivities including weather, transmission flows or 
plant availability. The settlement body is the entity that procures the actual capacity obligation contracts, 
based on the suggestion of the system operator. The resulting cost is paid by all suppliers according to 
the following process: Suppliers forecast their demand in peak demand hours in wintertime, which sets 
the basis for the individual supplier charge levied. The payments are also adjusted to be higher during 
winter months and lower in periods of low demand. The aim is to provide an incentive to decrease 
electricity demand in peak demand hours in winter months [102].  

The recent auction in December 2016 resulted in a clearing price of £22.5 per kW for delivery in 2020-
21. The total capacity procured was 52,425 MW, with a majority of the contracts awarded to CCGTs 
(43%). The share of capacity awarded to CHPs was 8.5% [103].  

2.2.5 Grid capacity development 
The energy system is under continuous transformation and the electricity grid must be expanded in the 
same pace as this development. Currently, the grid needs to be reinforced to handle the increasing 
amount of renewable electricity production and to contribute towards a single European electricity 
market by expanding the international integration. The European Council set a target for member states 
to reach at least 10% interconnection3 to neighboring countries by 2020, Sweden has today a rate well 
above 20%. Svenska kraftnät identifies three major drivers for network investments in Sweden, 
connection of new power generation, bottlenecks and market integration, and the need for reinvestment. 
Wind power is the main expanding power generation type, with a focus in northern Sweden due to 
favorable wind conditions and sparse population density. However, to handle further addition of 
installed power in the northern part the transmission capacities also have to be improved to transmit the 

                                                      
3 The interconnection rate is calculated by dividing the total capacity of all external transmission links by the 
total installed generating capacity. 
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electricity to south to demand areas. The second driver, market integration, is necessary to ensure an 
efficient and reliable electricity market, with competitive prices. Additionally, the continued increase of 
renewables in the Nordic region is believed to result in significant electricity surplus. The surplus of 
renewable electricity could be transported to other parts of Europe and potentially replace electricity 
generated by fossil fuels. Furthermore, a high rate of market integration would lead to converging prices 
between regions, and the Nordic hydropower could help balance intermittent power production in other 
parts of Europe. The third driver, need for reinvestment, states the importance of a high-quality grid to 
satisfy the demands of consumers. As the society is largely dependent on the service of electricity, a 
power outage would hit hard on all sectors. Reinvestments into renovations and new facilities and lines 
are necessary to maintain the quality of the grid [104].  

ENTSO-E has also identified drivers of grid development in the Baltic region. Firstly, an annual energy 
surplus in the region is projected by 2030 and the importance of increased integration to continental 
Europe is emphasized. Secondly, the north to south transmission capacity needs to be strengthened to 
handle new wind power in the north in combination with the decommission of nuclear reactors in the 
south. An increase of electricity consumption in the Arctic region, attributable to new exploration 
activities and server centers, would require reinforcing the grid in the area [105].  

The currently planned and pending transmission line developments by Svenska kraftnät are available in 
Table 20. The organization continuously assesses future demand and possible bottlenecks to make their 
investment plans. Consequently, there are changes to the list of current projects every year and there is 
a chance that more transmission capacity changes will occur than those listed here [104]. 

Table 20. Planned and pending future transmission capacity changes between bidding areas [104]. 

Region Capacity change In operation Status 
SE1 – SE2 +1,200 MW 2020 Pending 
SE1 – FI +1,250 MW* 2025-2028 Planned [106] 
SE2/3 – FI +800 MW 2030** Pending [106] 
SE2 – SE3 +500 MW 2025 Pending 
SE3 – SE4 +1,325 MW 2016 Construction 
SE4 – DE-TenneT +700 MW 2025 Planned 

*The capacity increase is assessed from the capacity of the currently installed lines.  
**Installation of an 800 MW HVDC line between FI and either SE2 or SE3 is likely. As there is no 
planned operational date, year 2030 was assumed [106]. 

2.3 Heat market 
The heat market in Sweden has after the oil crises in the seventies moved away from fossil fuels into 
foremost biomass. Currently the demand for hot water and heating in buildings and industries represents 
25% of the country’s total energy use. The market is dominated by four different heating technologies, 
district heating, direct electricity, heat pumps and biomass boilers. District heating delivers more than 
half of the total heat demand while direct electricity and heat pumps represents a third combined [107].  

The total supply of heat in district heating networks was 45 TWh in 2014, whereof 35.3 TWh was 
delivered by CHPs excluding generated electricity [7]. District heating networks are natural monopolies, 
as it would be economically unviable to have several grids connected to the same customers. In contrast 
to the electricity market, which is a coherent and connected market, district heating networks are built 
in local areas, although some networks can be interconnected with each other. This also means that 
prices can be very different depending on the particular system and its operator, size and connected heat 
plants. District heating network operators are focusing on decreasing the temperature of the water in the 
grid, which would enable integration of renewables (e.g. thermal solar power) and waste heat. A lower 
temperature would also increase the efficiency of several conversion technologies and the material cost 
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for the grids themselves would decrease. Although there is a constant development of the technological 
aspects in order to be competitive versus for example heat pumps, recent trends point towards a more 
open district heating market and focus on heat delivery as a service with smart systems [107]. An 
example could be the Open District Heating developed by Fortum Värme where anyone that has excess 
heat or waste heat can sell it to the district heating network [108]. The different energy sources used for 
district heating between 1970 and 2014 can be seen in Figure 15. Note that organic waste is included in 
biomass while fossil waste and peat is included in “other fuels”. 

 
Figure 15. Energy used for production of district heating, from 1970 to 2014, in TWh [8]. 

The district heating cost for consumers, depending on the type of contract, is usually fluctuating in 
conjunction with the seasons. The monthly average price is nearly twice as high in wintertime as in 
summertime, to reflect the increased heat demand and production [36]. The colder outside temperature 
requires more production units to be operational to cover the increased heat demand, thus increasing the 
cost of generating heat and the resulting price for consumers. Furthermore, the heat losses in the 
distribution grid are dependent on the outdoor temperature, and are on average 10% on a yearly basis 
[109]. Statistics show that the average price per MWh supplied to district heating network has increased 
since 1993. Figure 16 shows the yearly price, calculated as an average of the district heating networks 
in Sweden, between 1993 and 2016, including energy taxes and VAT that the customers pay. Table 21 
shows the seasonal variation of the average consumer price for district heating in year 2015, where the 
lowest price occurs in July and August, and the highest is in December and February [36].  

 
Figure 16. Historic development of the yearly average district heat price for consumers, in real 2012 prices SEK/MWh, 
including energy taxes and VAT, between 1993 and 2016 [36]. 
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Table 21. Monthly average price of district heating in Sweden year 2016, in SEK/MWh. Energy tax and VAT is included in the 
price [36]. 

Month Average price Unit 
January 933 SEK/MWh 
February 944 SEK/MWh 
March 905 SEK/MWh 
April 778 SEK/MWh 
May 637 SEK/MWh 
June 586 SEK/MWh 
July 585 SEK/MWh 
August 585 SEK/MWh 
September 611 SEK/MWh 
October 774 SEK/MWh 
November 781 SEK/MWh 
December 944 SEK/MWh 

 

2.3.1 Future trends and opportunities 
The total heat demand in Sweden is projected to decrease gradually in the future as continued efforts to 
increase energy efficiency of buildings inevitable lead to less demand. On the other hand, since the 
population and living standard in square meter per person, also are increasing some of the reduction is 
compensated. Various prognoses predict a total demand of 60 to 90 TWh year 2050, compared to a 
demand of 90 TWh per year today, suggesting a potential decrease of 33% [7].  

The future potential increase for district heating is 8 TWh until 2030 and 5 TWh for electricity 
production from CHPs according to a report published by Fjärrsyn in 2013 [110], which investigated 
seven different studies. In striking contrast, the CODE2-project concluded that the technical potential is 
up to 40 TWh electricity by 2030, when ignoring present market conditions [7]. Moreover, Svenska 
kraftnät states that when including refurbishing of existing CHPs and taking into account the technology 
development the electricity potential is several times higher than 5 TWh [9]. Irrespective of the actual 
potential, it is agreed that favorable policy mechanisms are needed to create enough incentives for actors 
on the market to realize the possible potential.  

Given a scenario where intermittent electricity production is increased the average electricity price is 
generally decreased with periods of very low prices. Combining such a scenario with a phase-out of 
nuclear power and insufficient balancing power, intermittent production leads to a highly fluctuating 
electricity price, with potentially long periods of both high and low electricity prices. A low electricity 
price reduces the income from electricity production in CHP plants, resulting in an increased cost for 
heat production in total. In turn, this leads to shorter run times as other cheaper heat production units are 
prioritized. Since intermittent renewable sources have almost zero variable costs, the resulting electricity 
price on the market is decreased as these generation units will always bid on the market when able. On 
the contrary, higher electricity prices would increase the income and thus competitiveness of CHPs [10].  

2.3.1.1 Contribution to power grid stability from district heating networks 
When discussing a future with high wind power integration, the main regulating power challenge lies 
within the hourly to day-ahead time-period and not in the variation between seconds or minutes. 
Additionally one needs to remember that the potentially increased demand for regulating capacity 
doesn’t necessary leads to new installments, but rather an increased use of the already available flexible 
production initially [111], [112]. Theoretically, the turbines and generators in combined heat and power 
plants could be used to add inertia to the system even at low loads, e.g. in summertime. The problem 
however is that the minimum load for biomass CHP plants is high, leading to increased costs as the 
demand for heat is typically lower at the same time [113].  
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On the other hand, at times of great stress on the system the heating demand is likely also high, given 
that the outdoor temperature is a common factor in deciding the demand for both heat and electricity. 
This means that the CHPs are probably already at full load and not able to help balance supply and 
demand on the electricity market. Future CHPs could however be designed with higher power-to-heat 
ratios, as in the case of for example CCGTs but the favorable biomass fuel is then not an option. Further 
development of gasification technologies could however solve this problem, if the cost of the technology 
is justifiable. Some CHPs are also technically able to contribute with regulating capacity, especially in 
spring and autumn, when most plants might not be running at full load. The contribution from CHPs is 
likely most needed in periods of low electricity consumption and lots of intermittent production, but 
most combined heat and power plants are likely offline at such times [114].  

2.4 Future electricity scenarios 
Anticipating and forecasting what the future will hold is always precarious and no single scenario will 
be absolutely correct in its projection. Therefore, a number of scenarios from various reports have been 
selected, based on their relevance, level of detail, methodology and results, in order to get a broad picture 
of what the future energy landscape of Sweden could look like. Each of the selected scenarios includes 
a potential phase-out of nuclear power. 

2.4.1 Network development plan 2016-2025 
A Ten Year Network Development Plan (TYNDP) for Sweden is made every other year by the TSO 
Svenska kraftnät. Previously, three-year plans of the national network development were provided 
annually to the government, but the ENTSO-E established that TSOs should prepare TYNDPs every 
other year. The TYNDPs should represent a vision of the future European grid by jointly analyzing and 
modeling the energy and capacity balances to identify barriers for future development. Furthermore, the 
plans act as a reference of planned grid projects of interest on a European level. The TYNDP for 2025 
is largely based on the Perspective Plan 2025 released by Svenska kraftnät in 2013 [104].  

The report states its assumptions and starting point by summarizing some already planned changes and 
investments in the Nordic market by other actors. For example, the Finnish Parliament authorized the 
construction of a new nuclear power plant in northern Finland, while nuclear reactor 1 in Oskarshamn 
is likely to be shut down during the period of 2017-2019 and Ringhals 1 and 2 is to be taken out of 
service in 2020 and 2019 respectively. Decommissions of the mentioned reactors in Sweden will 
decrease the capacity in the SE3 region by 2,850 MW. Moreover, a number of additional 
interconnections cables between countries are planned to be operational in a few years, for example 
between Norway and Germany, UK and Scotland. Svenska kraftnät has presented their plans for each 
network region of Sweden (i.e. SE1 to SE4) and their projections of a likely scenario for the installed 
power and generation from different power types in 2025. Table 22 shows the projected installed 
capacity of each power type in 2025 compared to in year 2014. The total installed capacity is 39,450 
MW for 2014 and 42,500 MW for 2025, equaling an increase of 3,050 MW [104].  

Table 22. Overview of Svenska kraftnät's scenario for each region in 2025, compared to year 2014. Values represent the 
resulting generation capacity in MW [104]. 

Power Type SE1 
2014 

 
2025 

SE2 
2014 

 
2025 

SE3 
2014 

 
2025 

SE4 
2014 

 
2025 

Hydropower 5,200 5,200 8,000 8,000 2,600 2,600 350 300 
Nuclear power 0 0 0 0 9,500 6,700 0 0 
Wind power 500 1,300 1,450 4,100 2,000 2,900 1,500 2,200 
CHP 300 300 600 700 2,900 3,300 1,250 1,200 
Solar power - 0 - 0 - 100 - 300 
Condensing power 0 0 0 0 1,700 1,700 1,600 1,600 
Total capacity (MW) 6,000 6,800 10,050 12,800 18,700 17,300 4,700 5,600 



37 
 

The planned decommission of four nuclear reactors results in a drop of 14 TWh generated electricity in 
SE3, the region that has the highest demand in Sweden. The initial phase-out of nuclear power has 
begun, but the lifetime is foremost controlled by profitability and not technical factors, as reinvestments 
and repairs can prolong the use of the installed nuclear reactors. The remaining nuclear reactors are thus 
assumed to continue operation beyond 2025 and have a preliminary end date of 2040. Hydropower is 
projected to remain at about the same capacity as today while wind power is assessed to increase from 
current 6,029 MW (2016) to 10,500 MW in 2025. Svenska kraftnät explicitly states that the projection 
of wind power is very uncertain, due to the rapid development in production and installation costs, in 
combination with potentially increased renewable energy targets. Electricity from CHP plants are 
projected to increase by 5 TWh in conjunction with a capacity increase of 450 MW from 5,050 to 5,500 
MW. The total generation of each power type per region for year 2014 and 2025 is shown in Table 23. 
The total generation in 2014 is 152 TWh and 158 TWh in 2025, equaling an increase of 6 TWh [104].  

Table 23. Total generated electricity per power type and region in the 2025 scenario, compared to year 2014 [104]. 

Power Type SE1 
2014 

 
2025 

SE2 
2014 

 
2025 

SE3 
2014 

 
2025 

SE4 
2014 

 
2025 

Hydropower 18 20 33.5 37 12.5 10 1.5 1 
Nuclear power 0 0 0 0 62 48 0 0 
Wind power 1 3 2.5 9 4.5 6 3.5 5 
CHP 1 1 2 2 7 11 3 4 
Solar power - 0 - 0 - 0 - 0 
Condensing power 0 0 0 0 0 0 0 0 
Total generation (TWh) 20 24 38 48 86 76 8 10 

 

2.4.2 Energy Scenario for Sweden 2050  
This report is aimed at presenting a backcast scenario where 100% of the energy demand in Sweden is 
supplied by renewable sources in 2050. The project was carried out by the IVL Swedish Environment 
Research Institute, published in 2011 and was co-funded by WWF Sweden and via additional grants 
from other organizations and institutions. As the scenario is based on a backcast for a future energy mix, 
numerous assumptions have to be made on how the desired energy system should look like in 2050. The 
primary focus is to use only renewable energy sources present within Sweden. Renewable energy is 
allowed to be imported and exported, but the domestic production should exceed the amount imported. 
As nuclear power is not renewable it is phased out by 2040. The scenario puts emphasis on energy 
efficiency measures, decreasing the total energy demand by roughly 40%. The heat demand in district 
heating systems are assessed to decrease while surplus heat and solar heat takes a large share of the heat 
supply, resulting in a phase-out of CHP plants, see Figure 17 [115].  

 
Figure 17. District heating supply year 2050, by fuel type, in TWh [115]. 



38 
 

The resulting electricity generated in 2050 by fuel type can be seen in Figure 18. Due to the development 
of a biofuel industry supplying surplus heat the underlying heat demand for CHP plants is diminished, 
thus resulting in a phase-out of CHP plants in the system. Without the heat demand, the competitiveness 
of CHP technologies on the electricity market is decreased, and as can be seen in the figure, solar and 
wind power makes up for the phase-out of nuclear power in Sweden [115].  

 
Figure 18. Electricity generation per source year 2050, in TWh [115]. 

2.4.3 Four Futures – the energy system beyond 2020 
Four Futures – the energy system beyond 2020 is a report published by the Swedish Energy Agency in 
April 2016. Four drastically different future scenarios for the Swedish energy system have been 
developed in a long-term project with a qualitative, instead of quantitative, method. Everything starts 
with a compilation of all energy related issues, which were grouped into energy efficiency, electricity 
system, transport, bioenergy, roles and responsibilities of actors in the system. Depending on how we 
choose to tackle challenges in these areas, four explorative scenarios were created, Forte, Legato, 
Espressivo and Vivace, with different characteristics and priorities, see Table 24 for a quick overview. 
Forte is built around a Swedish emphasis on energy security with low energy prices thus reinvesting 
into new nuclear power plants. Legato is much the opposite with a quick phase-out of nuclear power 
due to a focus on ecological sustainability and global justice. Espressivo values freedom of choice for 
consumers with a focus on flexibility and individual solutions, thus decentralizing the electricity system 
to a large degree. Lastly, the Vivace scenario is focused on building a bio-industry in Sweden and 
exporting green technology [116]. 

Table 24. A short background to each scenario in the Four Futures report [116]. 

Scenario Focus 
Forte Low energy prices and securing energy access. 
Legato Reducing environmental impact, global justice and ecological sustainability. 
Espressivo Individual solutions; decentralization. Prosumers and flexibility. 
Vivace Climate focus. Green growth and export market for green technology and bio-industry. 

 
The diverse social priorities result in very different energy mixes, which then have been analyzed for 
feasibility in two existing simulation models, MARKAL and Apollo. All four scenarios were deemed 
feasible despite the vast differences in characteristics and energy mixes [116]. Three of the scenarios 
phase out nuclear power in various degrees with varying amounts of intermittent renewable power 
sources being introduced into the system. 
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The electricity production and installed capacity per type in year 2035 for each of the scenarios is 
compared in Figure 19. The amount of projected electricity generated from CHPs is largest in the 
Vivace-scenario as focus is on bio-industry. Espressivo is characterized by the massive increase of 
electricity generated by solar power (prosumers and decentralization being the main drivers for this 
development), while Legato has the largest increase of wind power, in combination with energy 
efficiency measures to lower the total electricity demand. 

Figure 19. Installed electricity capacity and production in each of the scenarios in the Four Futures report, by type for year 
2035 [116]. 

2.4.4 Comparison of future electricity scenarios 
The scenarios represent a range of possible outcomes for the Swedish electricity and energy market. 
While it is unlikely that one of the scenarios will become reality completely, the predictions and 
showcases give a notion of which development the market could take. The level of uncertainty cannot 
be understated, but it is amplified with a longer projected timeframe in the scenario. An overview of the 
electricity generation per type and scenario is available in Figure 20; note that the years of comparison 
is different, due to lack of access to annual data. Only the Forte scenario expands the nuclear power 
generation, while the other scenarios include decommission of reactors or even a full phase-out. The 
hydropower generation is consistent between all the scenarios investigated. Electricity generation from 
combined heat and power plants is increased in four out of six scenarios. Wind power generated 
electricity is increased significantly in almost all scenarios while the projected increase of solar power 
is inconsistent among the scenarios. The amount of electricity generated is considerably larger in the 
Forte scenario and considerable smaller in the Legato scenario, while the remaining four scenarios 
project a modest increase from 2014.  

 
Figure 20. Comparison of electricity generation per type and scenario. 
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2.4.5 Future trend of technologies other than CHPs 
As presented in the above energy scenarios there is a projected increase of renewable capacity in Sweden 
for the future. This chapter will present cost and technical projections for the technologies that exist 
today in the Swedish grid as well as for possible future additions. Today the biggest changes can be seen 
in the cost development of wind and solar power. The development of other mature technologies, such 
as hydropower and different types of condensing power plants, have in comparison stagnated. The 
difficulty is predicting when the cost reduction development of solar and wind power will stagnate. In 
Table 25 below, assumptions and projections made by the International Energy Agency (IEA) for their 
New Policies Scenario in the World Energy Outlook 2016 report can be compared for wind and solar 
power. Furthermore, a technological learning rate is given as a general improvement factor. The value 
is 20% for the two solar photovoltaic technologies while it is 5% and 11% for wind power onshore and 
offshore respectively [117]. In comparison, the International Renewable Energy Agency (IRENA) 
projects a learning rate of 18-22% for solar power and 12% for onshore wind [118].  

Table 25. Cost and data assumptions by the IEA for the New Policies Scenario in the report World Energy Outlook 2016 for 
solar and wind power [117]. 

Type Capital cost  
(SEK per kW) 

O&M cost  
(SEK per kW) 

Capacity factor  
(%) 

Year 2020 2030 2040 2020 2030 2040 2020 2030 2040 
Solar PV – large scale 6,937 5,736 5,203 80 80 80 35% 35% 36% 
Solar PV – residential 8,538 7,204 6,537 107 93 93 35% 35% 36% 
Wind onshore 11,873 11,472 11,206 293 293 293 35% 35% 36% 
Wind offshore 25,680 21,344 19,343 934 800 767 35% 35% 36% 

 
Projection data from The Danish Energy Agency also further supports the values presented in the table 
above, barring one exemption which is onshore wind power. The O&M costs are predicted to decrease 
10% by 2025 and 15% by 2035 resulting in 267 and 255 SEK per kW and year respectively. The 
investment costs are also 10-20% lower across the board [14]. 

There is no cost change projected for hydropower and coal technologies by the IEA. Regarding nuclear 
power, the capital cost is projected to decrease by 22% while the O&M cost is reduced 3% by 2030 
[117]. Accordingly to [14] and [18], there are some minor changes in development for OCGTs and 
CCGTs run on natural gas. Minor reductions in fixed and variable O&M costs are projected, as well as 
decreased minimum loads and start-up times. Furthermore, the electricity efficiency is increased by a 
few percentage units during the next decade. 

2.5 Economic key performance indicators 
A profitability analysis requires the use of economic indicators to assess and compare different 
investments or rather technologies in this study. The methods calculating of payback period, net present 
value and internal rate of return are presented below. The combination of these three indicators provides 
a decent measurement of the economic performance of an investment.   

2.5.1 Payback period 
The payback period is the time period needed for the initial cost to be recovered by the profits of an 
investment. A shorter payback period is better. The method can be praised for its simplicity, but is rarely 
used on its own for decision-making due to the absence of accounting for the time value of money [119].  

2.5.2 Net present value and internal rate of return 
The idea of time value of money is that money is worth more today than it is in the future. This is 
indicated by the discount rate, which takes into account a number of factors to represent inflation and 
that interest can be received by investing the money today. In the following text and throughout the 
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report, inflation is always included in any discussion or given value of discount rate (i.e. real discount 
rate). The time value of money is thus included in the net present value (NPV) method. The formula in 
Equation 1 is used to calculate the NPV, where Cn is the net cash flow, C0 is the initial investment cost, 
r is discount rate and n is the time period [120].  

Equation 1. 

NPV =
𝐶

(1 + 𝑟)
− 𝐶  

The formula sums up the discounted cash flow of each year during the entire time period. Negative cash 
flows can also be introduced to represent for example refurbishment or reinvestments. The discount rate 
gradually decreases the value of both costs and incomes for each year passed in the total time period. 
The result can thus be highly influenced by the chosen discount rate [120].  

The discount rate can be any arbitrary number in practice, as it is up to the user to decide what is 
appropriate. A higher discount rate is warranted when there is great risk and uncertainty about the future 
cash flow, as it will diminish the overarching effects [121].  

The internal rate of return (IRR) is equal to the discount rate that results in a net zero net present value. 
The IRR is commonly used for assessing projects, as it can be compared to minimal required return on 
investments that a company has set. If the estimated IRR of a project is lower than the set minimum 
limit, the project should be rejected [122]. The combination of IRR and NPV is especially useful, as the 
IRR alone does not consider the actual money earned, while the NPV alone does not consider the rate 
of the return. The two indicators complement each other. 
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3 EDGESIM 
EDGESIM is an electricity market simulation tool that uses short-term optimization, developed at the 
Energy Technology Department at the Royal Institute of Technology, Stockholm. The model simulates 
the Nordic electricity market and its interconnected markets in the Nord Pool power exchange. An 
overview of how the model functions, in terms of inputs and outputs, as well as its structure are given 
in this chapter. Further detailed information about the model can be found in a previous thesis [5] that 
developed the latest version.  

3.1 System procedure 
As the electricity market is divided into different bidding areas, EDGESIM is designed to use a multi-
node power grid model where each node represents a geographical region. Each region or node is setup 
with installed generation capacities per technology type and a demand load from historic data. For each 
node the hourly demand is sought to be met by the installed capacities subject to transmission capacity 
limits between connected regions. Similarly to how the Nord Pool power exchange operates, the 
cheapest generation technology mix is selected per hour, according to marginal cost of power 
production, by optimization techniques. A linear programming solver optimizes the recruitment of 
power plants in the cheapest possible way, subject to restraints.  

A reserve power capacity requirement for the dispatching of intermittent renewable generation as well 
as for the current load is applied. The reasoning behind this is to account for the intermittency of variable 
power sources and potential forecast errors, which occur in a real market. However, in EDGESIM the 
amount of reserve capacity necessary is known in advance as the model deterministically calculates it 
for each hour.  

3.2 Structure and operation 
EDGESIM predominantly uses MATLAB to call its operations and handle input data. Input data 
available inside the scripts is combined with external datasheets to synthesize structures of data for each 
region and technology. The GNU MathProg language is then used to create a linear programming model 
of the data used as input to Gurobi, a mixed-integer linear programming solver, which optimizes the 
dispatching according to set restraints. The results are then imported back to MATLAB for further data 
processing steps that calculates the performance of the overall system, each region as well as per 
technology.  
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The MATLAB input data handling can be made with different 
settings, as introduced in [5], in either a simulation mode or 
validation mode. The simulation mode, which is of interest in 
this study, follows the structure presented in Figure 21. The 
core script calls all of the following steps in the process. 
Initially the user selects a starting week and duration in 
number of days to be simulated. Then the specifications for 
system-wide parameters e.g. interest rate or transmission 
losses, technology specific parameters like capacities and 
efficiencies, and region data regarding generation and 
transmission capacities are loaded. In the next step the script 
generates a number of reference power plants in each region, 
to match the actual installed capacity per technology. The 
marginal cost of each plant is then calculated according to fuel 
and cost specifications.  

All previously mentioned data is printed to text files along 
with demand and weather data, per hour and region. The text 
files are then compiled into a format that can be read by 
Gurobi, the linear programming solver. The solver optimizes 
the recruitment of plants to the lowest generation cost 
possible, accordingly to input data and set restraints. The 
results following the optimization are then extracted into 
MATLAB again for processing of performance and costs. The 
performance for the system, per region and per technology can 
then be displayed and is exported to Excel-sheets.   

3.3 Region setup 
The regional setup in EDGESIM is customized to represent 
the actual regions and their installed capacities, including 
transmission capacities, as presented in section 2.2 and section 
2.2.3.3 respectively. The Swedish bidding areas are modeled 
by using a reference power plant per technology type, with a 
set capacity and associated costs. The set costs of a power 
technology can then also be scaled up or down by the use of 
power law equations, to enable the use of cost data for other 
capacities than the reference capacity used. In other words, 
EDGESIM models all power plants of a specific technology 
with a set reference generation capacity. The model then adds 

the correct number of reference plants so that the collective sum is equal to the actual installed total 
capacity, per region and technology.  

In general, the neighboring regions are not modeled with the same detail, as the power mix (excluding 
wind power) is reduced into a single thermal power plant, besides from the Norwegian regions that are 
modeled as hydropower plants with related reservoir capacities and refill rates. The fuel-mix of this 
single thermal power plant is attained from the weighted shares of each technology type in the power 
mix of the region. Wind power capacity is however modeled in the same way as for the Swedish regions. 
More detail on the modeling of each technology is explained in the following section. The cost and 

Figure 21. Process scheme of EDGESIM 
routine. 
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technical parameters per technology are derived from the Swedish data. To account for potential cost 
differences between countries, comparative price level indices provide cost-scaling factors that are used 
to either up- or downscale costs to a comparable level in the simulation.  

3.4 Power plant types 
The main electricity generating technologies in Sweden can be divided into four categories, thermal 
power, hydropower, solar and wind power. Each category type is governed by equations that have 
specific technical and financial values as input. This section provides information regarding the overall 
setup of each power plant type in EDGESIM. 

3.4.1 Thermal power 
A number of sub-technologies are defined as thermal power plants including CHP, open cycle gas 
turbines, combined cycle gas turbines, coal power, condensing oil power and nuclear power. The 
equations that govern the dispatching of these technologies may differ somewhat, but are essentially of 
the same type. In general, electricity generation (or heat) from thermal power plants is a function of fuel 
input and its heat content as well as the conversion efficiency of the plant. EDGESIM calculates the 
necessary fuel input for a reference plant to produce the required power for each hour simulated, given 
efficiencies at nominal and part-load (assessed only at 50% load). The governing equations take into 
account the present state of the plant every simulated hour and sets limitations on the possible power 
production for the next hour. This is done by setting a limit on maximum and minimum generation 
levels, startup time and ramping rates, which enables a simulation that is reasonably authentic to thermal 
power plants in reality.  

The marginal cost of power production is based on the efficiency, startup cost (assumed equal to a set 
number of equivalent hours of nominal operation), operation and maintenance costs and the fuel cost. 
This is true for all thermal power plants except combined heat and power plants. CHP plants have an 
underlying heat demand that is assumed the main driver of recruitment, which means that the electricity 
production may occur even if the marginal cost is lower than the actual price for electricity on the spot 
market. In order to assure the proper recruitment, the marginal cost of electricity production is thus set 
to zero in the dispatch model, which is the equivalent of the market bidding process.  

3.4.2 Hydropower 
The model aggregates the considerable amount of actual hydropower plants throughout Sweden into 
one large reference plant per bidding area. Each area can then be modeled individually to attain as 
accurate characteristics of the hydropower available in reality. This is primarily done by identifying the 
total installed capacity, reservoir capacity and refill rate of each region. The reservoir refill rate is 
estimated from actual historic reservoir levels, thereby incorporating the natural seasonal variability. 
The reservoir capacity per region in GWh and the regional distribution can be found in Table 26.  

Table 26. Reservoir capacity per region, in GWh and regional distribution [5]. 

Region Reservoir capacity Share of total 
SE1 14,800 GWh 44% 
SE2 15,700 GWh 47% 
SE3 2,900 GWh 9% 
SE4 200 GWh 1% 

 
Since the marginal cost of production is low, the dispatching of hydropower in EDGESIM is mainly 
controlled by the current electricity demand and available energy in the reservoir. Similar as for thermal 
power plants, there are set limits to maximum, minimum loads and ramping rates. Additionally, for 
hydropower is that the power output is constrained by taking the physical limits of the reservoirs into 
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account. More specifically, the model monitors the refill rate versus the actual reservoir content and the 
maximum and minimum reservoir levels from weekly historic levels. The marginal cost is only based 
on startup costs and variable operation and maintenance costs, since there is no fuel cost.  

3.4.3 Wind power 
Due to the non-dispatchable nature of wind power and a negligible marginal cost of production, the 
power generation is entirely based on wind speeds and installed capacity. While this sounds 
straightforward, the conundrum is the different characteristics of wind turbines. A comparison of actual 
historic wind speeds and wind power production was assessed (see [5]) to find suitable average cut-in, 
cutout and rated wind speeds, for each region. The power production in-between the cut-in and cutout 
wind speed is based on a piecewise function. The actual recruitment and dispatching is then based on 
historic wind speed data and constrained by equations governed by the derived cut-in, cutout and rated 
wind speeds. The normal wind speed over a longer historic period is used for future scenario simulations. 

3.4.4 Solar power 
Two types of solar power are available in EDGESIM, photovoltaics and solar thermal power plants with 
storage. The solar photovoltaic technology has a structure similar to wind power, whereas the power 
generation is based on solar irradiation and installed capacity per region, with negligible marginal cost 
of production. This is a simplification of the actual behavior of solar photovoltaic modules, since there 
are in fact many different types of losses and dependencies involved in reality. The model uses a linear 
interpolation for the electricity output from global irradiance data. Historical values for average total 
solar irradiation per region are used as input data.  

Solar thermal power plants only use solar beam irradiation as input for heat production, along with 
efficiency factors in the conversion equipment. The resulting thermal energy is either stored or directly 
converted to electricity. This is simulated in the dispatching section, whereas the model chooses the 
strategy with minimal cost. The thermal storage is limited in capacity (expressed in hours of production) 
and affected by thermal losses over time. The dispatching of the solar thermal power plant is subject to 
the variable cost of the power block and the availability of stored heat or simultaneous production.  
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4 CHP plant and electricity market modeling 
This section presents a summary of different methods of how to model combined heat and power plants 
in a liberalized market and ways to dispatch regulating and reserve power capacities in simulation tools.  

4.1 Combined heat and power plants modeling 
As the electricity markets are being deregulated accordingly to the guidelines by the European 
Commission, energy companies are optimizing their electricity generation in order to maximize profits 
on a fluctuating spot market. While this may sound straightforward, in the case of combined heat and 
power plants the optimization is made more difficult by the addition of a heat load in the system. Some 
of the characteristics to consider when modeling heat loads are discussed on a system level. On the 
power plant level, a review of general ways to model combined heat and power plants is presented. 

4.1.1 Heat loads in district heating networks 
Heat loads in district heating networks consist foremost of the heat demand in buildings, which can be 
separated into space heating and domestic hot water. Space heating is in the form of indoor temperature 
and ventilation demand while the dishwasher, washing machine and shower sets the domestic hot water 
demand. These factors can be grouped into social heat factors. The fluctuation in heat load is however 
also dependent on physical factors, such as climate, outdoor and cold-water temperature, and the design 
of the building. The social heat factors tend to be the origin of daily heat load variations, but physical 
factors also play a role during autumn and spring [109].  

According to research presented in [109], the daily heat load variation is offset by the fact that there is 
a spread in time between how the load of each connected consumer is fluctuating. Contributing is also 
the geographical distance between consumers and heat production units which creates a time lag. The 
average daily variation was estimated to 4.5%. Seasonal variations are greater due to the difference in 
average outdoor temperature, but the heat losses in the distribution grid remains the same throughout 
the year, which decreases the total seasonal variation. The average seasonal variation is roughly five 
times higher than the daily, with an average of 24% [109]. In Figure 22 the daily average heat load of a 
district heating network is presented to show the vast difference between summer and winter heat load.  

 
Figure 22. Daily average heat load, in MW, for a district heating network with an annual load of 1.22 TWh during 2010 [123]. 
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While the figure above shows the heat production of a single district heating network, there is also 
available data for the total electricity production of the CHP capacities in the four regions in Sweden. In 
Figure 23 the electricity produced by CHPs divided by the total installed CHP capacity per hour is shown 
for 2016 (including industrial capacities). While some CHPs are able to produce only electricity, 
depending on available condensing modes, what is obvious from the figures is that in summertime there 
is hardly any electricity production from CHPs in Sweden. This is explained by the lack of heat demand 
and that the electricity price has to be high to make the condensing mode profitable. Furthermore, there 
are major differences in the seasonal variation in the production profiles, but one has to bear in mind the 
installed capacity for each region is different as well. The regions had 262 MW, 576 MW, 2,789 MW 
and 1,275 MW CHP capacity installed in 2016 respectively, see section 2.2. In regions SE1 and SE2 
around 50% of the installed CHP capacity is industrial CHP, while the share is around 25% for regions 
SE3 and SE4.  

Figure 23. CHP electricity production share of total installed CHP capacity in each region, in 2016 [124]. 

Nonetheless, translating district heating network loads, or production profiles, into load profiles for 
individual combined heat and power plants is not as straightforward as it may appear. The actual heat 
load profile of a single plant will not only be decided by e.g. outdoor temperatures, but also by the other 
heat plants connected to the same district heating network. If the CHP plant is part of the baseload of a 
larger network, the load profile will likely be quite high and fairly constant during the winter. On the 
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other hand, if the CHP plant is higher up in the order of dispatching, the load profile will fluctuate more. 
This implies that modeling a generic load profile for CHP plants is very difficult, as it is greatly 
influenced by the size and operating cost of the plant versus other plants in the same district heating 
network. To illustrate this behavior, parameters for temperature sensitivity could be implemented, which 
describes the change of load per degree Celsius change for each individual CHP plant. The parameter 
can also change during the different seasons of the year [125]. 

Figure 24 shows the heat production (MW) from various production types by Göteborg Energi in the 
Gothenburg district heating network during February 2017. The darkest green color represents heat 
production from CHPs; the Rya CCGT CHP plant (see section 2.1.1.1) is the only running large-scale 
CHP plant in Gothenburg, with a heat capacity of 294 MW. The figure shows that the CHP plant only 
is operational when there is a heat demand above roughly 700 MW, as there is waste heat and heat plants 
with lower production costs available to cover lower loads. 

 
Figure 24. District heat production in MW and per production type of Göteborg Energi, 4 weeks of February 2017 [126]. 

In the case of a district heating network where the heat demand is largely produced by a single CHP 
plant, translating outdoor temperatures into heat loads could be accurate. In [125] this is done for three 
individual CHP plants in Denmark, where a linear regression is calculated between historical production 
and outdoor temperatures. The three resulting equations are strikingly similar despite the fact that the 
sizes of the plants vary by a factor of three. An average regression equation is used in combination with 
setting upper and lower limits as shown in Equation 2, where f is the load function and t is outdoor 
temperature in Celsius [125]. 

Equation 2. 

𝑓(𝑡) =

0.90 𝑓𝑜𝑟  𝑡 < −10
−0.0263𝑥 + 0.6365 𝑓𝑜𝑟 − 10 < 𝑡 < 20

0.10 𝑓𝑜𝑟   𝑡 > 20
 

 

4.1.2 Combined heat and power plant modeling and optimization 
Due to the countless ways to model the characteristics and optimize the operation of a CHP plant this 
chapter will only present a few examples of how it can be done. More details into the whole range of 
modeling methods are available in for example [127], which presents a survey of published papers 
regarding optimization of CHPs between 1983 and 2006.  
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The feasible operating conditions of a CHP plant can be overviewed in a simplified power-to-heat (E-
H) diagram, see Figure 25. The figure shows the difference between the two different steam turbine 
designs, backpressure and extraction. The backpressure turbine is not able to adjust the power-to-heat 
ratio (alpha or α) at a given load, as it is limited to the operating conditions of the backpressure line. The 
extraction turbine is limited by the maximum and minimum load set by the fuel feed. The minimum 
flow of steam in the last step of the steam turbine sets the limitation of the operating range on the right 
side in the diagram. The resulting feasible operating zone is convex for this simplistic model [128].  

 
Figure 25. Comparison of feasible operating range between backpressure and steam extraction turbines [128]. 

The alpha-value can be calculated as presented in Equation 3, by either dividing 𝐸, electricity produced 
with 𝐻, heat produced, or 𝜂 , electricity efficiency with 𝜂 , thermal (heat) efficiency. A steam 
extraction turbine can change the alpha-value at a given fuel feed, but the total load also affects the 
efficiencies to a lesser extent. The total efficiency is calculated by combining the electricity and heat 
efficiency as shown in Equation 4 or by dividing total production with the fuel consumption, 𝑃  [128]. 

Equation 3. 

𝛼 =
𝐸

𝐻
=

𝜂

𝜂
 

Equation 4. 

𝜂 =
(𝐸 + 𝐻)

𝑃
= 𝜂 + 𝜂  

For the steam extraction turbine the power loss coefficient (𝐶 ) represents how much the electricity 
output is reduced due to increased heat extraction in the turbine, at a constant fuel consumption, see 
Figure 25. The power loss coefficient calculation is available in Equation 5, where 𝐸  is the 
electricity output without heat extraction at a constant fuel feed. The 𝐶  value is usually given at full 
load or as an average value during operation for a longer time period [128].  

Equation 5. 

𝐶 = −
(𝐸(𝐻) − 𝐸 )

𝐻
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In reality, there might be even more operating options available, for example reduction bypasses, 
auxiliary cooling and condensing modes. The operating range could thus look something similar as in 
Figure 26, with more available operating modes, resulting in non-convex shapes and non-linearity [129]. 
However, the rest of the chapter will only deal with convex shapes as EDGESIM can only handle linear 
optimization problems. Furthermore, according to [130], while non-linear models have increased 
accuracy, the improvement is usually less than 3% in some cases and linear models are faster to compute.  

 
Figure 26. Feasibility range of a CHP plant with several operating options [129]. 

A common way to model the limits of a convex feasible operating range is to use the power-to-heat 
ratio, as shown in Figure 27 below. While the upper and lower limit of electricity production is limited 
by minimum load and maximum capacity, the right and left limitation of heat production is set by the 
inverse of the maximum and minimum power-to-heat ratio [127]. The inverse power-to-heat ratio is 
commonly known as heat-to-power ratio and is denoted β [122].  

 
Figure 27. Illustration of how the inverse power-to-heat ratio can be used to set limits for minimum and maximum levels of 
heat production [127]. 

4.1.2.1 Optimization example 
The next step is to setup a framework for the optimization of the short-term operation of the CHP. This 
is done by forming equations and limits, based on loads and efficiencies, to calculate the required fuel 
input. The various ways to model this step is dependent on the level of detail required and the design of 
the CHP plant as well as what type of software is used. For example, a detailed model could include 
exergy by calculating enthalpy and entropy differences between the feedwater and returning district 
heating water and different types of losses in the production. If load curve data is already available, then 
affine functions can describe the fueling required at given loads. Note that in the following example, 
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power-to-heat ratios are not used and the unit commitment factor has been left out to improve readability. 
Equation 6 and Equation 7 can be used to describe a linear efficiency curve, where 𝛼  and 𝛼  can be 
obtained by solving the equations as a system [128].  

Equation 6. 

𝜂 , , =
𝐸 ,

𝛼 + 𝛼 × 𝐸 ,
 

Equation 7. 

𝜂 , , =
𝐸 ,

𝛼 + 𝛼 × 𝐸 ,
 

Equation 8 calculates the required fuel input, 𝑃 , for any given combination of electricity and heat 

output. The maximum and minimum load limits are constrained by Equation 9 and Equation 10, where 
the notation 𝑚𝑎𝑥, 𝑤𝑜𝐷𝐻 and 𝑚𝑖𝑛, 𝑤𝑜𝐷𝐻 represents values in condensation mode. Equation 11 sets the 
maximum heat extraction (right side of the feasible operating range in Figure 25), where 𝐻  is the 
minimum heat condensed and 𝑃  represents several losses in the flue gas [128]. 

Equation 8. 

𝑃 = 𝛼 + 𝛼 × (𝐸 + 𝐶 × 𝐻) 

Equation 9. 

𝑃 ≤
𝐸 ,

𝜂 , ,
 

Equation 10. 

𝑃 ≥
𝐸 ,

𝜂 , ,
 

Equation 11. 

𝐸 ≤ 𝑃 − 𝐻 − 𝑃 − 𝐻  

The next step would be to add costs associated with the fuel requirement and revenue for the heat and 
energy produced. Furthermore, additional costs such as startup-costs and dynamic constraints for 
ramping rates and minimum time intervals could also be introduced.  

4.1.2.2 Short-term heat storage example 
While seasonal heat storage is available for some CHP plants this chapter explains how a short-term 
heat storage alternative, for example a water tank, could be incorporated in an optimization model. Three 
equations control behavior of the heat storage in the model. Equation 12 sets the allowed minimum, 
𝐻𝑠 , and maximum, 𝐻𝑠 , level of stored heat, 𝐻𝑠 . Equation 13 controls the allowed rate of 
change of storage level by comparing the current level of stored heat with the level of the previous hour, 
𝐻𝑠

( )
. The actual tank level is calculated in Equation 14, where the heat produced is added to the 

previous level, taking into consideration a heat loss of stored heat, 𝐻𝑠 , and the delivering of heat 
to satisfy the demand, 𝐻  [122]. If appropriate, a cost associated with storing heat can also be 
introduced as well as losses in the actual distribution from stored heat to the district heating network, 
depending on the specific CHP plant case. 
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Equation 12. 

𝐻𝑠 ≤ 𝐻𝑠 ≤  𝐻𝑠  

Equation 13. 

∆𝐻𝑠 , ≤ 𝐻𝑠 − 𝐻𝑠
( )

≤ ∆𝐻𝑠 ,  

Equation 14. 

𝐻𝑠 = 𝐻𝑠
( )

+ 𝐻 − (𝐻𝑠
( )

× 𝐻𝑠 ) − 𝐻  

4.2 Regulating and power reserve markets modeling 
The following implementation example covers the Nordic region and parts of north Europe, with 
different control and balancing areas, where a day-ahead market, regulating power capacity dispatch 
and system balancing is implemented. In [131] the model starts by simulating the day-ahead market, 
followed by a regulating power capacity redispatch of the generation units, and finally a system 
imbalance is calculated as a result from the markets by utilizing forecast errors in different areas. As 
such, the regulating capacities are dispatched after the day-ahead market dispatch, which is not the case 
in the actual regulating markets operated by Svenska kraftnät. In reality, the regulating capacities are 
procured before the day-ahead market, but the only resulting difference is that the regulating capacities 
are chosen as per marginal cost of production in the simulation. This should result in an ideal market 
with a perhaps too low total procurement cost. Furthermore, constraints are put into how and which 
power plants can be recruited in the regulating market, e.g. hydropower has no start-up cost or minimum 
load. Thermal units on the other hand, do have start-up costs and minimum loads, which means that only 
plants that are already running can be recruited in the regulating market [131].  

The amount of regulating power capacity to be recruited is defined on three levels: control areas, 
balancing areas and total system. In the regulating market redispatch, the transmission dispatch from the 
day-ahead simulation is not allowed be changed, thus forcing the system to keep the same production 
balance in each area. This means that the redispatch changes the recruitment allocation between the 
generation units but not the total production [131].  

In the final system-balancing step, the recruited regulation capacities are activated in a real-time 
simulation by marginal costs and non-recruited transmission capacities are taken into account. The 
actual system imbalance consists of forecast errors in load and wind production. The model forces the 
recruitment of the regulation capacities to meet the resulting imbalance, or the shutdown of production 
if down-regulation is required, or load shedding even. Contrary to in the regulation dispatch, the 
transmission dispatch is allowed to be changed in this step [131].  

Power reserves (or tertiary regulating power, mFRR), on the other hand, are capacities that are recruited 
manually by the responsible TSO in order to balance supply. In Sweden, Svenska kraftnät accepts bids 
on the regulating market to do this. Modeling the tertiary regulating power reserves could be done 
similarly as in the previous example where these resources are recruited in the system-balancing step. 
Another way could be to model another dispatch of the mFRR market, see [132] which utilizes strategic 
bidding by letting operators predict price differences between the day-ahead and regulating market. This 
way the markets used for regulating the frequency can be separated from the reserve markets. However, 
since EDGESIM is not an agent-based model, this type of implementation is not applicable.  
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5 Methodology 
This section presents made changes and updates in EDGESIM, as well as the general simulation routine 
and profitability analysis methodology. Firstly, the motivation for the choice of two future scenarios 
from the literature review together with all input data is given. The CHP modeling and heat load 
implementation follows, where equations and limits governing the operation are described. After this 
the included costs, incomes and policy measures are discussed. Finally, the simulation routine including 
profitability and sensitivity analysis is explained. Throughout the methodology and the rest of the report, 
the original EDGESIM model is called the “previous model” or “previous version”. 

5.1 Future scenarios 
Two of the reviewed energy mix scenarios were chosen: the Svenska kraftnät 2025 Development Plan 
and the Vivace 2035 Scenario from the Swedish Energy Agency’s report Four Futures. The former was 
deemed the most realistic because Svenska kraftnät actually uses this plan in their business operation, 
and it is only projecting eight years ahead (ten years when published). Since Svenska kraftnät is the TSO 
in Sweden, they can also somewhat affect the development in desired directions. Furthermore, the 
scenario itself does not involve any dramatic changes that are not already known today; see Table 27 
for a comparison of the projected installed capacities per power type in 2025.  

Table 27. Installed capacity per region for the Svenska kraftnät 2025 development plan, in MW. 

Power Type SE1 2025 SE2 2025 SE3 2025 SE4 2025 
Hydropower 5,200 8,000 2,600 300 
Nuclear power 0 0 6,700 0 
Wind power 1,300 4,100 2,900 2,200 
CHP 300 700 3,300 1,200 
Solar power 0 0 100 300 
Condensing power 0 0 1,700 1,600 
Total capacity (MW) 6,800 12,800 17,300 5,600 

 
The Vivace scenario is more of a showcase of a possible development rather than a projection or guess. 
It is meant to reflect a focus on climate issues and exporting green technologies, especially within bio-
industry. This scenario has a long-term transition away from nuclear power (phased out by 2050) which 
makes it interesting given the aim of this study. Furthermore, the increased installments of solar power 
and CHPs are seemingly on quite balanced levels compared to the other reviewed scenarios. The rapid 
expansion of wind power is projected to stall out, as previously installed wind turbines reach the end of 
their lifetime. An increase of 500 MW between the 2025 and 2035 scenario is projected. The likelihood 
for expansion of Swedish hydropower into the protected rivers can be discussed, but a capacity increase 
of existing hydropower installments is possible. Table 28 shows the installed capacity per region for the 
Vivace scenario, where the condensing power is OCGT and oil condensing power plants. The 
hydropower capacity in each region was scaled up accordingly to the increase of total capacity projected 
in the scenario. The solar power capacity was divided between SE-3 and SE-4 mostly, as it is assumed 
to consist of residential solar photovoltaics.  

Table 28. Installed capacity per region for Vivace scenario, year 2035, in MW. 

Power type SE1 2035 SE2 2035 SE3 2035 SE4 2035 
Hydropower 6,460 9,938 3,230 373 
Nuclear power 0 0 3,682 0 
Wind power 1,425 4,225 3,025 2,325 
CHP 350 750 3,350 1,250 
Solar power 500 500 5,000 5,000 
Condensing power 0 0 1,700 1,600 
Total capacity (MW) 8,735 15,403 19,987 10,548 
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5.1.1 General specifications 
A default discount rate of 6% was chosen for both scenarios, reflecting a weighted average cost of capital 
as used in [16]. Since the discount rate has a substantial effect on the future incomes and costs of the 
investigated CHP plants, it is also included in the sensitivity analysis. The motivation for the different 
certificate prices can be found in section 5.3.1, while the default value of 3% transmission losses in 
EDGESIM is used.   

5.1.2 Fuel data 
The fuel prices and emissions used in the simulations are shown in Table 29. The default CO2 emission 
values in EDGESIM were used for the simulations after a corroboration. Fuel prices are in most cases 
based on extrapolation or averages of historical price data.  

An additional natural gas cost was implemented into EDGESIM, to reflect real prices as per the literature 
review, where the price is controlled by the annual consumption. The historical price trend of natural 
gas prices given in the literature review was extrapolated to 2025 and 2035. This resulted in a price of 
300 and 250 SEK/MWhfuel for plants with a lower annual consumption (OCGTs), and in 411 and 343 
SEK/MWh for plants with a higher annual consumption (CHPs and CCGTs) in the two scenarios 
respectively. The nuclear fuel cost calculation is done as suggested in [133], with an updated U3O8 price 
of 34 USD per pound [134], giving a nuclear fuel cost of 36 SEK per MWhel, which equals 12.96 SEK 
per MWhfuel (with an electricity efficiency of 36%). Since the historical price development of nuclear 
has stood still [133], this price is used for both of the future scenarios. For oil condensing power plants 
the price of 686 SEK/MWhfuel was increased by 30% to 875 for the 2025 scenario and to 1,100 for the 
2035 scenario which is a 60% increase. The increase of 60% is derived by considering the current crude 
oil price and the historical average of the past 10 years.  

The price of waste fuel was kept the same as it is today, -130 SEK/MWhfuel. The price might increase in 
the future due to more waste incineration plants being built and additional recycling of materials could 
lead to less supply. On the other hand, the population and everyday consumption is increasing as well 
as improved collection of waste might increase the supply and reduce prices. Regarding wood chips, the 
historical trend was extrapolated into 250 and 350 SEK/MWhfuel for 2025 and 2035 respectively. The 
fuel mix (weighted average of biomass, waste and fossil fuels) price for the aggregated CHP capacities 
in each region is assumed to be 125 in 2025 and 175 SEK/MWhfuel in 2035.  

Table 29. Fuel price and CO2 emission data. 

Fuel type Price [SEK/MWhfuel] CO2 emissions [kg/MWhfuel] 
 2025 2035  
Natural gas – lower consumption 300 250 204 
Natural gas – higher consumption 411 343 204 
Nuclear fuel 12.96 12.96 0 
Heavy fuel oil 875 1100 273.6 
Waste -130 -130 126 
Wood pellets 250 350 0 
CHP 125 175 72.6 

 

5.1.3 CHP technology data 
The data used for the investigated CHP plants is presented in the two tables below. As the data presented 
in the literature review reflects the performance of plants today, some parameters have been improved 
accordingly to estimated developments and current research areas. The parameters that have been 
updated are underlined in the tables. In most cases a modest improvement of roughly 5% to 15% has 
been assumed for the 2025 scenario, see Table 30. The following Table 31 shows the data for the 2035 
scenario, where similar approach has been used.  
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Table 30. Input data for each technology and configuration for the Svenska kraftnät 2025 scenario. 

Parameter Unit SC-MI SC-M CC-S CC-M CC-L ST-S ST-M ST-L ST-W SI-MI SI-S SI-M ORC G-S G-M 
Fuel type - NG NG NG NG NG Wd Wd Wd Waste NG NG NG Wd Wd Wd 

Electricity 
capacity 

MW 0.2 45 40 261 400 5 30 80 20 0.1 1 9 2 1 5 

Heat capacity MW 0.33 50 30 294 250 18 81 194 90 0.17 1.17 8 13 2.1 9.6 
α, nominal load - 0.6 0.9 1.3 0.9 1.6 0.3 0.37 0.41 0.23 0.6 0.8 1.13 0.15 0.48 0.52 
Electricity eff., 
nom. load 

% 30 40 50 43.5 60 26.45 31.9 34.1 27 35.2 40.7 44 16.9 31.5 36.75 

Electricity eff., 
50% load 

% 24.2 29.7 36.3 33 49.5 15 23 25 - 27 32 36 12 20 29 

Heat eff., nom. 
load 

% 25 30 35 49 30 80 77 75 75 52 45 40 85 52.5 63 

Heat eff., 50% 
load 

% 33 41.8 55 66 44 70 65 65 - 57 50 44 84 50 60 

Availability % 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95 
Minimum load % of cap. 40 20 40 40 40 40 40 20 75 50 50 50 30 10 10 
Ramping rate % of 

cap./ min 
20 20 15 15 15 0.2 10 10 0.2 60 60 60 10 6 6 

Start-up time Mins. 22 20 95 105 105 210 270 270 800 10 10 10 17 22 90 
Investment cost MSEK/ 

MWel 

10.45 6 11.4 8.55 7.125 50 40 30 85 14.4 9.9 7.2 63.75 40 36 

Variable O&M 
cost 

SEK/ 
MWhel 

118.75 49.4 28.5 28.5 28.5 78 70 67 160 57 47.5 42.75 0 120 100 

Fixed O&M 
cost 

SEK/ 
kWel 

0 190 114 85.5 85.5 1,430 700 500 3,140 2,090 209 83.6 1,594 1,120 800 

Lifetime Years 15 25 25 25 25 25 25 25 25 15 15 25 15 15 15 
Build time Years 0.5 1.5 3 3 3 2 2 2 3 1 1 1 1 1 1 

NG = Natural gas 
Wd = Wood pellets 

Table 31. Input data for each technology and configuration for the Swedish Energy Agency Vivace 2035 scenario. 
Parameter Unit SC-MI SC-M CC-S CC-M CC-L ST-S ST-M ST-L ST-W SI-MI SI-S SI-M ORC G-S G-M 
Fuel type - NG NG NG NG NG Wd Wd Wd Waste NG NG NG Wd Wd Wd 

Electricity 
capacity 

MW 0.2 45 40 261 400 5 30 80 20 0.1 1 9 2 1 5 

Heat capacity MW 0.33 50 30 294 250 18 81 194 90 0.17 1.17 8 13 2.1 9.6 
α, nominal load - 0.6 0.9 1.3 0.9 1.6 0.3 0.37 0.41 0.23 0.6 0.8 1.13 0.15 0.48 0.52 
Electricity eff., 
nom. load 

% 30 40 50 43.5 60 26.45 31.9 34.1 27 35.2 40.7 44 16.9 31.5 36.75 

Electricity eff., 
50% load 

% 24.2 29.7 36.3 33 49.5 15 23 25 27 27 32 36 12 20 29 

Heat eff., nom. 
load 

% 27.5 33 38.5 53.9 33 88 84.7 82.5 82.5 57.2 49.5 44 93.5 55.1 66.2 

Heat eff., 50% 
load 

% 38 48.1 63.3 75.9 50.6 70 65 65 - 57 50 44 84 50 60 

Availability % 95 95 95 95 95 95 95 95 95 95 95 95 95 95 95 
Minimum load % of cap. 32 16 32 32 32 32 32 16 40 40 40 40 24 10 10 
Ramping rate % of 

cap./ min 
23 23 17.3 17.3 17.3 - 10 10 - 72 72 72 10 6 6 

Start-up time Mins. 22 20 95 105 105 210 270 270 800 10 10 10 17 22 90 
Investment cost MSEK/ 

MWel 

9.9 6 10.8 8.6 7.1 50 40 30 85 14.4 9.9 6.5 54.2 40 36 

Variable O&M 
cost 

SEK/ 
MWhel 

118.8 46.9 28.5 28.5 28.5 70.2 63 60.3 144 54.2 45.1 40.6 0 120 100 

Fixed O&M cost SEK/ 
kWel 

0 180.5 108.3 81.2 81.2 1,287 630 450 2,826 1,986 198.6 79.4 1,354 1,120 800 

Lifetime Years 15 25 25 25 25 25 25 25 25 15 15 25 15 15 15 
Build time Years 0.5 1.5 3 3 3 2 2 2 3 1 1 1 1 1 1 

NG = Natural gas 
Wd = Wood pellets 
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5.1.4 Other technology data 
Other technologies in the electricity system are also predicted to improve in the future. Some of them 
have been assumed not to have any significant development, as they are very mature, for example 
hydropower or oil condensing power plants. An addition was made to the solar photovoltaic production 
calculation, in the form of a correction factor meant to reflect different types of losses in the modules. 
The value was estimated to 85%, in comparison to e.g. found values in a recent study of around 80% of 
a few different module types on a tilted roof in Gävle [135]. Reduction of different types of losses is 
thus expected in the future. The data for each technology is presented in Table 32 to Table 35 below.  

Table 32. Thermal power plant data. 
Parameter Unit OCGT CCGT CHP Oil Nuclear 

  2025 2035 2025 2035 2025 2035 2025 2035 2025 2035 
Capacity  MW 63 63 236 236 113 113 293 293 607 607 
Ref. plant 
capacity  

MW 150 150 150 150 118 118 740 740 1,600 1,600 

Investment 
cost 

SEK/kW 4,600 4,600 8,500 8,500 56,239 56,239 16,000 16,000 40,000 40,000 

Fixed 
O&M cost 

SEK/kW/year 191 185 285 274 1,342 1,342 250 250 0 0 

Variable 
O&M cost 

SEK/MWh 43 41.5 43 41.5 80 81 30 30 110 110 

Efficiency % 42.5 44 60 62 28 30 40 40 36 36 
Efficiency 
@50% load 

% 31 32 32 32.75 20 22 35 35 34 34 

Minimum 
plant load 

% of cap. 21.5 20 40 40 30 30 20 20 35 35 

Lifetime Years 25 25 25 25 25 25 25 25 40 40 
Build time Years 2 2 3 3 2 2 3 3 6 6 
Start-up 
time 

Mins. 12.9 12 60 60 45 45 20 20 120 120 

Plant 
availability 

% 98 98 98 98 95 95 97 97 95 95 

Ramp-up % of cap./h 1200 1200 17 17 17 17 102 102 2 2 
Ramp-down % of cap./h 1200 1200 8 8 8 8 102 102 2 2 

Table 33. Hydropower data for the four regions. 

Parameter Unit SE1 SE2 SE3 SE4 
  2025 2035 2025 2035 2025 2035 2025 2035 
Installed capacity MW 5,176 6,460 8,040 9,938 2,591 3,230 348 373 
Ref. 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 capacity TWh 14.8 14.8 15.7 15.7 2.9 2.9 0.22 0.22 
Minimum load % of cap. 10 10 10 10 10 10 10 10 
Lifetime Years 40 40 40 40 40 40 40 40 
Build time Years 4 4 4 4 4 4 4 4 
Start-up time Mins. 10 10 10 10 10 10 10 10 
Plant availability % 97 97 97 97 97 97 97 97 
Ramp-up % of cap./h 36 36 20 20 28 28 28 28 
Ramp-down % of cap./h 31 31 16 16 24 24 24 24 

Table 34. Wind power data. 
Parameter Unit 2025 2035 
Investment cost SEK/kW 11,225.5 10,904.5 
Fixed O&M cost SEK/kW/year 282 282 
Lifetime Years 20 20 
Build time Years 2 2 
Cut-in speed m/s 2.5 2.5 
Rated speed m/s 10 10 
Cut-out speed m/s 13 13 
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Table 35. Solar power data. 

Parameter Unit 2025 2035 
Investment cost SEK/kW 7,569.5 6,607 
Fixed O&M cost SEK/kw/year 96.5 90 
Lifetime Years 25 25 
Build time Years 1 1 
Solar correction factor % 85 85 

 

5.2 Combined heat and power plant modeling 
The detailed modeling of the governing equations, heat demand profiles and thermal storage for the 
different investigated CHP plant types is presented below.  

5.2.1 Energy input and output limits 
Before introducing the governing equations and associated costs, it is necessary to explain that the 
technologies have been divided into two categories: backpressure and extraction turbine technologies. 
The backpressure turbines only have one operating mode, which limits the feasible operating range to a 
single line, with a fixed power-to-heat value. Furthermore, some plants also utilize flue gas 
condensation, which boosts the heat capacity and efficiency, and this has been incorporated directly in 
the operating range. The steam extraction technologies have more flexibility and their operating range 
has thus been modeled appropriately. Table 36 shows which category the different CHP plants have 
been assigned to, based on the literature review. 

Table 36. Overview of the attributes of the investigated CHP technologies.  

Plant type Type of turbine Flue gas condensation 
Single Cycle - Micro Extraction No 
Single Cycle - Medium Extraction No 
Combined Cycle - Small Extraction No 
Combined Cycle - Medium Extraction No 
Combined Cycle - Large Extraction No 
Steam Turbine - Small Backpressure Yes 
Steam Turbine - Medium Backpressure Yes 
Steam Turbine - Large Backpressure Yes 
Steam Turbine - Waste Backpressure Yes 
Spark-ignition - Micro Backpressure No 
Spark-ignition - Small Backpressure No 
Spark-ignition - Medium Extraction No 
Organic Rankine Cycle Backpressure No 
Gasification - Small Extraction No 
Gasification - Medium Extraction No 
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As mentioned, there is a large difference in flexibility between backpressure turbines and steam 
extraction turbines. In Figure 28 a comparison of the feasible operating range of the two types can be 
seen. The four points A, B, C and D sets the maximum and minimum operating points, while the 
intersecting lines are governed by equations.  

 
Figure 28. Feasible operating range for extraction turbines (within A-B-C-D area) and backpressure turbines (on the 
backpressure line). 

Point A and B are derived from the maximum electrical and heat capacity, respectively, of the CHP. 
Similarly, point C and D are given by the minimum limits that are derived from minimum load 
requirements in the prime mover. Equation 15 to Equation 18 below thus create the four points A, B, D 

and C respectively. Electricity and heat production is denoted by 𝐸  and 𝐻  respectively, where i is the 

individual plant and h is the hour. The 𝐶  parameter is equivalent to the degree of power loss when 
steam extraction is increased in the turbine. The value controls the electricity capacity in point B and is 
here also used to add extra possible capacity in condensation mode for extraction turbines (it is omitted 
for backpressure turbines). Note that Equation 18 is only applied to backpressure turbines. Furthermore, 
included is the binary unit commitment variable, u, and the binary start-up variable, str. Omitting the 
start-up variable would enforce the plant to start the minimum load during startup hours, while in reality 
a gradual start-up is made. The used formula is a decent approximation for plants with start-up times 
less than 2 hours, but has to be adjusted for longer start-up times. The unit commitment variable is equal 
to 1 if the plant is online and 0 if it is offline, thus ensuring that the plant have the option to go offline.  

Equation 15. 

𝐸 ≤ 𝐸 × 𝑢 × 1 + 𝐶  

Equation 16. 

𝐻 ≤ 𝐻 × 𝑢  

Equation 17. 

𝐸 ≥ 𝑚𝑖𝑛 𝑙𝑜𝑎𝑑 × 𝐸 × 𝑢 −
𝑠𝑡𝑎𝑟𝑡-𝑢𝑝 𝑡𝑖𝑚𝑒

60
×

𝑠𝑡𝑟

2
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Equation 18. 

𝐻 ≥ 𝑚𝑖𝑛 𝑙𝑜𝑎𝑑 × 𝐻 × 𝑢 −
𝑠𝑡𝑎𝑟𝑡-𝑢𝑝 𝑡𝑖𝑚𝑒

60
×

𝑠𝑡𝑟

2
 

Moving on to the governing equations that connect the four points, the line between D and A is decided 
by the minimum heat-to-power ratio (the inverse power-to-heat ratio), which is zero in an extraction 
turbine with full condensation mode available. The right side of the feasible operating range, the line 
between B and C, known as the backpressure line, is controlled by the maximum heat-to-power ratio. 
The heat-to-power ratio is defined as β in Equation 19 and Equation 20. To model a backpressure turbine 
only one equation is necessary, see Equation 21. The equation sets the ratio to be equal to a specific 
power-to-heat ratio for all loads, thus limiting the feasible operating range to a single line.  

Equation 19. 

𝐻 ≤ 𝛽 × 𝐸  

Equation 20. 

𝐻 ≥ 𝛽 × 𝐸  

Equation 21. 

𝐻 = 𝛽 × 𝐸  

The maximum fuel input on the line between A and B is calculated by Equation 22. The maximum 

electricity capacity divided by the electricity efficiency at full load, 𝐸 @ %, gives the actual 

fuel input, 𝑃 , on this line.  

Equation 22. 

𝑃 ≤
𝐸

𝐸 @ %

× 𝑢  

Likewise, the minimum fuel input on the line between C and D is calculated by Equation 23. Here the 
minimum electricity capacity divided by the electricity efficiency at half load is used to set the minimum 
fuel input requirement. The second multiplication term is used to enable loads below the minimum load 
limit when there is a start-up. 

Equation 23. 

𝑃 ≥
𝑚𝑖𝑛 𝑙𝑜𝑎𝑑 × 𝐸

𝐸 @ %

× 𝑢 −
𝑠𝑡𝑎𝑟𝑡-𝑢𝑝 𝑡𝑖𝑚𝑒

60
×

𝑠𝑡𝑟

2
 

The last equation governing the operating range is the calculation of fuel input requirement inside the 
operating range. The fuel input is based on the co-generation of heat and electricity as well as the hourly 
load of the plant, see Equation 24. The load of the plant sets the efficiency of the production, thus the 

two variables 𝛼  and 𝛼  are introduced. They represent a linear approximation of the fueling versus load 
of the plant, and can be calculated by solving a system of two equations, see Equation 6 and Equation 7 
in section 4.1.2.1.  
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Equation 24. 

𝑃 = 𝛼 × 𝑢 + 𝛼 × 𝐸 + 𝐻 × 𝐶  

While the 𝐶  parameter is in principal only useful for steam extraction turbines, the equation has been 
kept the same for calculating the fuel input of backpressure turbines. This is a simplification made in 

the modeling, but the value of 𝐶  has been altered for each individual plant simulated so that the proper 
efficiencies are reached in nominal loads. The linear efficiency curve tends to be inaccurate at low loads 
but most CHPs are continuously run in higher loads, if sized properly in comparison to other heat sources 

connected to the district heating network. The used 𝐶  values per technology, 𝛼  and 𝛼  values, resulting 
efficiencies at point B and the difference of the latter compared to the collected data, can be overviewed 

in Table 37. The Danish Energy Agency reports an average value of 0.15 for the 𝐶  value of their 
presented CHP technologies in [18], which was used as a starting point. As can be seen in the table, 
most of the plants have an error less than 10% when comparing the total efficiency at point B versus 
collected data. The largest error of 24%, for SC-1, is likely due to the fact that some of the data was 

given without flue gas condensation taken into consideration. Note that new 𝛼  and 𝛼  values are 
calculated for the 2035 scenario, as the efficiencies are different. 

Table 37. Alpha values and the resulting efficiency at point B, for the 2025 scenario. 

Plant type 𝐶  𝛼  𝛼  𝜂  @  (%) Diff. vs data 

Single Cycle - Micro 0.15 0.11 2.80 66% 24% 
Single Cycle - Medium 0.15 9.75 2.28 73% 10% 
Combined Cycle - Small 0.1 20.13 1.45 81% -1% 
Combined Cycle - Medium 0.1 127.27 1.81 85% -6% 
Combined Cycle - Large 0.1 94.28 1.43 93% 4% 
Steam Turbine - Small 0.1 9.62 1.86 103% -3% 
Steam Turbine - Medium 0.05 24.26 2.33 107% -2% 
Steam Turbine - Large 0.05 21.35 2.67 105% -4% 
Steam Turbine - Waste 0.1 0 3.70 102% 0% 
Spark-ignition - Micro 0.08 0.086 1.98 87% 0% 
Spark-ignition - Small 0.05 0.67 1.79 85% -1% 
Spark-ignition - Medium 0.1 4.55 1.77 78% -6% 
Organic Rankine Cycle 0.05 2.07 4.88 100% -2% 
Gasification - Small 0.12 0.21 2.97 79% 6% 
Gasification - Medium 0.12 0.40 2.64 88% -1% 

 

Equation 25 records the number of startups and shutdowns, 𝑠𝑡𝑝 , in the simulation, by comparing the 
value of the unit commitment variable between every hour. A limitation on the number of possible 
startups and shutdowns (cycling) in a simulated week was set to 20. Furthermore, a minimum down or 
uptime was set to 3 hours for all plants (for the slow-starting steam turbine plants, including the waste 
plant, additional hours were added to the requirement). This means that a plant is stopped from starting 
and shutting down every couple of hours, which in reality would strain the machinery.  

Equation 25. 

𝑠𝑡𝑟 − 𝑠𝑡𝑝 =
𝑢 − 𝑢 , ℎ = 1

𝑢 − 𝑢 , ℎ > 1
 

Finally, there are ramping rate limitations on both electricity and heat production, see Equation 26 to 

Equation 29, for steam extraction plants. Here the 𝑅𝑎𝑚𝑝  and 𝑅𝑎𝑚𝑝  stands for the maximum up- 

and down ramping rate percentage of capacity per hour, respectively, while the 𝑠𝑡𝑝  binary variable 
takes into account a potential stop of the plant.  
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Equation 26. 

𝐸 ≤
𝐸 , ℎ ≤ 1

𝑅𝑎𝑚𝑝 + 𝐸 , ℎ > 1
 

Equation 27. 

𝐻 ≤
𝐻 , ℎ ≤ 1

𝑅𝑎𝑚𝑝 + 𝐻 , ℎ > 1
 

Equation 28. 

𝐸 ≥ 𝐸 − 𝑅𝑎𝑚𝑝 + 𝑠𝑡𝑝 × 𝐸 − 𝑅𝑎𝑚𝑝  

Equation 29. 

𝐻 ≥ 𝐻 − 𝑅𝑎𝑚𝑝 + 𝑠𝑡𝑝 × 𝐻 − 𝑅𝑎𝑚𝑝  

For the backpressure plants, the ramping rate limitations for heat and electricity were combined into 
one, as the heat-to-power ratio always is fixed.  

5.2.2 Heat demand profile 
A heat load profile based on outdoor temperatures was created for each of the four regions in Sweden. 
The hourly profile is thus the same for the CHP plants during simulation in one region. The outdoor 
temperature was collected from Meteonorm and represents typical metrological year (TMY) data [136]. 
The TMY is based on large records of historical data and is intendent to reflect typical average values 
suitable for this type of simulation.  

As discussed in section 4.1.1 the heat load is not only dependent on outdoor temperatures, but it is a 
quite accurate coefficient. Equation 30 was used to connect the temperature with the heat load, where 𝑡 
is the outdoor temperature in Celsius. An exception was made for the waste incineration plant, where a 
fixed load of 75% has been set at all times, to simulate the need for waste incineration.  

Equation 30. 

𝐿𝑜𝑎𝑑%(𝑡) =
90%, 𝑡 < −10

(−0.0263 × 𝑡) + 0.6365, −10 < 𝑡 < 20
10%, 𝑡 > 20
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The resulting heat load is multiplied to the heat capacity of each CHP plant to simulate the heat demand 
per hour. The hourly load profile of the whole year in each region can be compared in Figure 29. 

5.2.3 Heat storage 
The available heat storage equations for solar thermal power plants in the previous version of EDGESIM 
were used and restructured for CHP functionality. The sizes of heat storage tanks vary in district heating 
networks, but accordingly to [109], with a storage capacity of 17% of daily average heat production 
most of the heat demand variations can be handled. In this study, a heat storage consisting of three hours 
of full heat production has been used as maximum storage capacity for all CHPs investigated. This 
would equal a daily average demand of 17 to 18 hours of full production.  

Equation 31 sets the maximum allowed energy stored in the tank, in terms of hours of full heat 

production, 𝑇𝑎𝑛𝑘  is the actual stored heat per hour and plant while ℎ𝑆𝑡𝑜𝑟  is the number of hours of 
full production the storage can hold. Furthermore, Equation 32 states that the heat stored has to be equal 
to or above zero to avoid any illogical behavior in the model.  

Equation 31. 

𝑇𝑎𝑛𝑘 ≤ ℎ𝑆𝑡𝑜𝑟 × 𝐻  

Equation 32. 

𝑇𝑎𝑛𝑘 ≥ 0 
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Figure 29. Hourly heat load profile of each region, based on TMY data. 
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The present level of the heat storage is governed by Equation 33, where 𝜂  is the efficiency of the 

storage tank (set to 95% for all plants), 𝑇𝑎𝑛𝑘  is the level of the previous hour while 𝐻  and 

𝐻𝑒𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑  is the heat produced and demanded per hour, respectively. 

Equation 33. 

𝑇𝑎𝑛𝑘 = 𝜂 × 𝑇𝑎𝑛𝑘 + 𝐻 − 𝐻𝑒𝑎𝑡 𝑑𝑒𝑚𝑎𝑛𝑑  

Additionally, a rate of change limit was implemented to avoid unrealistic behavior of storage depletion 
and filling instantaneously. Equation 34 and Equation 35, sets the minimum and maximum allowed rate 
of hourly change to 20% of the total storage.  

Equation 34. 

𝑇𝑎𝑛𝑘 − 𝑇𝑎𝑛𝑘  ≤ ℎ𝑆𝑡𝑜𝑟 × 𝐻 × 0.20 

Equation 35. 

𝑇𝑎𝑛𝑘 − 𝑇𝑎𝑛𝑘  ≥ − ℎ𝑆𝑡𝑜𝑟 × 𝐻 × 0.20 

Furthermore, the starting and finishing level of heat stored was set to 50% of storage capacity, see 
Equation 36 and Equation 37. In addition to forcing the starting and ending point of the simulation, the 
average tank level of the whole week is forced to be at least 60%, accordingly to Equation 38. Without 
such a constraint, the model does not show much variation in the level of heat stored. Instead, it would 
only produce heat enough to cover demand and ramp up production slightly at the end of the week to 
fulfill the requirement set in Equation 37. By adding the forced average level, the storage level can 
fluctuate freely during the week and is thus allowed to e.g. reach 0% if the average of the week still is 
at least 60%. Since the heat storage can be used as back-up or emergency capacity, and to decouple 
electricity production, it makes sense that the storage actually is filled up sometime during the week. 

Equation 36. 

𝑇𝑎𝑛𝑘 = ℎ𝑆𝑡𝑜𝑟 × 𝐻 × 0.5 

Equation 37. 

𝑇𝑎𝑛𝑘 ≥ ℎ𝑆𝑡𝑜𝑟 × 𝐻 × 0.5 

Equation 38. 

𝑇𝑎𝑛𝑘

168
≥ 𝑇𝑎𝑛𝑘 × 0.6 

5.3 Cost, income and policy measures 
To perform the profitability analysis of combined heat and power plants a number of additions had to 
be implemented in EDGESIM. More specifically, the electricity retail price per region and hour, heat 
sales and other affecting policy measures was implemented. The NOx emission tax was not implemented 
as the impact on the results was assumed to be insignificant, due to the repayment structure in the tax. 
The energy tax is included in the fuel cost or transferred to end consumers where it is applicable, while 
avoiding double taxation.  
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The previous model of EDGESIM includes an energy market and a regulating or balancing power 
recruitment process, based on an error of the electricity demand and production from wind and solar 
power. The implementation is updated with some governing limits and operators receive income for 
recruitment on the regulating market. The power reserves in Sweden are already implicitly included in 
the previous model as “normal” capacities in the electricity market, which are recruited as a last resort 
due to high marginal costs. However, in reality these reserve capacities receive additional remunerations 
for their capacity and electricity generated, depending on the procurement by Svenska kraftnät. 
Combined heat and power plants are not a part of any power reserves today, such as the winter reserve 
and disturbance reserve. Regarding capacity mechanisms, no implementation of additional mechanisms 
other than the reserve markets was included in this study.  

5.3.1 Electricity sales 
In order to calculate the income from the produced electricity, a retail electricity price has to be 
established. The previous model calculates the total cost of production for all regions and simulated 
hours, since this is the objective to minimize in the optimizer. The electricity price calculation is 
performed after the optimizer has simulated the dispatching of plants. The marginal cost of production 
for each recruited plant and hour is calculated accordingly to Equation 39, for most of the technology 
types. The single highest marginal cost of production of the recruited plants each hour, multiplied by an 
individual profit margin, is calculated in the Swedish regions. The electricity price in all four regions is 
the average of these values, unless the transmission of electricity between region 2 and 3 reaches 80% 
of its limit. In such a case, the electricity price in all four regions is the average of the highest marginal 
costs of region 3 and 4. This attempts to simulate the price spikes that can occur during high system 
stress periods in the winter, as the transmission capacity between region 2 and 3 is pivotal in meeting 
the high demand in region 3.  

Equation 39. 

𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝑉𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑂&𝑀 𝑐𝑜𝑠𝑡 + 𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 + 𝐶𝑂 -𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 

Furthermore, the fuel cost is modeled to be coupled with electricity output and efficiency at the specific 
load, resulting in a non-fixed marginal cost to simulate the fuel costs in real plants. For plants using 
fossil fuels a CO2-emission certificate cost is applied. The calculated electricity price has a lower limit 
of 40 SEK/MWh, which was taken from historical 2016 data for the Elspot-market where the lowest 
recorded value was 39 SEK/MWh. The individual margins used for each technology type included in 
the price formation calculation can be found in Table 38. In reality, the margins would be specific for 
each plant and operator, thus creating more levels in the marginal cost curve. Appropriate values were 
estimated by trial-and-error methodology as EDGESIM uses aggregated capacities for each technology. 
CHPs are not included in the price setting as they are assumed to rely on heat sales. Thus making them 
able to accept electricity prices lower than their marginal cost of total energy production. This is also 
why the CCGTs implemented in EDGESIM, which in reality is running as CHPs, have the lowest 
assumed margin. The price formation was implemented into the previous version of EDGESIM, with 
capacities, demand and weather data for year 2016 for validation. The resulting hourly prices were 
compared to historical prices of a few weeks during winter, spring and summer, see section 6.  

Table 38. Assumed electricity price margins for technologies in the electricity price formation. 
Technology Assumed electricity price margin 
OCGT 200% 
CCGT 20% 
Oil condensing plants 200% 
Nuclear power 50% 
Hydropower 70% 
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5.3.1.1 Electricity Certificates 
The electricity certificate scheme is added in the form of a remuneration for renewable plants in 
EDGESIM. The income is both included in the marginal cost of production in the dispatching, as well 
as added in the actual profit analysis. However, power plants are only eligible to receive certificates for 
15 years. The certificates are thus only given to the selected CHPs technologies to be investigated, but 
in reality there would be other types of technologies newly built, up until the time of the scenarios to be 
simulated. Nonetheless, renewable capacity additions would foremost consist of wind and solar power, 
which already have nearly zero marginal cost, thus not affecting the order in the dispatch model.  

In the Svenska kraftnät 2025 scenario, a value of 130 SEK per MWh is remunerated while 78 SEK per 
MWh is remunerated to renewables in the 2035 Vivace scenario of the Swedish Energy Agency report. 
These values are extrapolated from the historic price values of certificates in the Norwegian and Swedish 
scheme. As previously mentioned in section 2.2.1 the recent certificate prices has dropped due to 
oversupply of certificates compared with the quota level. The price level is however assumed to go back 
to “normal” levels in the prolonged phase between 2020 and 2030. The significantly reduced value of a 
certificate in 2035 is also logical, as the renewable technologies should be cheaper to install and operate 
in the future, therefore requiring less incentive to be competitive on the market. 

5.3.2 Heat sales 
The monthly average price per MWh of heat paid by consumers in district heating networks is used as 
income for the combined heat and power plants. The historical price development has been used to 
extrapolate prices to year 2025, which is also used in 2035, see Table 39. The price excludes VAT while 
it including energy tax for heat. The price increase in winter months is due to higher demand forcing the 
recruitment of production plants with higher marginal costs in the district heating grid. To model heat 
losses in the distribution network, income from heat sales is decreased by 10% on an hourly basis. 

The energy tax rate for heat production is decided by the heat conversion efficiency and the participation 
in the EU ETS. The prices used are based on Swedish averages, thus all district heating plants (regardless 
of heat conversion efficiency or EU ETS participation) are included in the statistics.  

Table 39. Monthly average price paid by district heating customers, in SEK per MWh, excluding VAT and including energy 
tax. 

Month Average price 2016 Average price 2025 Average price 2035 

January 760 927 927 

February 769 939 939 

March 737 899 899 

April 633 773 773 

May 519 633 633 

June 477 582 582 

July 476 581 581 

August 476 581 581 

September 497 607 607 

October 630 769 769 

November 636 776 776 

December 768 938 938 
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5.3.3 Costs 
The marginal cost of production equation previously presented lays the foundation of the costs necessary 
to run power plants. The running costs are summed up in totals per category, i.e. fuel costs, emission 
costs and variable O&M costs. Moreover, additional expenditures are also required, including 
investment costs, start-up or cycling costs, as well as fixed operating and maintenance costs. The 
investment cost is a one-time cost defined as SEK per kW of installed electrical capacity. The start-up 
costs are expressed as the variable O&M cost times a value representing the number of equivalent 
operating hours (EOH) to simulate a start-up of the plant. Finally, the fixed O&M costs are also based 
on the installed electrical capacity. 

5.3.3.1 EU ETS certificates 
Costs for acquiring CO2 emission certificates in the EU ETS are applied to all fossil technologies with 
CO2 emissions. The historical price average of 12.26 Euros per ton, which equals 118 SEK per ton, is 
used in the 2025 scenario, while an increase of 40% is applied to the 2035 scenario, resulting in 165.2 
SEK per ton. The carbon dioxide emissions were already calculated for each technology in the previous 
version and are solely dependent on fuel type and amount of fuel input. The resulting cost for each 
technology is thus the emissions emitted times the cost of an emission certificate.  

5.3.4 Power reserve markets 
The two power reserves in Sweden, the winter reserves and disturbance reserve which are procured and 
operated by Svenska kraftnät, are implicitly already included in the day-ahead market simulation in 
EDGESIM. This means that if the simulation requires the activation of the winter reserves (oil 
condensing power plants) or the disturbance reserve (gas turbines), it will automatically recruit these 
capacities. Since the marginal cost of electricity production for these two technology types are among 
the highest, these will be recruited as a last resort. The disturbance reserve is likely to be recruited more 
often in reality, as the gas turbines are activated in times of sudden drops of production capacity that is 
not simulated in this study. Nonetheless, the hours of recruitment might be increased given the gradual 
phase-out of nuclear power and increase of intermittent renewables in the simulation. Ultimately, as 
CHPs are not part of any power reserves, the implementation has no effect on the profitability results 
other than possibly increasing the electricity price at times of high system stress. 

5.3.5 Regulating markets 
Separate dispatching for regulating markets, as discussed in section 4.2, was not implemented in this 
project. The methodology in the previous version of EDGESIM is kept, where necessary regulating 
capacity is recruited in the same step as the normal dispatching of the day-ahead market. Additional 
constraints were however added. The amount of regulating capacities is still controlled by demand, wind 
and solar forecast errors, see Table 40. The demand forecast error of 1.5% (default value) was 
corroborated by looking at historical data from Nord Pool markets. A comparison of the recruited 
capacities on the day-ahead market versus the actual consumption, after removing wind power from the 
data, shows an average difference of about 1.5%. The forecast errors were also estimated in previous 
work on the model [5]. 

Table 40. Forecast errors decides the amount of regulating capacity to be recruited in the dispatch. 

Type 2025 Svenska kraftnät 2035 Vivace 
Demand forecast error 1.5% 1.5% 
Wind forecast error 19% 19% 
Solar forecast error 5% 5% 
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As mentioned, additional constraints were put on the recruiting behavior in the dispatch model. As 
hydropower is vital for regulating frequency and balance demand, a constraint is put so that at least 600 
MW of hydropower is always recruited for regulating capacity (if regulating capacity demand is above 
600 MW). The model is then free to fill up remaining regulating demand with any dispatchable capacity, 
including the previously installed aggregated CHP capacities. The investigated CHP technologies are 
not allowed to be recruited on the regulating market to simplify the modeling previously presented.  

The capacities being recruited as regulating capacity receives the same income for the electricity sold in 
the day-ahead market. In reality, there are many different types of regulating capacities receiving 
remuneration of several forms. Nonetheless, comparing for example the day-ahead price in region 3 
versus the average regulating up and down price on the mFRR market of the same region, the average 
difference is a mere 5.9% in the first 1000 hours of 2016, see Figure 30.  

 
Figure 30. Comparison of hourly prices in the Elspot market and average of up and down regulation in the mFRR market 
[137]. 

5.3.6 Capacity mechanisms 
Sweden already has the strategic winter reserve today, which is a form of capacity mechanism, and the 
disturbance reserve includes most of the installed gas turbine capacity. A North European Power 
Perspective report [114] states that a market mechanism that ensures profitable financial conditions for 
dispatchable capacity is needed. But it is not given that CHPs would be fully included in an implemented 
capacity mechanism in the future due to the co-generation of heat, and the ability to participate in the 
electricity certificate scheme (if renewable fuels are used). Even so, a market-wide capacity mechanism 
where CHPs are eligible for participation would likely lead to more flexible operational strategies made 
available, depending on the design of the mechanism. The decision was made not to implement any 
further capacity mechanism into the model, as the uncertainty in how such a mechanism would be 
designed is too great. 

5.4 Simulation routine 
The CHP technologies are simulated in two future scenarios, which form the surrounding system. The 
following simulation methodology, or routine, is thus performed two times in total, i.e. once for each 
scenario. In each simulation, one of each investigated CHP plant is added to a Swedish region.  

0

500

1000

1500

2000

2500

3000

3500

4000

1 29 57 85 11
3

14
1

16
9

19
7

22
5

25
3

28
1

30
9

33
7

36
5

39
3

42
1

44
9

47
7

50
5

53
3

56
1

58
9

61
7

64
5

67
3

70
1

72
9

75
7

78
5

81
3

84
1

86
9

89
7

92
5

95
3

98
1

SE
K/

M
W

h

Hour

Comparison of Elspot and average mFRR prices in SE3, first 1000 hours of 2016

SE3 Elspot price SE3 Average regulating price



68 
 

First, it was necessary to establish the weeks that should be simulated, to reduce data handling and the 
amount of simulations. Considering that many CHPs connected to district heating networks are offline 
from the middle of the spring to the middle of autumn, it was decided that week 12 and 41 would be the 
cutoff weeks, respectively. Week 12 is in the end of March and week 41 is in the beginning of October. 
These weeks can be compared with the figures showing production in section 4.1.1. Furthermore, test 
simulations were performed to find these cutoff weeks, which showed that between week 12 and 41 less 
than half of the plants had positive weekly cash flow in the 2025 scenario. This implies that these plants 
would likely not be operating in these weeks if not necessary. Every second week of the remaining 
weeks was simulated with the plants activated in one region at a time.  

One representative week per season was chosen by comparing the average cash flow of the weeks with 
the total average cash flow for each season in region 3, see Table 41. Week 7 is deemed the most 
representative of the winter season, week 11 for spring and week 47 for autumn, as these weeks were 
closest to the seasonal average. As such, the sensitivity analysis uses these three weeks to aggregate the 
cash flow of the whole year, by multiplying the results from week 7 by 12, week 11 by 4 and week 47 
by 8. Furthermore, the sensitivity analysis simulations are only performed for region 3 in the two 
scenarios in order to save time and resources. Region 3 was chosen because most of the installed CHP 
capacity today is located in this region and it has the highest demand of the four regions.  

Table 41. Comparison of weekly average cash flow with the total seasonal average in region 3, for the Svenska kraftnät 2025 
Scenario. 

Week number Season Average cash flow of plants Difference versus seasonal average 

Week 1 Winter 3,267,215 -35% 

Week 3 Winter 12,822,574 157% 

Week 5 Winter 3,431,823 -31% 

Week 7 Winter 4,349,493 -13% 

Week 9 Spring 3,409,731 18% 

Week 11 Spring 2,968,884 2% 

Week 12 Spring 2,318,412 -20% 

Week 41 Autumn 716,147 -50% 

Week 43 Autumn 1,715,894 20% 

Week 45 Autumn 1,708,087 20% 

Week 47 Autumn 1,568,305 10% 

Week 49 Winter 3,083,220 -38% 

Week 51 Winter 2,977,072 -40% 

 
Important factors that affect the overall results are also what market and weather data that is used in the 
scenarios. Typical metrological year (TMY) data is used for wind speeds, solar irradiation and outdoor 
temperatures in each region of Sweden, collected from Meteonorm [136]. A mix of historical averages 
and stochastic modeling is used to create TMY data, with the purpose to get appropriate data for 
simulation of weather-dependent models. However, the hydropower refill rates and reservoir levels 
arguably have the highest impact on the results. Median long-term refill rates were already incorporated 
into the model, while average reservoir levels were modeled from [138], which shows the average total 
level between 1960 and 2015. Furthermore, the demand profile and total demand of year 2016 is used 
for all simulations. The electricity demand in Sweden has not varied or increased significantly in the last 
three decades, while there is no considerable increase predicted in the future scenarios either. 
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5.4.1 Profitability analysis 
The profitability analysis is performed post-simulation by synthesizing all the results from the simulated 
weeks to calculate annual results. Each simulated week results in a weekly cash flow (annual costs or 
incomes have been divided per week over the year) which is multiplied by an appropriate factor to get 
aggregated results for a complete year. Hence, most weeks are multiplied by two, since every second 
week is being simulated, while the summer only has weekly costs or incomes from the annual fixed 
counterparts. Note that the electricity certificates for renewable plants only are given for the first 15 
years of the lifetime.  

A payback period (undiscounted) is given by comparing the investment cost with the annual 
profitability. The net present value of each plant is calculated by comparing the investment cost with the 
yearly cash flow. A discount rate of six percent is used as default value. Furthermore, the internal rate 
of return is calculated to compare the profitability of the investment. These three indicators are then used 
together to assess the overall profitability of the plants.  

5.4.2 Sensitivity analysis 
The sensitivity of assumptions made regarding technology-external boundary conditions is analyzed. 
The following parameters are assessed; price of natural gas, price of wood pellets, heat capacity, cost of 
CO2 certificates, price of electricity certificates, hourly demand and historic hydropower reservoir 
levels. This is done by comparing the absolute change in internal rate of return of the CHPs after first 
increasing the specific assumed value by 20% and then decreasing it, except for reservoir levels where 
historical minimum weekly levels are used as input. The three chosen weeks (7, 11 and 47) are first 
simulated without any changes to provide a reference internal rate of return.  
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6 Validation 
The electricity price formation is here compared versus actual historical Elspot prices for a few weeks 
of 2016, in order to validate the accuracy. Nine weeks during the first half of 2016 were simulated and 
compared hourly, as shown in Table 42. The table shows the average actual prices in SEK per MWh for 
each week, and the average deviation between the average historical price and calculated price for the 
entire week. The deviation varied from roughly +24% to -18% at most, and these extreme points of error 
in accuracy occurred in winter weeks. The average absolute deviation is 10% for these nine weeks. 
However, on an hourly total average of the nine simulated weeks, the error is around one percent. 

Table 42. Comparison of results from electricity price formation with historical prices, for weeks of 2016. 

Week number Unit Real price average [137] Simulated price 
average 

Average hourly 
difference 

Week 3 SEK/MWh 422 444 24% 

Week 4 SEK/MWh 217 155 -18% 

Week 5 SEK/MWh 153 156 4% 

Week 14 SEK/MWh 201 213 6% 

Week 15 SEK/MWh 208 204 -1% 

Week 16 SEK/MWh 190 203 8% 

Week 20 SEK/MWh 236 204 -10% 

Week 21 SEK/MWh 224 202 -9% 

Week 22 SEK/MWh 240 199 -13% 

Total average - 232 220 -1% 

In Figure 31, the results of week 3 are presented, where the blue line is the historical price and the red 
is the calculated price in the model. The prices in the model did not achieve the same extreme points as 
for the historical ditto. This is because the reserve capacities consisting of OCGTs and condensing oil 
power plants were not recruited in the model. If hourly historical transmission and outage data also had 
been applied, the model would likely have activated these capacities, resulting in similar price spikes. 
However, considering that this type of historical data is not used in the simulation of future scenarios, it 
makes sense to calibrate the electricity price formation without this type of data activated in the model. 
Nonetheless, the price formation would have to be reconfigured if historical transmission and outage 
data is used in other simulations.   
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Figure 31. Comparison of historic electricity price (blue line) in Elspot market for week 3 of 2016 versus the calculated price 
in the model (red line). Prices on y-axis in SEK/MWh. 
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7 Results & analysis 
The results for each of the two scenarios are presented separately, including a sensitivity analysis of 
selected parameters. In addition, a few selected figures showing an example week of dispatching of a 
region and of individual CHPs as well as the electricity price are also included, to be able to assess the 
overall simulation and behavior of the model.  

Week 11 in region 3 is used for presenting typical regional dispatch results, while week 12 and region 
4 is used for showing individual CHP dispatch results. This is motivated by the fact that region 3 has 
the largest installed capacity and demand in Sweden while the spring week 11 is characterized by typical 
daily variations in demand, and is closest to the seasonal average cash flow as presented in section 5.4. 
Week 12 in region 4 is a good illustration of individual CHP dispatch model behavior since lots of 
different operating points are used in this combination of week and region.  

7.1 Svenska kraftnät 2025 scenario 
Figure 32 shows dispatching results of week 11 in region 3 of the Svenska kraftnät 2025 scenario, with 
the investigated CHP technologies combined as one aggregated capacity. The electricity production and 
import is higher than the demand in total because there is a need for exporting electricity to other regions. 
The total area above the demand line is the hourly power exported to other regions, which also can be 
seen as the yellow line. Since the model minimizes the production cost of the entire system, some 
electricity is cheaper to import from other regions, while exports also could be necessary to meet demand 
in other neighboring regions. In reality, other limitations in the grid could also enforce a continuous 
import and export between regions to keep a balance between supply and demand.  

Nuclear power still has the largest contribution in the region after the gradual phase-out. There is a 
dependence on import of electricity from other regions in order to meet demand during daytime. The 
hydropower capacity in the region is used to counterbalance the variation in generation from wind 
power. There is no activation of CCGTs or of any of the two reserve capacities. 

 
Figure 32. Dispatch results of week 11 in region 3, Svenska kraftnät 2025 scenario, with the investigated CHP technologies as 
aggregated capacity.  
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The dispatching results for the individual CHPs are shown in Figure 33. The electricity production from 
the investigated CHPs of extraction turbine type has a somewhat similar pattern to the demand in the 
region, meaning that the model utilizes the extra electricity capacity of the CHPs for balancing peaks. 
However, in some hours the production increases even when the electricity demand is low. This can be 
explained by the fact that the outdoor temperature profile which controls heat demand uses average 
historical data while the electricity demand profile is from year 2016, meaning that the peaks in demand 
do not necessary coincide, which is a common case in reality.  

 
Figure 33. Dispatch results of the investigated CHP technologies in week 11 in region 3, Svenska kraftnät 2025 scenario. 

The resulting electricity price is stable during the week, with some minor variations dependent on the 
fueling of the price-setting technologies in each region. The small spikes that can be seen in Figure 34 
coincide with the demand peaks during the week.  

 
Figure 34. Electricity price of week 11 in the Svenska kraftnät 2025 scenario. 
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In Figure 35 the average electricity price of all simulated weeks is compared with the average Elspot 
price in Swedish regions 2016 for the same weeks. The greatest difference occurs in week 3, where the 
model activates both reserve capacities, OCGTs and oil condensing power. The weeks leading up to 
week 12 have a very similar average price, but it is kept on the same level during autumn to week 51 
whereas the historic prices were higher actually. This implies that the Swedish installed capacity in this 
scenario is adequate, but in high demand winter weeks when there is little wind production, the reserves 
will be required to meet demand. The expansion of wind power should lead to lower prices at windy 
hours, for example in the autumn, which here is the case.  

 
Figure 35. Comparison of the resulting electricity price in the Svenska kraftnät 2025 scenario versus average historic Elspot 
prices in Swedish regions during the simulated weeks, in SEK/MWh. Historic prices downloaded from [137]. 

The standard deviation of the price in each week is available in Table 43. The Svenska kraftnät 2025 
scenario has very low fluctuations in the price level in many weeks due to how the model is designed. 
All technologies are used as aggregated capacities with identical marginal costs of production, leading 
to only minor differences in price levels. The small variances below 10 are due to varying fuel loads in 
the recruited plant with highest marginal cost of production. Week 3 has the largest fluctuations as it is 
the week with the highest demand of the year. The price spikes when the reserve capacities are 
recruited in the different regions. 

Table 43. The standard deviation of the hourly electricity price in the simulated weeks of the Svenska kraftnät 2025 scenario 
and of the average Swedish Elspot price in 2016, in SEK/MWh. Historic prices downloaded from [137]. 

Week Unit 1 3 5 7 9 11 12 41 43 45 47 49 51 
Svenska kraftnät 2025  SEK/MWh 71 1,043 2 5 6 4 5 4 3 5 4 23 27 
Average 2016 Elspot SEK/MWh 147 362 24 50 35 28 10 97 86 118 60 96 66 

 
The total amount of CO2 emissions in each region, depending on where the CHPs where simulated, for 
the 13 simulated weeks can be compared in Table 44. The underlying heat load for the CHPs have a 
clear effect, as the total emissions are gradually decreased from region 1 to 4. Given that most of the 
Swedish electricity production already have low emissions, the added CHPs contribute to about half of 
the total emissions in the electricity system.  

Table 44. CO2 emissions from each region in the 13 simulated weeks of the Svenska kraftnät 2025 Scenario, compared with 
which region the CHPs where located. 

CO2 emitted 
[Tons] 

CHPs in Region 1 CHPs in Region 2 CHPs in Region 3 CHPs in Region 4 

Region 1 253,497 2,958 3,094 2,819 
Region 2 6,558 229,808 7,124 6,983 
Region 3 127,504 127,332 331,174 126,113 
Region 4 80,941 74,957 75,333 269,509 
Total 468,500 435,054 416,725 405,425 
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The dispatch results of week 12 for the Combined Cycle – Large in region 4 is available in Figure 36 
and Figure 37. The first figure shows the hourly input and output while the latter shows the operating 
points used by the plant during the week. The fuel input is maxed out a large part of the week, while the 
heat production is fluctuating heavily, depending on the electricity demand. Stored heat is used to 
maximize electricity production while the heat output is decreased, see for example hour 109. The plant 
is running at full load almost constantly. The simulated output of heat is unrealistic in its constant peaks 
and valleys during such short timeframes. In reality, the total load would also fluctuate somewhat given 
forecasted electricity prices to maximize profits.  
 

 
Figure 36. Dispatch results for Combined Cycle - Large simulated in region 4, week 12 of the Svenska kraftnät 2025 scenario. 

The modeled feasible operating range seem to work as intended, with minimum and maximum fuel 
inputs constraining the output and a heat-to-power ratio setting the limit on the right side. Notably 
almost all operating points in this simulated week occur at full load. As previously explained, this is 
due to the objective in the modeling not being to maximize profits, as in reality there has to be a high 
enough electricity price to overcome the marginal cost of production at full load.  

 
Figure 37. Operating points during week 12 of Combined Cycle - Large, simulated in region 4 in the Svenska kraftnät 2025 
scenario. 
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7.1.1 Profitability analysis 
The three financial key performance indicators, payback period, net present value and internal rate of 
return of each plant in each region can be overviewed in Table 45. Since the heat load profile is the same 
for each plant (except ST-W) in a region, and is only dependent on the outdoor temperature, it is 
reasonable that region 1 would give the highest profitability thanks to a colder climate. This is only true 
due to the electricity price being the same in all regions. In region 1, all plants except the micro spark-
ignition plant have positive IRR, whereof 11 have positive NPV. The profitability decreases gradually 
from region 1 to region 4. As a result, in region 4 only 10 plants have positive IRR whereof 6 have 
positive NPV. Furthermore, the payback periods for the profitable plants are all less than the lifetime of 
the plants, thus confirming the profitability. 

In general, the plants that are focused on heat production (low power-to-heat ratios) are more profitable 
i.e. SC-M, CC-M, ST-S, ST-M, ST-L and ORC. This is even more distinctive when comparing CC-M 
and CC-L, which are based on two actual CCGT CHPs in Sweden. CC-L has a focus on electricity, with 
a power-to-heat ratio of 1.6 compared to CC-M with 0.9. However, as the model minimizes production 
costs of the total system rather than maximizing individual profits, electricity focused extraction turbine 
modeled CHPs are at disadvantage at times when the electricity price is lower than the marginal cost.  

Table 45. Financial key performance indicators of the 15 investigated CHP configurations in each of the four regions, in the 
Svenska kraftnät 2025 scenario. Payback period is undiscounted and NPV is calculated with 6% discount rate. 

Plant 
Region SE1 Region SE2 Region SE3 Region SE4 
Payback  NPV  IRR  Payback NPV IRR Payback NPV IRR Payback NPV IRR 

Unit Years MSEK % Years MSEK % Years MSEK % Years MSEK % 

SC-MI 7.2 0.7 11 9.8 0.0 6 16.3 -0.8 -1 18.2 -1.0 -2 

SC-M 5.5 359.0 18 6.9 233.7 14 8.7 128.4 11 9.9 76.9 9 

CC-S 15.4 -76.7 4 22.7 -199.1 1 35.0 -289.4 -2 48.9 -336.9 -5 

CC-M 5.6 2,900 18 6.8 1,939 14 8.6 1,105 11 9.7 723.8 9 

CC-L 8.7 1,321 11 11.2 390.9 7 15.2 -457.9 4 18.2 -850.6 3 

ST-S 8.2 132.6 11 10.2 57.6 8 13.0 -8.9 6 14.4 -33.2 5 

ST-M 7.5 800.6 12 9.1 460.5 10 11.0 169.8 7 11.9 62.8 7 

ST-L 6.0 2,623 16 7.1 1,851 13 8.4 1,166 11 9.0 929.1 10 

ST-W 6.9 1,433 14 6.9 1,419 14 7.0 1,404 14 7.0 1,396 14 

SI-MI 83.8 -1.3 -16 n/a -1.7 -174 n/a -2.1 -178 n/a -2.2 -179 

SI-S 8.2 1.8 9 11.4 -1.4 4 16.7 -4.1 -1 20.1 -5.1 -3 

SI-M 8.9 28.1 10 12.3 2.5 6 19.0 -21.2 2 24.5 -30.9 0 

ORC 5.2 109.5 17 6.2 73.8 14 7.2 43.4 11 7.7 32.8 10 

G-S 12.9 -9.8 2 15.7 -15.3 -1 19.6 -20.2 -3 21.6 -22.0 -4 

G-M 10.1 -7.1 5 12.0 -34.4 3 14.3 -57.8 1 15.5 -67.4 0 
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The differences of IRR between the plants and the regions are visualized in Figure 38. Some plants are 
more sensitive to the change of region, compare e.g. CC-M with ORC, while it results in negative cash 
flow and IRRs for a few configurations. The heat-focused steam turbine plants are influenced the least. 
Regions 3 and 4 have similar results because of minor differences in outdoor temperatures. The micro 
spark-ignition CHP is not profitable in any of the regions. 

 
Figure 38. Comparison of internal rate of return in different regions for each plant, in the Svenska kraftnät 2025 scenario. 

The shares of different income and cost types (undiscounted) during the lifetime of each plant, as an 
average of the results from the four regions is presented in Figure 39. All plants have positive cash flow, 
with heat sales contributing the most, even for plants with high power-to-heat ratios. Most plants have 
an income share around 60%. The heat-focused plants rise above 60% overall, while the waste 
incineration plant reaches 80% due to the negative fuel cost. Fuel supply is the largest cost for all plants. 

 
Figure 39. Overview of the undiscounted income and cost composition during each plants lifetime, average of results from 
being simulated in all four regions in the Svenska kraftnät 2025 scenario. 
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7.1.2 Sensitivity analysis 
Since the sensitivity analysis is performed by simulating three weeks only in region 3 instead of thirteen, 
a new IRR for comparison was established. Region 3 was chosen for the comparison since it has the 
highest installed capacity and electricity demand in Sweden today. The IRR results from extrapolating 
the three simulated weeks into seasonal and annual cash flow are presented in Figure 40. The results do 
not differ significantly when using only three weeks instead of thirteen, with an average difference of 
three percentage units in IRR.  

 
Figure 40. Internal rate of return used for comparison in the sensitivity analysis of the Svenska kraftnät 2025 scenario. 

The results of the investigated parameters certificate prices, fuel costs, heat capacity, electricity demand 
and hydropower reservoir levels are presented in four different figures, Figure 41 to Figure 44. There 
are two certificates in the system, CO2 emission certificates and electricity certificates. A plant is only 
exposed to one of them depending on the fuel input used. The IRR is extra sensitive to the price level of 
the CO2 emission certificates, but the effect is less than a change of 1.5% in IRR. As expected, the plants 
directly affected by the certificate price show the largest changes. The electricity certificate has next to 
no impact on the overall results of the simulations.  

 
Figure 41. Sensitivity analysis of electricity certificate and CO2 emission certificate price levels in the Svenska kraftnät 2025 
scenario.  
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Looking at the fuel prices, the plants that use natural gas are very sensitive to the price level while the 
cost of wood chips has a quite small impact on the profitability of the other plants. When the natural gas 
cost was increased by 20%, some of the plants have an annual negative cash flow, resulting in internal 
rate of returns down to -182%. Overall, the fuel price sensitivity is greater compared to the previous 
case of certificate price levels.  

 
Figure 42. Sensitivity analysis of fuel price levels in the Svenska kraftnät 2025 scenario. 

The installed heat capacity controls the power-to-heat output available for the CHP plants. Bear in mind 
that the heat load is modeled to be a percentage of the installed capacity, and is thus changed 
automatically here. The results show that the steam turbines plants, which are of backpressure type, are 
the least sensitive. This is due to the already very low power-to-heat ratio. Plants that are the most 
sensitive to a change of heat capacity are the ones that have higher power-to-heat ratios. Increasing the 
heat capacity by 20% results in an increase of IRR for all plants, while the reverse is also true, which 
makes sense given that the heat sales is the main driver of profitability. The extreme changes seen are 
due to the annual cash flow changing from positive to negative, or vice versa.  

 
Figure 43. Sensitivity analysis of installed heat capacity in the Svenska kraftnät 2025 scenario. 
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The results of the electricity-focused configurations are very sensitive to an electricity demand increase, 
but not affected by a decrease. The explanation lies in the electricity price formation, as an increase of 
electricity demand leads to the recruitment of other more expensive technologies, causing higher 
electricity prices. Reversely, the decrease only results in less output from the same technologies. Spark-
ignition - Micro had negative cash flow in the normal case, thus explaining the extreme change of IRR. 
Furthermore, the IRR of the CHPs are not strongly affected by a dry year, in terms of hydropower 
reservoir levels, as the average absolute change of IRR is only +0.13%. 

 
Figure 44. Sensitivity analysis of electricity demand and hydropower reservoir levels in the Svenska kraftnät 2025 scenario. 

7.2 Swedish Energy Agency Vivace 2035 scenario 
Figure 45 shows dispatching results of week 11 in region 3 of the Swedish Energy Agency Vivace 2035 
scenario, with the investigated CHP technologies combined as one aggregated capacity. The phased-out 
nuclear power has been replaced by CHPs, solar power and the activation of CCGT capacities, but the 
imports to the region have increased by 10% compared to the 2025 scenario. The exports from the region 
have decreased by 45% as region 4 has increased its installed capacity. The addition of solar power 
contributes with about 2,000 MW during sunny hours. There is no activation of gas turbine or oil 
condensing power plants in this scenario and week either.  

 
Figure 45. Dispatch results of week 11 in region 3, Swedish Energy Agency Vivace 2035 scenario, with the investigated CHP 
technologies as aggregated capacity. 

-10%

0%

10%

20%

30%

40%

50%

Ab
so

lu
te

 c
ha

ng
e 

of
 IR

R

Sensitivity of hydropower reservoirs and electricity demand
Svenska kraftnät 2025 Scenario

Electricity
demand
+20%
Electricity
demand -
20%
Historical
minimum
weekly levels

184%

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

1 7 13 19 25 31 37 43 49 55 61 67 73 79 85 91 97 10
3

10
9

11
5

12
1

12
7

13
3

13
9

14
5

15
1

15
7

16
3

M
W

Hour

Dispatch results, week 11, region 3
Swedish Energy Agency Vivace 2035 Scenario Import

PV

Wind

Condensing oil

OCGT

CCGT

Hydro

Investigated CHPs

CHP

Nuclear

Demand

Export



80 
 

The individual dispatching results for the CHPs are shown in Figure 46. Looking at the investigated 
CHPs, the average electricity production is higher as the extra capacity is required to replace the lost 
nuclear power, compared to the other scenario, with additional but smaller spikes. 

 
Figure 46. Dispatch results of the investigated CHP technologies in week 11 in region 3, Swedish Energy Agency Vivace 2035 
scenario. 

The average electricity price is higher in this scenario in week 11, due to increased fuel prices for some 
of the technologies in combination with the necessary recruitment of CCGT capacity, see Figure 47. 
The spikes are also greater than in the 2025 scenario. The two CCGTs in Sweden are in practice operated 
as CHPs, with a lower marginal cost of production given the co-generation of heat, which would result 
in a decreased electricity price.  

 
Figure 47. Electricity price of week 11 in the Swedish Energy Agency Vivace 2035 scenario. 
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The comparison between average 2016 Elspot electricity prices and the simulated weeks of the Vivace 
2035 scenario can be found in Figure 48. The extreme price spike in week 3 is even higher in this 
scenario, mostly due to increased fuel prices for the oil condensing power reserve. Furthermore, the 
average price from week 5 to 12 has increased slightly compared with the previous scenario, due to the 
necessary activation of the CCGT capacities in the model. The large increase of solar power does 
however help in keeping the prices low despite an almost complete phase-out of nuclear power. 
Nonetheless, if prices should be kept at today’s level, additional inexpensive capacity that is dispatchable 
would be required in this scenario.  

 
Figure 48. Comparison of the resulting electricity price in the Swedish Energy Agency Vivace 2035 scenario versus average 
historic Elspot prices in Swedish regions during the simulated weeks, in SEK/MWh. Historic prices downloaded from [137]. 

While the average prices are on a similar level of 2016, the standard deviation of most weeks is 
increased, as presented in Table 46. The standard deviation show the impact of adding intermittent 
renewable energy sources while phasing out baseload power as nuclear energy. The fluctuation in 
electricity prices are moderately increased in the Vivace 2035 scenario compared to the Svenska kraftnät 
2025 scenario, but not to any alarming levels (except in week 3).  

Table 46. The standard deviation of the hourly electricity price in the simulated weeks of the Vivace 2035 scenario and of the 
average Swedish Elspot price in 2016, in SEK/MWh. Historic prices downloaded from [137]. 

Week Unit 1 3 5 7 9 11 12 41 43 45 47 49 51 
Vivace 2035 SEK/MWh 145 1,290 31 145 88 61 77 111 105 145 83 88 28 
Average 2016 
Elspot 

SEK/MWh 147 362 24 50 35 28 10 97 86 118 60 96 66 

The total CO2 emissions from each region in the simulations of the Swedish Energy Agency Vivace 
2035 scenario show an increase compared to the other scenario, see Table 47. The required activation 
of additional fossil-fueled capacities in this scenario, as well as the increased recruitment of the CHPs 
during demand weeks, is the culprit. Given that the Vivace scenario is supposed to portray a possible 
pathway to zero emissions in 2050, these results show the effects of phasing out nuclear power without 
replacing it with another renewable baseload technology.  

Table 47. CO2 emissions from each region in the 13 simulated weeks of the Swedish Energy Agency Vivace 2035 scenario, 
compared with which region the CHPs where located. 

CO2 emitted [Tons] CHPs in Region 1 CHPs in Region 2 CHPs in Region 3 CHPs in Region 4 
Region 1 261,793 0 0 0 
Region 2 0 239,084 0 0 
Region 3 240,044 249,278 452,370 257,892 
Region 4 289,572 290,891 247,654 507,938 
Total 791,408 779,253 700,024 765,830 

0
200
400
600
800

1000
1200
1400
1600
1800

SE
K/

M
W

h

Average electricity price

Swedish Energy Agency Vivace 2035 Scenario Average 2016 Elspot price in Swedish regions



82 
 

The dispatch results of week 12 for the Steam Turbine - Small simulated in region 4 in the Swedish 
Energy Agency Vivace 2035 scenario is presented in Figure 49. The backpressure turbine plant is 
modeled with a fixed power-to-heat ratio at all loads. The production is fluctuating during the week in 
order to meet the heat demands. The plant uses its heat storage to shut down once during the week while 
the stored heat can meet demand.  

 
Figure 49. Dispatch results for Steam Turbine - Small simulated in region 4, week 12 of the Swedish Energy Agency Vivace 
2035 scenario. 

The corresponding operating points for week 12 of the small steam turbine are presented in Figure 50. 
All operating points are located on the backpressure line, with a fixed power-to-heat ratio, as modeled. 
The plant uses plenty of different loads during this spring week. 

 
Figure 50. Operating points during week 12 of Steam Turbine - Small, simulated in region 4 in the Swedish Energy Agency 
Vivace 2035 scenario. 
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7.2.1 Profitability analysis 
The CHPs are in general more profitable compared to the other scenario, see Table 48, with a few 
exceptions. The heat income for each plant is the same as in the Svenska kraftnät 2025 scenario since 
the heat load and sales price are equal. The difference in profitability is thus only a result of number of 
recruited hours and the electricity price. The average electricity price is higher while it also is fluctuating 
more due to less baseload power and more intermittent production. The CHPs with higher power-to-
heat ratios have increased their profitability to a higher extent than their counterparts have; compare CC-
M and CC-L in the two scenarios. However, the increased fuel cost for biomass based plants and 
decrease in natural gas prices also have an effect, which coincide with the fact that natural gas is used 
for most of the plants with higher power-to-heat ratios. Similar as to before, the profitability is gradually 
decreased when moving the location of the plants from region 1 towards region 4. In region 4 there are 
4 plants with negative NPV in this scenario.  

Table 48. Financial key performance indicators of the 15 investigated CHP configurations in each of the four regions, in the 
Swedish Energy Agency Vivace 2035 scenario. Payback period is undiscounted and NPV is calculated with 6% discount rate. 

Plant 
Region SE1 Region SE2 Region SE3 Region SE4 
Payback NPV IRR Payback NPV IRR Payback NPV IRR Payback NPV IRR 

Unit Years MSEK % Years MSEK % Years MSEK % Years MSEK % 

SC-MI 4.2 2.7 22 5.0 1.9 18 6.8 0.9 12 7.6 0.6 10 
SC-M 2.8 950 35 3.2 796.4 31 4.1 566.4 24 4.2 550.1 24 
CC-S 6.3 469.5 15 7.5 317.1 13 10.2 114.1 9 10.2 114.2 9 
CC-M 3.3 6,540.2 31 3.8 5,343.5 26 4.7 3,780.3 21 5.0 3,499.9 20 
CC-L 3.8 6,674 26 4.4 5,377 22 5.8 3,438.4 17 5.8 3,481.6 17 
ST-S 8.3 130.7 11 10.4 54.9 8 13.5 -16.7 5 15.0 -40.4 4 
ST-M 7.6 797.2 12 9.1 471.4 10 11.5 117.9 7 12.2 35.5 6 
ST-L 6.0 2,651.2 16 7.0 1,899 14 8.7 1,072.8 10 9.2 903.3 10 
ST-W 6.4 1,684.4 15 6.4 1,688.8 15 6.6 1,600.1 15 6.5 1,623.5 15 
SI-MI 9.9 0.0 6 15.8 -0.6 -1 55.1 -1.2 -13 92.1 -1.3 -17 
SI-S 3.7 15.8 26 4.5 11.6 21 6.2 5.7 14 6.5 4.9 13 
SI-M 3.5 168.9 28 4.3 129.8 23 5.6 83.3 18 5.6 82.1 17 
ORC 5.1 113.6 18 6.1 77.1 14 7.2 44.5 11 7.7 32.9 10 
G-S 14.7 -13.7 0 18.0 -18.4 -2 24.1 -23.9 -5 26.0 -25.1 -6 
G-M 10.9 -20.3 4 13.0 -46.0 2 16.1 -71.2 -1 17.0 -77.0 -2 

 
The visual representation of the internal rate of returns for each plant in the four regions in Figure 51 
shows that the proportional drop of profitability between region 1 and 4 is lower in the 2035 scenario. 
Most of the investigated CHP plants reach above 10% in IRR. 

 
Figure 51. Comparison of internal rate of return in different regions for each plant, in the Swedish Energy Agency Vivace 2035 
scenario. 
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The electricity sales have a higher share of the total income, nearing half of the total income for 
electricity-focused plants, as can be seen in Figure 52. Furthermore, the fuel costs are equally large for 
all (except waste) plants in this scenario while the overall cash flow have increased slightly as all but 
one plant reach above the 60% level. 

 
Figure 52. Overview of the undiscounted income and cost composition during each plants lifetime, average of results from 
being simulated in all four regions in the Swedish Energy Agency Vivace 2035 scenario. 

7.2.2 Sensitivity analysis 
The new IRR for comparison in the sensitivity analysis is presented in Figure 53. This IRR is based on 
the simulation of three weeks, instead of thirteen, in the Vivace 2035 scenario. Note that the plants are 
only simulated in region 3 to save time and resources. 

 
Figure 53. Internal rate of return used for comparison in the sensitivity analysis of the Swedish Energy Agency Vivace 2035 
scenario. 
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The sensitivities concerning assumptions for external parameters are for the most part similar as in the 
previous scenario. Regarding the sensitivity of certificate price levels, the CO2 emission certificate still 
have the highest impact but slightly less in this scenario, due to higher electricity incomes and lower 
fuel costs for natural gas based plants, see Figure 54. 

 
Figure 54. Sensitivity analysis of electricity certificate and CO2 emission certificate price levels in the Swedish Energy Agency 
Vivace 2035 scenario. 

The sensitivity of assumed fuel costs are shown in Figure 55. The reduced cost of natural gas leads to 
less sensitivity (in absolute terms) for these plants compared to the previous scenario. On the contrary, 
the increased cost of wood pellets results in higher sensitivity. The fuel cost of the other plants also 
affects the recruitment of plants not using this type of fuel. For example, the profitability of biomass 
plants is reduced as the price of natural gas decrease, due to a shift of recruitment in the dispatching.  

 
Figure 55. Sensitivity analysis of fuel price levels in the Swedish Energy Agency Vivace 2035 scenario. 
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The sensitivity of installed heat capacity is reduced in comparison with the Svenska kraftnät 2025 
scenario, see Figure 56. The income from electricity sales in this scenario is greater, making plants less 
sensitive to a change of their installed heat capacity. The decrease of 20% capacity leads to a bigger 
absolute change in IRR compared to the increase of 20%. While the capacity of the plant is governed 
by the underlying heat demand in the district heating network, combined heat and power plants are more 
profitable if the heat capacity can be increased.  

 
Figure 56. Sensitivity analysis of installed heat capacity in the Swedish Energy Agency Vivace 2035 scenario. 

Similar as to before, the electricity demand increase leads to extreme changes in profitability because of 
the electricity price peaking more often, especially for the plants with higher power-to-heat ratios. This 
scenario is however more susceptible to a decrease of the electricity demand, with changes of IRR up 
to 10 percentage units. Simulating with minimal historical hydropower reservoir levels also has a greater 
effect on the electricity-focused plants. 

 
Figure 57. Sensitivity analysis of electricity demand and hydropower reservoir levels in the Swedish Energy Agency Vivace 
2035 scenario.  
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8 Discussion 
The overall results show that given a sizeable heat load during winter and half of spring and autumn, 
most combined and heat power plants are profitable in a future scenario where nuclear power is being 
phased out. However, the smaller configurations have trouble to reach the same profitability as their 
larger counterparts. The gains from economy of scale have a significant impact during the entire lifetime 
of the plants. Nonetheless, there are some discrepancies, e.g. comparing the medium and large sized 
plants of combined cycles, where the larger has 40 MW heat capacity less but roughly 130 MW 
additional electricity capacity installed. The extra heat sales are proven more beneficial than the 
additional electricity capacity in both scenarios. In a real life situation, these results might not be entirely 
true, since a CHP operator would try to maximize profits instead of minimizing costs as the used dispatch 
model does. The model only recruits the plants to a degree that is required to satisfy all constraints and 
demands, where in fact the operator of a plant would likely keep a higher load as long as the sales are 
higher than the marginal cost of production. Therefore, all investigated plants configured with steam 
extraction turbines could possibly be more profitable than indicated. These plants are however favored 
in the Vivace scenario given the fluctuating electricity price, as the recruitment is increased when 
demand (and electricity price) is higher.  

The dispatch results in each region shows that combined heat and power plants can contribute as a 
balancing capacity if needed and incentivized. This is especially true in spring and autumn when the 
heat demand has not reached its peak and there is flexibility available for the power plants. Heat storage 
capacity can enable a plant to produce electricity at peak hours while the produced heat is stored for use 
later in the week. During colder weeks the plants have limited options to be flexible in production. 

The profitability results are sensitive to key assumptions, such as fuel costs, heat capacity, electricity 
price and demand. CHP plants running on natural gas are the most sensitive to the assumed fuel cost, 
since the fuel is a large part of their operational cost. In the first scenario, increasing the cost of natural 
gas by 20% was enough to turn all plants unprofitable, while the sensitivity was much less in the second 
scenario. The sensitivity analysis of wood chips showed absolute differences up to 4% of IRR in the 
worst case. Installed heat capacity affected the profitability of electricity-focused plants greater than 
heat-focused plants. The major part of the total income comes from the heat sales, but the results are 
more sensitive to a decrease compared to an increase of installed heat capacity. This is explained by the 
fact that the investment costs are solely based on the installed electricity capacity. CHP plants with high 
power-to-heat ratio are very sensitive to the assumed electricity demand of the regions (which affects 
the recruitment and thus also the electricity price).  

The used electricity price formation is crude but effective in its simplicity. The average prices in the 
simulated weeks are reasonable, given the decommission of several nuclear reactors and replacing the 
capacity with other non-dispatchable technologies. However, in high demand weeks such as week 3, the 
model is forced to recruit reserve capacities, resulting in hours with extreme prices. The overall 
electricity prices are higher in the Vivace 2035 scenario. Additional dispatchable capacity is required to 
keep the prices as low as today, especially during the winter. The large amount of solar and wind power 
does nonetheless substitute the decommissioned reactors efficiently most of the time.  

The dispatch method used in EDGESIM minimizes the costs of the entire system for a simulated week. 
Independent actors in the market do not act this way, as their focus is to maximize profits. It is a 
reasonable simplification of reality, given that the ideal electricity market is resource and cost efficient. 
Nonetheless, especially for power plants with flexible options such as the CHPs modeled with extraction 
turbines, there is an impact on the results. The plant operators can accept much lower electricity prices 
given their co-generation of heat. Additionally, if there are other heat plants connected to the district 
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heating network, heat load could be shifted to these plants, enabling the CHP to ramp up electricity 
production if prices are high enough. This problem of the study design can be derived to the heat load 
profile, which can be more flexible if there are several heating plants connected to the same district 
heating network. Regarding the heat load profiles, it is clear that these have a major impact, which can 
be seen by comparing the results for the different regions, and it is of outmost importance that the heat 
capacity is designed appropriately. The heat load profiles were not included in the sensitivity analysis, 
but likely have the largest impact on the heat-focused combined heat and power plants.  

There are plenty of biomass fuel varieties available in Sweden, where solid types are typically 
incinerated in boilers. The biomass fuels are relatively cheap, but require lots of transports and storage 
space to use effectively. The same goes for different types of waste, which can have negative fuel costs. 
Another advantage is avoidance of CO2 emissions costs, but proper scrubbing of other emissions is 
required, thus increasing the installation cost. Comparing with natural gas that is used for the gas turbines 
and gas engines, the fuel handling is easier as long as the plant is connected to a grid, the price per MWh 
is higher and set by international markets, and there is the matter of CO2 emissions. The possible cost 
of emitting CO2 should not be underestimated with the uncertainty of raised taxation, or other measures 
from environmental policy. Fuel prices and policy measures can play an important role in deciding long-
term profitability regardless which fuel is used.  

Another important uncertainty is how the Swedish electricity system will change in the future. The two 
scenarios used for this study are arguably quite different of nature, as the Svenska kraftnät Ten Year 
Development Plan for 2025 is more of a business report. Svenska kraftnät uses the development plan 
for planning future investments into electricity infrastructure. The Vivace scenario from the Swedish 
Energy Agency is a showcase for how a transition to a renewable energy system 2050 could look like 
(the intermediate year of 2035 was chosen for study). Furthermore, the differences between the scenarios 
are not extreme in terms of electricity capacity installed, besides from a leap to 10,000 MW residential 
solar photovoltaics in the Vivace scenario, while it also continues to phase out nuclear power. The 
continued development of neighboring countries have not been considered and could have considerable 
impact on the results since, for example, Swedish and Norwegian hydropower today is used to balance 
out fluctuations in other parts of the Nord Pool markets as well [114].  

A decision was made not to implement any additional capacity mechanism in EDGESIM, motivated by 
the fact that the winter reserve already is a capacity mechanism. While there are new guidelines from 
the European Commission on how a capacity mechanism is allowed to be designed, the uncertainties 
regarding how it would be designed and how CHP plants would interact with an implemented 
mechanism were considered too great. The findings in the literature review do however suggest that 
there will be cross-border capacity mechanisms implemented in the future.  

Given the size and nature of the study, there are also significant uncertainties regarding the accuracy of 
collected data and its appropriateness for simulating future scenarios. Although most of the technology 
data used is relatively accurate today, the ongoing development of materials and methods could advance 
either much faster or slower than projected. Potential leaps in technologies not commercially available 
today could make a more diverse electricity mix available, for example efficient and cheap storage 
technologies or wave power. The weather data is designed for this type of simulation and should give 
accurate results when longer time periods are analyzed.  

By evaluating the results from the profitability analysis together with found sensitivities and discussed 
uncertainties, a new viability indicator is formed. The viability analysis is only performed on the five4 
                                                      
4 The Steam Turbine – Waste plant is not considered. 
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most profitable CHP plants in region 3 in the Svenska kraftnät 2025 scenario, which considering the 
timeframe has results that are likely more accurate compared to the 2035 scenario. The internal rate of 
return of each plant is used as a positive factor while risks, from uncertainties and other characteristics, 
are negative factors. Both the positive and negative factors are thus weighed into one single indicator 
that measures the viability of the plant, see Table 49. Since four of the plants have 11% IRR in region 
3, this is weighed as 100% while risks are added as negative factors to this starting sum. The reasoning 
behind each factor and associated risks are explained below the table. 

Table 49. Viability analysis of the five most profitable plants in region 3 in the Svenska kraftnät 2025 scenario. 

Factor Single Cycle - 
Medium 

Combined Cycle 
- Medium 

Steam Turbine 
- Large 

Organic 
Rankine Cycle 

Steam Turbine 
- Medium 

Fuel type Natural gas Natural gas Biomass Biomass Biomass 
Profitability 100% 100% 100% 100% 64% 
Fuel related -30% -30% -20% -20% -20% 
Electricity price 
fluctuations 

-12% -12% -10% -5% -7% 

Complexity -5% -15% -15% -20% -10% 
Heat demand 
variation 

-20% -20% -12% -20% -15% 

Total viability 33% 23% 43% 35% 12% 

Fuel related risks associated with natural gas are as previously discussed: availability (need to be 
connected to a grid for large plants), international market sets prices and costs associated with CO2 
emissions. Furthermore, aggressive environmental policy could eventually prohibit large-scale use of 
natural gas in order to meet national emission targets. A shift into biogas would be suitable if stable 
supply can be contracted. The great variety of biomass fuels ensures available supply but it is coupled 
with weekly or daily transports for medium and large sized plants. While the fuel is renewable, operators 
have to keep other emissions to a minimum and handle ashes correctly.  

Fluctuations in the electricity price are associated with the flexibility and power-to-heat ratios of the 
plants. The gas turbine plants both have an alpha-value of 0.9 while the other three have values between 
0.15 – 0.41 at nominal load. A greater power-to-heat ratio means that these plants are sensitive to 
fluctuations in the electricity price, as a decrease will affect the profitability. On the other hand, if heat 
storage, steam extraction turbines or other flexibility features are installed the fluctuations can be used 
to increase profits. The biomass plants are hardly affected by the electricity price volatility as their main 
income comes from heat sales.  

Another risk factor is the complexity in the design of the plant. A complex power plant requires the 
operator to find employees with higher education and additional maintenance hours are necessary 
throughout the year. To improve the efficiency of the plant the complexity usually also increases. 

Variations in the heat demand or heat load profile is a risk factor for all plants. The heat production is 
the main factor driving profitability but the sensitivity analysis showed that plants with a higher power-
to-heat ratio are more susceptible to changes in heat capacity (and thus demand, considering the 
modeling). These plants still need a stable income from heat sales in order to be profitable on a long-
term basis. However, it also depends on how other interconnected heat plants are operated in the district 
heating network in conjunction with the electricity price level.  

Ultimately, the Steam Turbine – Large plant is deemed as the most viable plant, followed by the 
Organic Rankine Cycle and Single Cycle – Medium plant. The results should be used as an indication 
of which plants investors should at least consider in their three respective size categories, depending 
on the specific factors associated to the project.   
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9 Future work 
The modeling of how the investigated combined heat and power plants operate could be improved for 
increased accuracy. The vast amount of different designs was reduced into two major types in this study. 
The modeling could be improved with for example additional operating modes or with piece-wise linear 
efficiency curves. The chosen methods were deemed appropriately detailed considering the aim of this 
thesis and that ultimately the uncertainty of projecting future scenarios would likely overcome improved 
accuracy. However, as suggested future work, different modeling methods could be compared and 
validated versus real data in order to find a method the most suitable for EDGESIM. Moreover, other 
elaborate heat load profiles could be developed for testing. For example, the impact of other connected 
heating plants being recruited at specific outdoor temperatures could be taken into account, hence 
decreasing the individual heat load of the CHP while enabling it to produce more electricity.  

Regarding EDGESIM, further work devoted to enhance the dispatch model by dividing it into several 
market dispatches, much as the Nord Pool markets operate today, would potentially enable additional 
insights. The method suggested in section 4.2 offer an applicable solution to include a separate 
regulating market dispatch. The addition would enable the user to assess the link between the day-ahead, 
intra-day and regulating power markets. However, the electricity price formation used by this study 
would need to be improved significantly and a separate price calculation for regulating power would be 
required. Finally, other regions than Sweden could be modeled in detail to enable the use of scenarios 
with wider scope and to assess the development of the entire Nord Pool market.  
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10 Conclusions 
This report studies the potential market roles and profitability of fifteen different combined heat and 
power plants in a future Swedish electricity market characterized by a gradual phase-out of nuclear 
energy and high penetration of intermittent energy sources. The short-term optimization tool EDGESIM 
developed at the Royal Institute of Technology was used for simulating the power plants in two future 
scenarios: The Ten Year Development Plan 2015-2025 developed by Svenska kraftnät and the scenario 
Vivace in the Four Futures report published by the Swedish Energy Agency. The results from the two 
simulated scenarios can be concluded in the following points: 

 The installment of additional dispatchable capacity should be encouraged to avoid extreme 
fluctuations in electricity prices and dependency on imports.  

 The importance of an appropriately sized heat capacity cannot be stressed enough. The results 
of all investigated CHP plants show that a majority of the income is heat sales.  

 Plants with high power-to-heat ratio can have an advantage in a fluctuating market. Adding 
flexible operating modes including heat storage enable these plants to increase their profitability 
at high-demand periods.  

 Biomass based combined heat and power plants can be profitable in future markets, even with 
increased fuel costs, but need to be further incentivized by policy measures to ensure a continued 
transition towards renewables.  

 Combined heat and power plants could play an important role as a balancing power capacity in 
the future market, especially in lower demand weeks when the flexibility in production is high.  
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