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Abstract 
This paper discusses the development of an energy systems model for Sweden 

considering electricity, heat and direct fossil fuel consumption in the residential, 

industrial and transport sectors as well as the energy interaction with the other Nordic 

countries and its impact on the Swedish energy system. The model is developed in the 

Open source energy modelling system (OSeMOSYS) (Mark Howells 2011) and 

showcases potential energy investment options for Sweden in the next four decades 

(2010-2050). It considers different scenarios and provides a technology neutral 

assessment of how Sweden can invest in energy infrastructure in the most judicious 

way. The paper also describes the new user interface developed called ANSWER-

OSeMOSYS. The paper further discusses the results of the different scenarios. The 

business as usual scenario shows an inclination towards investments in nuclear power. 

Further scenarios consider the gradual phasing out of the use of oil in CHP plants and 

nuclear power as well as new energy policies and tax reforms. The paper discusses these 

results in detail and demonstrates how Sweden could improve its energy infrastructure 

considering different policy implications and constraints put up by the availability and 

feasibility of different resources. Finally, the prospect of wider stakeholder engagement 

based on this model is discussed. Building on the open-source nature of the model, 

inputs and modifications from research institutes, energy modelling experts, 

government bodies, as well as the wider public will be incorporated into the model. The 

source code and modelling data will be made publicly available. 
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Chapter 1 Introduction 
 

This chapter places this work in context reflecting on the importance of the subject, 

acknowledging the research gap and concisely summarising efforts similar to this one. 

1.1 Rational 
The need to maintain atmospheric greenhouse gas (GHG) levels below 2°C levels to 

avoid unacceptable impact on the climate system is reaching growing consensus 

amongst scientist. Anthropogenic emissions of GHG’s are mainly the effect of 

combustion of fossil fuels for energy purpose. Thus, energy plays a key role in shaping 

a sustainable future. Energy is essential to provide basic human needs in the least 

developed world and to ensure economic development in the developed one. The vision 

for the future is that of a sustainable global energy system, one that is essential to 

human well-being, economic and social development, along with global security. This 

vision calls for a systemic approach with a wide spectrum of perspectives and where 

different interests from governmental institutions, industries, NGO’s and the wider 

public are represented in an integrated way. 

 

In order to draw this future, scenarios are being developed worldwide. On the one hand, 

predictive scenarios are developed to answer the question of What will happen? On the 

other hand, explorative and normative scenarios tackle questions such as what could 

happen or how could specific targets be reached? The scientific consensus is that the 

later are better suited for analysis issues connected to long-term developments (GEA, 

2011; Söderholm et al, 2011). 

 

The previous long-term energy planning effort carried out for Europe by the European 

Commission namely  has “raised a host of questions” amongst experts for its “Energy 

Roadmap to 2050” communicated to the council on December 2011  and currently 

driving climate mitigation strategies in Europe. The issue focuses mainly on the long-

term energy model behind it which, being built on closed commercial software, makes 

full scientific criticism and/or replication difficult while attracting questions about result 

reliability. (FT, 2010) 

 

Hence, it is becoming increasingly important to develop models that describe the energy 

system accurately, while being built on data and assumptions that are open and 

transparent. Prof. Mark Howells, KTHdESA, led the development of OSeMOSYS, (the 

Open-Source energy Modelling SYStem) (Howells et al, 2011) to fill this gap in the 

analytical toolbox. 

 

The present effort intends to fill this gap for the case of Sweden building on current 

energy and environmental statistics collection efforts. It does so by adding the 

representation of the energy system in a manner consistent with these accounts. The 

resulting energy-environment-economic (3e) model provides a consistent set of 

environmental, economic and energy balance data. This is achieved by using an open-

source tool, national accounts as well as other publicly available data. 

 

The aim is to investigate the impact of Sweden’s climate mitigation strategies on the 

future Swedish energy system. This is done by applying state-of-the-art energy systems 

modelling with the objective of achieving a comprehensive analysis of the most 

economically sound technological pathways towards achieving Sweden’s environmental 
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targets. Ultimately, this work presents a valuable appraisal of an energy technology 

perspective on different European and national policies currently in place while 

assessing the effect of different energy efficiency/renewable energy penetration/carbon 

mitigation targets policy instruments and market-driven price mechanisms on the 

energy system.  

1.2 Literature review of past studies 
Several quantitative energy scenario studies have been developed for Sweden. 

Motivated either by the need to mitigate rising GHG levels in the atmosphere, tackle 

fossil fuel price increases or secure cheap and fair supply of energy in the future.  

Table 1 summarizes the scope and assumptions of some national and regional studies 

carried out in the recent past. 

 

Study Model 

Approach 

Geographical 

and Timeframe 

Scenario Assumptions and results 

   Carbon Price 

2050 

GHG emissions and 

reduction targets in 

2050 

IEA NETP Bottom-up 

model 

(MARKAL- 

Nordic) 

Nordic 

Countries 

2050 

65(4DS) 

 

160(2DS) 

SE 100% 

NO 100% 

FI 80% 

IS 50-70% 

Nordic 

Council of 

Ministers 

 

Bottom-up 

model 

(MARKAL- 

Nordic, EU 

PRIMES) 

Nordic 

Countries 

2050 

25(Baseline) 

 

 

300(Reduction 

Scenarios) 

GHG emissions 94% of 

the 1990 level in 2050 

 

58% reduction of GHG 

emissions compared to 

1990 

IVA Sector-

specific 

bottom-up 

assessments 

Sweden 

2043 

No 

assumption 

Essentially a back-

casting scenario 

investigating the 

technical possibilities to 

achieve 100% reduction 

in GHG emissions by 

2043 

Åkerman 

et al. 

Sector-

specific 

bottom-up 

assessments 

Sweden 

2050 

No 

assumption 

Essentially a back-

casting scenario 

investigating the 

possibilities to achieve 

85% reduction in GHG 

emissions by 2050. 

IVL Bottom-up 

model 

Sweden 

2050 

No 

assumption 

100% renewables by 

2050. Essentially 

representing phase out 

of all non- renewable 

technologies by 2050. 
Table 1 Summary of recent energy scenarios studies 
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Chapter 2 Sweden’s energy system 
 

This chapter describes the energy system of study, in this case the Swedish energy 

systems, analysing past and current trends and peculiarities of interest. Additionally, it 

serves as a basis for many of the assumptions intrinsic to this work. For most of the 

chapter only few sources are used, these ones being statistical data from corresponding 

governmental agencies. In order to avoid excessive repetition of sources, data from the 

following source are used if different sources are not specified. 

 

Energy in Sweden, 2011-2012. (SEA, 2011-2012) 

2.1 Final Energy Consumption 
In 2010, Sweden’s total final energy consumption amounted to 395 TWh, industry 

accounting for the largest portion (36.7%), followed by transport (25%), household 

(22%) and services (16%). In the past, the energy use increased steadily until it peaked 

in 1990, since then the trend has been stagnating for the past two decades experiencing 

a sharp drop in 2009 as an effect of the financial crisis. 

 

1. Fuel consumption for industry covers only electricity needs excluding process heat. 

Table 2 Energy consumption by source and sector 2010. 

2.2 Total Primary Energy Supply 
With a wealth of natural assets and renewable resources, Sweden is at the forefront in 

the global transition towards a sustainable energy system. However TPES has remained 

relatively constant in the past three decades, with fossil fuels, oil, coal and natural gas 

accounting for 38% of TPES in 2011, followed by renewables (34%) and nuclear power 

(27%). Imports accounted for the remaining 2 TWh. 

Electricity generation 

With its total power production mix in 2010 split among hydropower (46%), nuclear 

(40%), thermal power plant (10%) and wind (4%), Sweden has a secure supply of 

electricity.  

 

The trend in electricity generation mix is that of a system based on hydro and nuclear 

power securing the base load, together with combined heat and power where biomass 

production share has experienced a significant growth over the past decade, notably due 

to the heat credits and carbon taxes in place. Wind on the other hand beneficiate from 

the electricity certificate system in order to reach the target of 25TWh by 2020. These 

late ones account for some heat and power generation; however gas turbines are mainly 

used for reserve margin.  

 

Industry1 TWh Transport TWh Residential and services TWh 

Electricity 53 Electricity 2 Electricity 75 

District heating 5 Oil products  83 District heating 49 

Oil products 15 Natural gas 0.4 Oil 15 

Natural gas, gasworks gas 4 Renewable 4 Natural gas 2 

Coal, coke 16   Biofuels 15 

Biofuels, peat 55    

 

Total Industry 148 

Total 

Transport 55 

Total Residential and services 
156 
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Heat generation 

Sweden counts with an efficient heat supply with a district heating system dominated by 

biomass heat and power plants. The share of fossil fuels in district heating is still 

relevant; however fossil fuel combustion in CHP reduces considerably the effect on the 

environment by achieving fuel efficiencies of 90%. 

 

On the other hand, electrical heating dominates distributed heat generation in detached 

houses, together with fossil fuels boilers followed by a small but increasing share of 

biomass boilers. 

 

 
Figure 1 Final Energy Consumption, 1970-2010 

 

 
Figure 2 Total Primary Energy Supply, 1970-2010 
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Figure 3 Installed Electrical Capacity, 1996-2010 

 

 

2.3 Policies and targets 
According to the Swedish government, the energy policy of the country should be built 

on the same foundations as the wider energy cooperation in the EU, i.e. ecological 

sustainability, competitiveness and security of supply. Energy supply is a key area in 

the work of moving Sweden towards a sustainable society. It involves work on security 

of supply, improving the efficiency of energy use, renewable energy and efficient 

energy technology. 

 

Between 1990 and 2010 Swedish greenhouse gas emissions decreased by 9 per cent 

while GDP increased by 51 per cent. This has been achieved through the use of carbon 

dioxide taxes in combination with other policy measures and ambitious targets for 

energy efficiency and renewable energy. (Regeringskqnsliet, 2013) 

 

The long-term vision is that Sweden in 2050 will have a sustainable and resource 

efficient energy supply with zero net emissions. Focusing on three pillars; ecological 

sustainability, competitiveness and security of supply. For this purpose, Sweden has set 

some short- to medium-term targets along with a set of long-term priorities. 
(Regeringskqnsliet, 2013) 

 

Table 3 Sweden’s long term priorities 

Fossil fuel independent vehicle fleet by 2030 

Phase out of fossil fuels in heating 

Developing a third pillar for electricity production next to hydro and nuclear 

power 
 

Table 4 Short term targets  

50 per cent renwable energy 

30 TWh of wind power in (20 TWh onshore and 10 TWh offshore) 

10 per cent renewable energy in the transport sector 

20 per cent more efficient energy use 

 

This is set in the energy policy laid out by the government in 2009 (NREAP,2009). 

Additionally, the government has defined a set of policies that will shape the desired 

technological pathway. Following is a summary of the policies and instruments 

implemented in the present analysis. 
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 The Nuclear Activity Act limiting the addition of new nuclear power to the 

existing 10 reactors. Only if require, limited and regulated expansion is allowed 

on the existing site or replacement of these ones. 

 Law protecting the large rivers of Sweden and other waterways from 

hydropower development. 

 Natural gas is expected to be the transitional fuel to ensure security of supply, 

until cogeneration, wind and other renewables are fully developed. 

2.4 Policy instruments 

Energy and Carbon tax 

Since 1950, Sweden as part of its climate mitigation strategy implemented a number of 

taxes on energy. Namely, the energy tax, which is levied on electricity generation and 

thermal output of nuclear reactors, and the environmental taxes on carbon, sulphur and 

nitrogen taxes, which are levied on fuel consumption in general. These late taxes are 

aimed at reducing the environmental impact according to the ‘polluter pays principle’, 

while the energy tax is a measure aimed at achieving a more efficient use of energy 

together with an increased share of renewable energy in the energy system. 
(NREAP,2009) 
 

The present CO2 tax equates to USD 0.158 per kg of CO2 and the energy tax USD 

0.0104 per kWh. However the taxation levels vary between sectors. In 2011, the 

Swedish government planned a reform of the tax joint to their national renewable energy 

action plan (NREAP) in order to meet their 2020 goals. 

 

Sector of focus 2010 tax levels 2011 tax reform 

Household and services 100% energy tax – not 

based on energy content 

(USD 0.0013-0.0104 per 

kWh) 

100% CO2 tax 

100% energy tax – based 

on energy content (USD 

0.0104 per kWh) 

100% CO2 tax 

Industry outside EU ETS 

+ agriculture 

0% energy tax 

21% CO2 tax 

0.8% rule – further tax 

reductions 

30% energy tax = USD 

0.024 per kWh  

30% CO2 tax (60% in 

2015) 

0.8% rule more strict 

(abolished in 2015) 

Industry within EU ETS Industry + heat production 

in CHP (combined heat 

and power plants): 

0% energy tax 

15% CO2 tax 

 

Other heat plants: 

100% energy tax; 94% 

CO2 tax 

Industry: 

30% energy tax = USD 

0.024 per kWh 

0% CO2 tax 

 

Heat production in CHP: 

30% energy tax = USD 

0.024 per kWh  

7% CO2 tax. Proposed to 

be 0% in 2013. 

 

Other heat plants: 
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100% energy tax;  

94% CO2 tax 
Table 5 Energy taxation directive levels before and after reform (Source: NREAP, 2009) 

Electricity certificates system 

The electricity certificate system is a support system for renewable electricity 

production, which was introduced in Sweden on May 2003 and gradually replaced other 

renewable investment subsidies. The system is a ‘cap and trade’ system that aims at 

increasing the share of renewable electricity generation by 25 TWh by 2020, mainly 

from wind and biomass sources, even though new small hydropower and large 

hydropower expansion projects may also apply for electricity certificates. 

 

The system works as follows, for each MWh of electricity produced from renewable 

energy sources, the producer receives one certificate unit, which can be sold to subsidise 

the cost of the electricity production. The demand for certificates comes from electricity 

suppliers. These ones are bound to purchase a set quota of their electricity sales, thus 

creating the demand for the certificates. The quotas are decreasing every year until their 

phase out in 2036. 

The price of certificates has varied since the system (see figure 4) was introduced in 

2003: the highest price to date was reached in 2008, when it amounted to somewhat 

over SEK 350 per MWh. At the end of 2011, the price had fallen to about SEK 150 per 

MWh. 

 
Figure 4  Electricity certificate spot market price 2003-2010 (Source: Electricity Year 2011, SCB) 

European Emission Trading Scheme 

As part of Europe’s Climate Mitigation Plan, the European Emission Trading Scheme 

(EU ETS) system was implemented in 2003 by the Directive 2003/87/EC and started in 

2005. The regime is both a policy driven and market based instrument aimed at 

reducing Europe’s greenhouse gases emission below 1990 levels, complying with the 

Kyoto Protocol. 

The Scheme follows a ‘cap and trade’ system where each EU member state set out the 

total quantity of CO2 emissions allowed and the quantity allocated to each installation 

under the scheme in the so called National Allocation Plan (NAP). In the first period of 

the scheme (2005-2007), as indicated in their NAP, Sweden allocated allowances under 

the EU ETS to electricity and heat producers based on their historical production as well 

as energy-intensive industries based on their projected emissions. During the second 
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phase (2008-2012) operators exceeding the allocations have to purchase allowances 

from operators which diminished theirs, reduce their emissions or use credits from 

international carbon offsets. However, the use of flexible mechanisms (CDM, JI) is 

restricted by the European Commission to up to 10% of national allocation. In the third 

phase (2012-2020), aviation has been added to the scheme and the free allocation for 

Sweden was set to 30.2 million EU emission allowances (EUAs) in 2013 and 24 million 

EUAs for 2020. 

Chapter 3 The Swedish Open Source (SOS) Energy Model 

3.1 The Open Source Energy Modelling System (OSeMOSYS) 
 

OSeMOSYS is a systems optimization model for long-term energy planning (Howells 

et al, 2011), the tool has been tested and compared to long established energy systems 

(partial equilibrium) models (Howells et al, 2011), such as MARKAL/TIMES, PRIMES 

or POLES and has been proven to provide results with a margin of a few percent. 

 

On the other hand, due to its block structure (figure 5) and flexibility it enables the 

analyst to increase or decrease the level of detail and include other supply, transmission 

or econometric dynamics, such as short term modelling dynamics, elements of smart 

grids or more elaborated demand modelling (Welsch et al, 2012) allowing a wide range 

of applications and capturing the complexity of these as needed.  

 
Figure 5 OSeMOSYS modular structure (Howells et al, 2010) 

 

In essence, the model calculates the lowest net present cost (NPC) option of an energy 

system to meet these given energy demand(s). The code is written in GNU MathProg 

programming language and uses the GNU Linear Programing Kit (GLPK) solver 

 

Furthermore, unlike other energy systems models, OSeMOSYS potentially requires a 

less significant learning curve and time commitment to build and operate. Also, by not 

using proprietary software or commercial programming languages and solvers, 

OSeMOSYS requires no upfront financial investment (Howells et al, 2011). All the 

aforementioned advantages result in a powerful analytical tool and extend the 

availability of energy modelling to the communities of students, business analysts, 

government specialists, and energy researchers in developing countries. 
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3.2 The energy model 
 

Geographical boundaries Timeframe 

Sweden 

Area: 449,964 km2 

Population: 9,555,893 

Total GDP: $381.719 billion 

GDP per capita: $40,393 

Base year: 2010 

End year: 2050 

(Includes historical data for installed 

capacities) 

Table 6 Spatial and temporal boundaries 

 

In order to build an energy model, it is first important to draw the boundaries of the 

reference energy system. In this case, the energy system modelled includes the 

electricity and heating systems from resource extraction, to transformation, distribution 

and final consumption including imports and exports. Electrical and heating demand for 

all sectors of society including residential, industry, agriculture, commercial services, 

and transport are modelled. Additionally, the approach assesses energy system 

economic and environmental costs on all stages required for meeting the demand(s) in 

the timeframe of 2010-2050. 

 

Below is a representation of the reference energy system  

 

 
Figure 6 SOS reference energy system 

 

Demand side calculations 

The electrical demand is aggregated in four main sectors of society: industry, 

residential, transport and others (including commercial services and agricultural 

electrical demands). Similarly, the heat demand is aggregated in three main sectors: 

industry, residential and others. Another ramification is added to differentiate 

centralized systems from decentralized systems, therefore adding distributed heating 

demands for residential and services sectors. Electrical heating is considered to be a 

heat demand and is represented as a separate branch in order to assess competitively the 

supply of this heat demand in the future. 

 

Although the demand is being defined for the current situation, projections of the 

demand must be assumed in order to optimize future developments of the energy 



 14 

system. For this, different demand projection exercises have been carried out by 

national and international energy organizations, notably the Swedish energy agency and 

the international energy agency (IEA). However, these two sets of results diverge 

notably post 2030. Due to time constraints in developing this modelling effort, no 

model specific projections were prepared and it was assumed that the Swedish energy 

agency demand projection was the most appropriate since it was being referenced by the 

International Energy Agency’s latest published work on the Nordic energy system (IEA, 

2013). Thus, according to the latest long-term projections of the Swedish Energy 

Agency, Sweden’s total final energy consumption is expected to grow until 2020 while 

remaining stable for the following decade. Sectors will be affected differently by this 

growth; for instance, industry, due to its fast economic recovery, is expected to 

experience a growth of 24.2% by 2020, and a further 3.5% by 2030. This growth is 

expected to be offset by a slower growth in the residential and commercial services 

sector, which will experience a lower growth of 9.1% by 2030. Transport is expected to 

experience the lowest growth, 0.5% by 2030. The demand is assumed to remain at the 

growth levels of 2020-2030 for the following two decades. (IEA, 2013) 

 

Finally, load profiles for the electrical and heat demand must be calculated. There are 

multiple options to yearly demand variations during the chosen model period. However, 

detail in temporal definition is the main driver of time and computational requirements 

of this type of modelling effort. Therefore, this involves a compromise between losing 

some of the short-term dynamics of energy systems and being able to provide insights 

about the long-term developments. Furthermore, the selection of time slices is also 

intrinsically linked to the format of the available data.  In this work, each year is divided 

in 24 time slices, corresponding to each month of the year and a differentiating night 

and day in each of these. With this in mind, hourly electrical demand data for 2010 is 

available from Nordpoolspot (NPS, 2013) but hourly heating demand data is hardly 

available from primary sources, instead monthly data from literature is used (Aberg, 

2011). This results in a monthly averaged demand profile calculated for each day type. 

The resulting profiles for electricity and heat are shown in figure 9. 

 

 
Figure 7 Sweden’s hourly electricity demand (right) and Sweden’s monthly heating demand (left) in 2010 

Supply side calculations 

As it can be seen in the RES, a set of technologies is defined to supply the demand in 

each time step. Starting from resources, no extraction technologies are included in this 

modelling effort. This is mainly due to the fact that Sweden imports most of the fuels 

for electricity generation with the exception of biomass. Hence, import technologies are 

defined in the model with an associated cost corresponding to the fuel price. These fuels 

are then either directly fed to electricity and heat generating technologies or refineries in 

the case of crude oil. These power and heat plants are aggregated by technology, fuel 
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type, and in some cases size or capacity factor. (e.g. natural gas combined cycle power 

plant, large hydropower plant or wind power with 25% capacity factor). 

 

Each of these categories of technologies require some techno-economic assumptions 

(Capital costs, Fuel costs, O&M costs, Efficiency, Lifetime, Salvage cost, Residual 

capacities, Capacity factors and Emission factors). Most of these are based on the 

Energy Technology Systems Analysis Program (ETSAP) (IEA-ETSAP, 2013) or the 

OECD Projected Cost of Generating Electricity (OECD/IEA, 2010). Both are sourced at 

the International Energy Agency. Moreover, CO2, nitrogen and sulphur emission 

factors are assigned to fuels and are taken from the national emission reports to the 

European commission under directive 2005/166/EC. 

 

Residual capacities (i.e. existing capacities) are extracted from the World Electrical 

Power Plants Database (Platts 2013) in the case of electrical capacities. Heat capacities 

in cogeneration plants are extrapolated from the corresponding Platts electrical 

capacities assuming power to heat ratios according to the EU Heat and Power directive 

which dictates technology specific standards for statistical agencies. However, no 

capacity data is available for heat-only plants. These were this extrapolated from 

national statistics (SEA, 2011) for heat generation and fuel consumption statistics and 

using corresponding technology efficiencies. 

 

Additionally, international electricity trade is an important component for this type of 

analysis; Sweden in 2010 was a net importer of electricity due mainly to the economic 

recovery which drove the electricity demand higher than usual. However, since the 

energy model is limited to Sweden it is hard to capture the export/import dynamics. 

Nevertheless, trade is modelled as import/export technologies with an import cost and a 

benefit (negative cost) for exports. These prices vary during the year based on averages 

for each time slices extracted from Nordpoolspot system prices for 2010. This captures 

some of the dynamics: for instance imports occur when the system price is higher than 

the import price, and exports occur when the demand is met and the price of generating 

electricity for exports is lower than the export price. Both import and exports are limited 

by the current installed transmission capacities, although the model includes planned 

expansions and losses in transmission and/or distribution systems. The figure below 

describes the development of both the system price and the Swedish electricity price 

during the past decade showing important price fluctuations. However, due to time 

constraints, no future fluctuations are considered in the modelled scenarios 
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Figure 8 Nordpool and Sweden´s system prices 1996-2011 

 

On a parallel note, reserve capacity is also implemented in the model taking into 

account that, in Sweden, only oil and gas condensing turbines contribute to the reserve 

due to their fast response to rapid demand fluctuations. In 2010, the fast acting 

disturbance reserve (‘secondary reserve’) margin for Sweden was 1200MW or 4% of 

the total installed capacity.  

 

Finally, a determining factor in the modelling is the achievable both technical and 

environmentally constrained potentials of different renewable resources. Thus, 

potentials for biomass energy production, waste incineration and wind energy are 

implemented in the model based on data from reliable organizations when available or 

from an up-to-date literature review. 

Chapter 4 Analysis methodology 

4.1 Model validation 
Before going into the scenario results display, it is important to validate the model, 

especially in terms of historical capacities and dispatch. For this, a screening curve 

analysis has been carried out to describe the cost dynamics and dispatch orders together 

with a comparison with national statistical accountings for the base year 2010. 

  

The screening curve represents the levelized cost of generating electricity for different 

generation sources as a function of the load factor at which it is used, for instance, base 

load technologies are the ones which are expensive to install (high investment costs) but 

cheap to operate driving the LCE lower at higher capacity factors. Respectively, peak 

load technologies are the ones with low installation cost but high operating costs, 

driving the LCE lower at low capacity factors (see figure 9). 
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Figure 9 Load duration curve for 2010 with technological assumptions of 2010 in USD/MWh.  

Low capacity factors (left) and high capacity factors (right) 

 

 

As mentioned earlier, it is also important to validate the historical capacities and 

dispatch order. In this case, the base year, no new installations occur and therefore only 

historical capacities and operating costs dictate the dispatch. Figure 10 is a load duration 

curve for 2010, showing on one side the modelling results and on the other 2010 real 

statistics for electricity generation. 

 

 
 
Figure 10 Model dispatch in the base year 2010(left) and real generation data for 2010 from Svenskenergi 

(right) in GW. 

 

On the right, model dispatch and on the left, real electricity generation; it can be seen 

that the dispatch is very close to the reality although much of the dynamics may not be 

captured and the visible demand profiles simplification. However, in the model nuclear 

produces more in average than in reality, this leads to a decrease in biomass generation. 

Note that for this comparison, imports and exports had to be fixed for the base year due 

to the difficulty of capturing the dynamics of spot system prices of Nordpoolspot. The 

heat capacities, namely combined heat and power plants, have been calculated based on 

the electrical capacities and by applying standard power to heat ratios (EU CHP 

directive). Having said that, CHP´s are allowed to produce at lower power to heat ratios 

if found optimal for the energy system. Heat plants on the other hand, are extrapolated 

from fuel consumptions assuming the respective efficiencies and capacity factors. Next 

is a comparison of the base year heat generation with reality in terms of fuel shares in 

the energy system (see figure 11), on the right the fuel share in generation of the model 

and on the left the real one. The fuel share comparison is due to the unavailability of 

monthly heat generation data necessary to compare load duration curves. Nevertheless, 

it can also be seen that the heat supply capacities are close to reality which verifies both 
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the combined heat and power and heat only plants methodologies used to arrive to the 

existing capacities. 

 
 

Figure 11 Model fuel share in heat generation (left) and real data for 2010 from SCB 2012 (right) 

 

Finally, this analysis shows only the dispatch order calculated based only on running 

costs of the technologies since no new capacity investments take place in the base year. 

However, the historic electrical capacities and dispatch are assumed to be calibrated to 

reality. Moreover, the screening curve analyses are carried out on the scenario results to 

confirm that cost-optimal investments are the ones being made. 

 

Figure 12 shows a comparison between the modelling results of the baseline and policy 

scenarios in comparison to the NETP scenario results. This barely compares the energy 

mix trend since the results of the NETP are for the Nordic region while this work 

focuses on Sweden only; however it shows the same trends with an increase in wind 

power and biomass CHP as well as the reinvestments in nuclear and hydropower. 

 

 
Figure 12 Installed capacity SOS model (left) and NETP model (right) 

 

4.2 Approach 
The approach followed for this modelling effort is to assess the sensitivity of the results 

when assessing the effect of different policy instruments on meeting the corresponding 

policy targets. To do so, we analyse the national energy and CO2 taxes, the EU ETS cap 

and price and the electricity certificate price. These parameters are first analysed 

separately to assess their singular effects, but also with a combined implementation of 

these in three main scenarios: 
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Scenarios Baseline New Policies Nuclear Phase out 

Energy and CO2 tax Pre-2009 

reform levels 

Reformed levels Same as New 

Policies  

Electricity certificates Certificate 

price: 187 SEK 

per MWh 

Same as Baseline Same as Baseline 

EU ETS Price - 

2010:USD 30 

per tonne of 

CO2  

2050: USD 30 

per tonne of 

CO2 

 

Cap - 

2010:80%, 

2020:30% 

2030-2050: 0%   

Price - 

2010: USD 30 per 

tonne of CO2 

2050: USD 160 per 

tonne of CO2 

 

Cap - 

2010:80%, 

2020:30% 

2030-2050: 0%   

Same as New 

Policies 

Nuclear Max Annual 

Capacity – 

Current 

Capacity 

Max Annual 

Capacity – Current 

Capacity 

No new capacity 

investments 

Limit on hydropower 

development 

New capacity 

investment 

limited to - 5 

TWh (NETP, 

2013) 

Same as Baseline Same as Baseline 

Wind power 

investments 

Planned 

investments as 

new minimum 

capacity 

investments 

Same as Baseline Same as Baseline 

Table 7 Scenario assumptions 

 

Thus, the expected results should provide an insight to the weight of each instrument in 

terms of increased cost competitiveness of targeted technologies and CO2 mitigation 

achievements. 

4.3 Implementation 
Some of the parameters analysed, notably the EU ETS cap and trade required an 

addition to the code in order for it to be implemented in the model. Although the other 

parameters, energy, CO2 tax and electricity certificate, didn’t require any parameters or 

constraints addition, its implementation must also be described as an important factor in 

the analysis. 

European Emission Trading Scheme 

In order to implement the EU ETS cap and trade system two parameters and one 

constraint were added to the code. 
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The first parameter1 AnnualEmissionPenaltyCap is the set cap in the base year. This one 

corresponds to the initial emission rights allocated (i.e. 62.3 emissions rights per TJ of 

heat supplied to a district heating network) 

 

The second parameter AnnualEmissionPenaltyCapVariation is the annual variation of 

the cap, corresponding to the emission reduction target set by the policy (i.e. linearly 

reduced from 80% in 2013 to 30% in 2020) 

 

Finally the constraint, E3_EmissionsPenaltyETS, states that for every emission that 

exceeds the cap a penalty is charged. This penalty corresponds to the ETS allocation 

market price (i.e. 30 USD/tonne). 

 

Code additions: “ 
param AnnualEmissionPenaltyCap{r in REGION, t in TECHNOLOGY, e in EMISSION, y in 

YEAR}; 

 

param AnnualEmissionPenaltyCapVariation{r in REGION, t in TECHNOLOGY, e in 

EMISSION, y in YEAR}; 

 

s.t. E3_EmissionsPenaltyETS{r in REGION, t in TECHNOLOGY, e in EMISSION, y in YEAR: 

AnnualEmissionPenaltyCap[r,t,e,y] <> 0}: 

(AnnualTechnologyEmission[r,t,e,y]-

(AnnualEmissionPenaltyCap[r,t,e,y]*AnnualEmissionPenaltyCapVariation[r,t,e,y]))*Emissions

Penalty[r,e,y] = AnnualTechnologyEmissionPenaltyByEmission[r,t,e,y];” 

National Energy and CO2 taxes 

Both taxes are implemented as emissions to the respective technologies and fuels (i.e. 

coal heat only plants or heat production in natural gas CHP). These emissions have an 

emission penalty that corresponds to the taxation level, which is fuel and sector 

dependant. 

Electricity certificate system 

Similarly to the energy and CO2 taxes, the electricity certificate system is modelled as 

emissions on the respective technologies and fuels, namely renewables. Though, only 

new plants are subject to the emission according to the Electricity Certificate Act. 

 

However, unlike the energy and CO2 taxes, the emission penalty has a negative value 

(subsidy) and since it is a cap and trade system, there is an annual emission limit 

corresponding to the set cap by the policy. Finally, this cap is reducing yearly until its 

phase out in 2036 where generation costs become non-subsidized. 

                                                 
1 Parameters require user input 
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Chapter 5 Results 
This chapter is structured as following: 

 

 Part 1: Model validation 

 Part 2: Scenario results  

 Part 3: Sensitivity analysis on results of: 

 Energy and CO2 tax 

 Electricity Certificate cap and price 

 EU ETS cap and price 

5.2 Scenario results 

Scenario results: Targets 

In the first scenario, policy constrained scenario targets are constrained by imposing 

generation, capacities and emissions constraints. Note that this scenario serves as a basis 

for comparison and to show the desired technological pathway without an influence of 

policy instruments. This means that the scenario could provide insight on the least-cost 

capacity investments required to meet certain targets without the influence of policy 

instruments. 

 

In this scenario it can be noted that the trend in both electricity and heat generation 

starts to shift towards more renewables (figure 13 and 14) in order to meet the NREAP 

2020 targets, the national long term vision of a fossil fuel free heating system by 2030 

and finally a complete phase out of fossil fuel based power and heat generation by 2050. 

It is important to note, that even though the model is constrained to meet the targets 

there is still competition between the technologies included in the targets. If we look at 

the targets in detail, for instance in 2020 we can see how the technology mix is 

dispatched to meet the demand in comparison with 2010. Although, with the current 

energy mix of Sweden; achieving 60% renewables in the system might not be a massive 

change to the energy system it will increase the diversity in generation.  

 

On the other hand, figure 15 shows the fossil fuel phase out in heating by 2030. 

Biomass is the replacement to fossil fuelled heating in the system even if biomass 

potentials are taken into account. This may be due to the fact that development of 

biomass use for process heat generation in industry is not accounted for, which is a 

major use of biomass, 61 TWh in 2010.  (SEA, 2012) 

 
Figure 13 Electricity load duration curve for 2010 (left) and 2020 (right) in PJ. 
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Figure 14 Heat load duration curve  for 2010 (left) and 2030 (right) in PJ. 

 

 
Figure 15 Electricity generation (left) and Heat generation (right) in PJ. 

 

Figure 16, shows the required investments in order to meet these targets including 

replacement of decommissioned capacities. Although, this includes planned wind 

investments available in the Platts 2013 database which include 2 GW accumulated 

investments until 2015. 
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Figure 16 New capacity investments (top) and annual installed capacity (bottom) in Target Scenario in 

GW. 

Scenario Results: Baseline 

In second place, the baseline scenario with policies pre-2009 and a projected carbon tax 

of 65 USD per t of CO2 results in a similar energy system in 2020 (figure 17) with the 

exception of wind energy which is higher in the Target scenario. This is easier to see in 

the heat generation and is due to the low cost of natural gas CHP to meet peak demand; 

this can be seen in the screening curves (figure 19)  

 

 
 

 
Figure 17 2020 Load duration curve of electricity (top) and heat (bottom) for Baseline scenario (left) and 

Target scenario (Left) in PJ.  

 

However in the long term with the projected demand, we see a decrease in renewables 

in both electricity and heat generation. (figure 18) 
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Figure 18 Electricity (top) and heat (bottom) for Baseline scenario (left) and Target (right) scenario in PJ.  

 

First it is important to note that nuclear power generation is higher in the baseline 

scenario, this one being the cheapest option in terms of LCE for base load. In the target 

scenario renewables are forced to meet a certain share of the total generation thus 

replacing to some extent nuclear power. Furthermore, natural gas combined cycle is 

more competitive to supply the peak electricity demand; as it can be seen in the 

screening curves (figure 19) including the CO2 tax level of 40 USD/tonne in 2020 and 

using a 45 USD per MWh heat credit (OECD, 2010). At very low capacity factors 

(≈13%) nor biomass nor wind can compete even with the set economic instruments. 

This is mainly due to the phase out of the electricity certificate scheme in 2036 which 

directly subsidized wind power and biomass, waste and peat CHP production. On the 

other hand, natural gas CHP production is required to meet the peak heating demand, 

biomass CHP having a lower LCE at lower capacity factors, moreover municipal waste 

is not reinvested mainly due to its very high investments cost. This is mainly due to the 

low EUA penalty price since heat production in CHP has a fairly low national tax 15% 

of the general CO2 tax and no energy tax. All of this is explained in more detail in the 

screening curve analyses (Part 3). 
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Figure 19 Screening curve analysis including the CO2 tax level of 40 USD/tonne in 2020 and using a 45 

USD per MWh heat credit 

 

Finally, we can see the capacity investments differences (figure 20) between the 

scenarios. As explained earlier, wind capacity investments are substituted by natural gas 

in the baseline scenario, however investments occur towards the end period when wind 

power becomes more competitive. Moreover, biomass and waste fuelled CHP 

production is substituted by natural gas fuelled CHP production. Thus, after the phase 

out of the electricity certificates, biomass and waste fuelled CHP costs are no longer 

cost competitive. 

 
Figure 20 Non-cumulative yearly differences in installed capacity (top) and in new capacity investments 

(bottom) between Baseline (positive side) and Targets (negative side) in GW. 
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Scenario Results: Policy 

Lastly, the policy scenario with the implementation of policies post-2009 affecting the 

national taxation on CO2 and energy together with an increase in the emission 

allowance price. As expected the energy mix in 2020 is similar to the previous scenarios 

with a slight increase in wind penetration due to the higher tax.  

 

 
Figure 21 2020 Load duration curve of electricity (top) and heat (bottom) for Policy scenario (left) and 

Target scenario (Left) in PJ. 
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Figure 22 Electricity (top) and heat (bottom) for Policy scenario (left) and Target (right) scenario in PJ 

 

5.3 Sensitivity analysis 
In this part, the effect of each policy instrument on the competitiveness of technologies 

is assessed using screening curve analyses for the years where it has been identified 

from the modelling results that most of the new investments and decommissioning old 

plants occur; 2035 and 2045. 

 

Starting with a baseline scenario where carbon tax is fixed to 30 USD per tonne, 

national CO2 and energy taxes at the levels of the baseline scenario. For CHP 

production a heat credit of 45 USD per MWh is used based on the OECD Projectehd 

Cost of Electricity methodology (IEA, 2010). 

 

Hence, for the baseline assumptions we can already see that wind both onshore and 

offshore at very low capacity factors such as the required to meet the peak demand in 

the model (≈13%) only becomes competitive in the end years of the model. On the other 

hand, biomass at high capacity factor cannot compete with natural gas. 

 

 
Figure 23 Screening curves 2035 (left) and 2050 (right) at low capacity factors (top) and high capacity 

factors (bottom) 

 

However, with the introduction of the electricity certificate scheme assuming a price of 

28 USD per MWh per certificate, the situation changes. Both onshore wind at low 

capacity factors and biomass at high capacity factors become more competitive than 

natural gas. However, the situation goes back to baseline when the scheme is phased out 

in 2036. Thus, this is the reason for the difference in the results between the mid period 

(2020-2035) and end period (2035-2050) in the baseline scenario. 
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Figure 24 Screening curves 2035 including electricity certificates (top) and 2050 with the scheme being 

phased out (bottom), at low capacity factors (left) and high capacity factors (right) 

 

Moreover, the EU ETS cap and prices affect the situation to a great extent. Even though the cap does not 

vary between scenarios, the price does. Being, 40 USD per tonne of CO2 in 2030  and 65 USD per tonne 

of CO2 in 2050 for the baseline scenario, respectively 90 and 160 USD per tonne of CO2 in the Policy 

scenario. Thus, the resulting screening curves describe the increase in wind generation due to its 

increased competitiveness in comparison to gas powered electricity generation.  

 

 

 
Figure 25 Screening curves 2035 for baseline scenario price assumption (left) and policy scenario price 

assumption (right), at low capacity factors (left) and high capacity factors (right) 

 

Finally, in 2050 it can be noted that even with the phase out of the electricity certificate scheme, wind in 

both scenarios is the cheapest option at low capacity factors which is reflected in the model with the end 

model wind investments in both scenarios. Moreover wind LCE at 30% capacity factor is lower than 

nuclear LCE at 90% which suggests that wind power if operating at highest achievable capacity factors is 

more competitive than nuclear. However, wind capacity factors in the model are subject to time and vary 

from during the year capturing some of the intermittence dynamics without adding complexity to the 

model, hence although the average capacity factor might be 30% or higher, these ones may not follow the 

demand load curve and thus nuclear is a more reliant source. Biomass, in the baseline scenario, is less 

competitive in comparison with Natural gas combined cycle especially at the low capacity factor; the 

same can be said for the policy scenario. 
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Figure 26 Screening curves 2050 for baseline scenario price assumption (left) and policy scenario price 

assumption (right), at low capacity factors (left) and high capacity factors (right) 

Chapter 6. Conclusions 
The intermittency issue in wind energy generation can be tackled by the high share of 

hydropower in the system; this last one with its pumped storage capacity could act as a 

primary reserve with its fast reaction to increases in generation. However, the current 

reservoir capacity of Sweden is of 33 TWh with the 2020 wind targets already being 30 

TWh. Thus, the wind penetration levels must be analysed in greater detail including 

storage, and ramping times of technologies to obtain a comprehensive analysis of a high 

wind scenario. 

 

Regarding the screening curve analyses, it is important to point out that heat generation 

is not included in this one but CHP generation following the OECD Projected Cost of 

Generating Electricity methodology. This affects the choice of technology mix to a 

great extent and is done with the optimization in the model. However, the screening 

curves analyses give a better understanding of the cost-competitiveness amongst power 

only generating technologies. In addition, the analyses can also serve as a sensitivity 

analysis of the different cost affecting policies such as taxes or subsidies without 

running the model optimization resulting in time and computational power savings. 

 

Many limitations have been identified through the development of the model and the 

analysis that has been made for the purpose of this work. Of course data availability 

being one of the most important. From demand projections, technological assumptions, 

emission factors to policy formulation and targets specification and disaggregation. 

However, one can tackle the problem by increasing the level of detail of the model 

which comes with trade-offs. Notably, coherence must be kept through the whole 

structure of the model; if more demands are included more technologies and 
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assumptions are to be made. Additionally, computational times will increase and may 

curtail the efficiency of the model to address certain analyses, namely sensitivity ones. 

 

This being said, there are some main issues to address. Starting with renewable energy 

resource potentials, these are an important of the factors which might affect most the 

results. Proper wind and biomass resource assessments can be added to the model with 

ease and improve it considerably. The next issue to address would be the policy 

assumptions such as the EUA cap and prices. Having a single country model makes it 

very hard to predict some reasonable price developments or major policy changes. The 

EU ETS scheme has been criticised to great extent because of deregulations, and such 

developments in the future can be expected and thus further analyses should be made 

including these new developments. 

 

Regarding the methodology, the issues lie in the demand side, technology aggregation, 

transmission and distribution modelling and trade. For the first one, improvements can 

be made to the demand profiles in order to capture peak demands with greater precision 

and this one could affect the results, as shown in the screening curve analysis the 

capacity factor at which each technology is needed affects the costs of these ones and 

thus, a more precise demand profile will lead to more accurate results although this may 

require to increase the number of time slices. In second place, the level of aggregation 

of technologies may give a less comprehensive analysis in term of investments, for 

instance no CCS technologies have been modelled, nor have been modelled some CHP 

technologies such as coal and biomass co-firing. However, in the mark of this study and 

with the time limitations these have not been included. Moreover, transmission and 

distribution are not properly modelled in this model, due to the difficulty of modelling 

these. However, T&D investments are a crucial aspect to energy systems and thus must 

be addressed in further studies in order to have a comprehensive analysis. Finally, trade 

is if not the most, one of the most interesting aspects to study in the Nordic energy 

system. To do so, a Nordic model should be built capturing each independent country 

system price and demands. 

 

In conclusion, the utility of this model is tightly linked to the decision situation. For 

instance, if future national developments are to be studied, this work provides a 

methodology to analyse how different policy instruments affect the future development 

of the energy system studied. Although, the previous described limitations, 

improvements can be made to a great extent and requiring relative effort to adapt the 

model to desired analysis aiming at providing useful insights for policy-making. 
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