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Synopsis: 
Denmark has set an ambitious goal to become 100% 

renewable by 2050, and this study aims to investigate 

further how Denmark could achieve this goal. Specifically 

the study aims to help understand the implications for 

Denmark when it is interconnected in a Scandinavian 

system in a 100% renewable energy system in 2050. This 

study compares three energy system types (supergrid, 

smart grid and smart energy system) for Denmark within in 

a Scandinavian context. In this study two extreme 

situations were developed being a fully interconnected and 

fully Disconnected Scandinavian system, using the energy 

systems of Denmark, Sweden and Norway from 2009. A 

range of technological solutions that represented each 

energy system type (e.g. EVs, biofuels, heat pumps, district 

heating) were modelled in sequential implementation 

steps and were assessed within the context of the two 

extreme Scandinavian systems to determine wind 

integration ability, fossil fuel and biomass demand, socio-

economic costs and CO2 emissions for each step. 

It was found that the fully Connected Scandinavian system 

has lower fuel demand, and improved wind integration 

compared to the Disconnected Scandinavian system in all 

steps. However the ideal level of interconnection was not 

identified in this study. The benefits for Denmark are 

incalculable using the methodology applied in this study 

however it is expected that some of the benefits from 

having a Connected Scandinavian system would likely be 

allocated to Denmark for wind integration and fuel savings. 

This area needs further investigation. 

All energy system types will be able to meet the future 

renewable energy policy targets, but with large differences 

in terms of fuel demand in the form of biomass. A 

combination of the three energy systems is the ideal 

situation, and there are no technological fixes that alone 

would allow a conversion towards a realistic 100% 

renewable society in the future. Measures should relate to 

energy conservation technologies, renewable energy 

sources and improved efficiency of supply systems. Further 

research should be focused on policy development that 

supports a level playing field between the different energy 

system types in the future. 

 
 
 The report's content is freely available, but publication (with source) may be made only with the agreement of the 

author. 
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Abstract 

Denmark has set an ambitious goal to become 100% renewable by 2050, and this study aims to investigate 

further how Denmark could achieve this goal. Specifically the study aims to help understand the implications 

for Denmark when it is interconnected in a Scandinavian system in a 100% renewable energy system in 2050. 

This study compares three energy system types (supergrid, smart grid and smart energy system) for Denmark 

within in a Scandinavian context. In this study two extreme situations were developed being a fully 

interconnected and fully Disconnected Scandinavian system, using the energy systems of Denmark, Sweden 

and Norway from 2009. A range of technological solutions that represented each energy system type (e.g. EVs, 

biofuels, heat pumps, district heating) were modelled in sequential implementation steps and were assessed 

within the context of the two extreme Scandinavian systems to determine wind integration ability, fossil fuel 

and biomass demand, socio-economic costs and CO2 emissions for each step. 

It was found that the fully Connected Scandinavian system has lower fuel demand, and improved wind 

integration compared to the Disconnected Scandinavian system in all steps. However the ideal level of 

interconnection was not identified in this study. The benefits for Denmark are incalculable using the 

methodology applied in this study however it is expected that some of the benefits from having a Connected 

Scandinavian system would likely be allocated to Denmark for wind integration and fuel savings. This area 

needs further investigation. 

All energy system types will be able to meet the future renewable energy policy targets, but with large 

differences in terms of fuel demand in the form of biomass. A combination of the three energy systems is the 

ideal situation, and there are no technological fixes that alone would allow a conversion towards a realistic 

100% renewable society in the future. Measures should relate to energy conservation technologies, renewable 

energy sources and improved efficiency of supply systems. Further research should be focused on policy 

development that supports a level playing field between the different energy system types in the future. 
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Glossary 

CCS - Carbon capture and storage. A technology for collecting and storing carbon so it is not released into the 

atmosphere. 

CHP - Combined Heat and power plant. A technology using cogeneration operation to produce electricity and 

heat at the same time. 

Connected Scandinavia - An interconnected energy system analysed in this report where the Danish, Swedish 

and Norwegian energy systems act as if they were one combined system. 

CO2 - Carbon dioxide. Is a chemical compound contributing to the greenhouse effect and the climate change 

when released in large quantities into the atmosphere. 

Disconnected Scandinavia - A disconnected energy system analysed in this report where the Danish, Swedish 

and Norwegian energy systems do not import or export electricity between each other, but are aggregated in 

a Scandinavian energy system in this study. 

Energy system type - The name for the energy systems that are analysed in the report, i.e. supergrid, smart 

grid and smart energy system 

EVs - electric vehicles. A transport technology for example cars and light vans using electricity as a propellant  

IEA - International Energy Agency. An intergovernmental energy organisation conducting research and 

collecting statistical data for energy sectors worldwide 

Lock-in - A situation where certain technologies, institutions, actors or other aspects due to stabilising 

mechanisms have more or less locked the system 

Path-dependency - Explains why decisions are made based on previous decisions that follow the same path, as 

it seems easier or cheaper 

PP - Power plants. Condensing power plants produce electricity only, but with a higher electricity efficiency 

than for example CHP plants 

Synfuel - Transport fuel produced through chemical synthesis, usually using biomass and hydrogen, that can be 

used as a replacement for fossil fuels in the transport sector  

Technological solution - The term used in this report for technologies that are part of the energy system types  

Unused electricity - Electricity that cannot be used within the country and has to be exported or which forces 

technologies to shut down 
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1 Summary of findings 

This study is carried out to analyse the Danish energy system in the context of the Scandinavian countries 

(Denmark, Sweden and Norway) when different technological solutions and energy systems types are 

modelled for 2050. Hence, the findings for the Scandinavian countries and systems are presented as well as 

the findings for the Danish energy system. 

This section provides a summary of the findings from the five energy systems assessed in the study (Sweden, 

Denmark, Norway, Disconnected Scandinavia and Connected Scandinavia) and how the future energy system 

types and technological solutions impact the integration of wind, fuel demand (biomass), socio-economic costs 

and CO2. The technological solutions are compared with each other by modelling different amounts of wind 

integration from 0-100% of electricity demand. In addition, different future energy system types which include 

A (supergrid), B (smart grid) and C (smart energy system) are analysed for wind integration abilities. The point 

where unused electricity begins to be produced above a 5% curtailment threshold is the point plotted on the 

figures below for each step.  

Note: Electric vehicles (EVs) are included in steps 2b and 5b to finalise energy system type A and Energy system 

type B but since the steps build on top of each other these b steps are removed before the next steps continue 

being step 3 and step 6. Therefore the results for the steps should be read from step 2 to 3 and step 5 to 6.  

The findings are described in more detail in chapter 5 Results and Appendix E ς Supplementary results while 

the methodology is described in chapter 4 Methodology. 

1.1 Scandinavian energy systems 

The main findings for the Scandinavian countries and energy systems are presented below. 

1.1.1 Wind integration potential 

The ability for the different countries and the Scandinavian systems to integrate wind is presented below in 

Figure 1 and Figure 2.  
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Figure 1: Wind integration share of total demand for the Danish, Swedish and Norwegian energy systems 

 
Figure 2: Wind integration share of total demand for the Connected and Disconnected Scandinavian energy systems 

 
¶ Step 1 shows the greatest increase in wind integration, due to the removal of nuclear power in 

Sweden which affects the overall Scandinavian systems. The transition from fossil fuels to biomass in 

industry and the heating and power sector in step 1 has little influence on wind integration.  

 

¶ All the steps where electric vehicles are integrated in the system show improvements for the 

integration of wind, i.e. steps 2b, 5b and 8. The system with the largest improvement is step 8 due to 

a large increase in electricity demand as both electric vehicles and electrolysers for synfuel production 

are introduced to the system. 



100% RENEWABLE ENERGY SYSTEMS IN THE SCANDINAVIAN REGION June 4, 2014 

 

Aalborg University Copenhagen | Summary of findings 3 

 

 

¶ In step 4 where the industry is electrified this improves the wind integration especially for the 

Connected Scandinavia system. For the Danish system step 9 causes the largest improvement due to 

the removal of grid stabilisation regulation on power plants since grid stabilisation is delivered by 

other technologies.  

 

¶ Only a few steps worsen the wind integration and one of these is step 3 where heat pumps replace 

individual boilers and electric heating, thereby reducing the electricity demand for Sweden and 

Norway. This reduction in electricity demand decreases the ability to integrate further wind.   

 

¶ In energy system type A the Swedish system changes from 3% wind integration in the reference 

system to 46% in energy system type A while the Disconnected Scandinavia increases from 5% to 

28%. The Connected Scandinavia system increases from 11% to 34%. Small improvements are also 

gained in Denmark and Norway. 

 

¶ In energy system type B the wind integration is improved by between 4-7% compared with energy 

system type A for all the energy systems in the countries, except for Norway that cannot integrate any 

wind power in energy system type B. This is because some of the steps cause a reduced electricity 

demand that gets lower than the hydropower production. 

 

¶ In energy system type C the wind integration is improved further compared to the other energy 

system types. The Danish energy system increases the amount of wind that can be integrated 

significantly from 36% to 68%, especially when the grid stabilisation regulation for power plants is 

removed in step 9. For Norway the electricity demand increases which allows for wind to be 

integrated again. 

 

¶ The Connected Scandinavia system is able to integrate more wind for all steps and energy system 

types compared to the Disconnected Scandinavia system. The maximum wind that can be integrated 

in all the steps for the countries are: Sweden = 54%, Norway = 12%, Denmark = 68%, Disconnected 

Scandinavia = 42% and the Connected Scandinavia = 50%. 

1.1.2 Fossil fuel and biomass demand 

The fuel demand for the different countries and the Scandinavian systems are presented below in Figure 3 and 

Figure 4. 
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Figure 3: Fossil fuel and biomass demand for the Danish, Swedish and Norwegian energy systems 

 
Figure 4: Fossil fuel and biomass demand for the Connected and Disconnected Scandinavian energy systems 

¶ Step 1 improves the energy efficiency in terms of fuel demand as the nuclear power in Sweden is 

removed and replaced by wind power and power plants, and natural gas flaring is removed in 

Denmark and Norway. The Scandinavian energy systems are also improved significantly due to the 

removal of nuclear power and natural gas flaring.  

 

¶ For all the steps where electric vehicles are implemented large fuel savings occur, which includes 

steps 2b, 5b and 8.  
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¶ Step 2 increases the fuel demand for all countries because of lower efficiency in the system from 

producing biofuels, especially biopetrol and biojetfuel. When liquid fuels are produced from biomass 

a larger fuel demand is needed for the same fuel requirement. 

 

¶ In step 3 replacing electric heating and individual boilers with individual heat pumps improves the fuel 

efficiency. This is because the heat pumps are more efficient than the existing technologies.  

 

¶ Step 6 causes an increased fuel demand for some of the systems as the electricity demand decreases 

when district heating replaces some heat pumps and hence less wind can be integrated.  

 

¶ The largest fuel savings are in energy system type C, which are slightly better savings than in energy 

system type B. The fuel savings in energy system type C for Sweden reach 44% compared to the 

reference fuel demand, for Denmark the savings are 31%, for Norway 55%, for the Disconnected 

Scandinavia system it is 43% while the fuel demand is reduced by 45% for the Connected Scandinavia 

system compared to the reference system. 

 

¶ The biomass demand for all Scandinavian systems and individual countries is higher than the domestic 

biomass potentials in each country.  

1.1.3 Socio-economic costs 

The socio-economic costs for the different countries and the Scandinavian systems are presented below in 

Figure 5 and Figure 6.  

Note: the socio-economic costs can vary in the future leading to uncertainty and therefore these results should 

be investigated further over the next few years. 

 
Figure 5: Socio-economic costs for the Danish, Swedish and Norwegian energy systems 
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Figure 6: Socio-economic costs for the Danish, Swedish and Norwegian energy systems 

¶ In Sweden the costs increase by 4% in energy system type B and 15% in energy system type C while 

the Norwegian costs decrease by 10% in energy system type B and increase by 2% in energy system 

type C compared to the reference system.  

 

¶ When comparing the two Scandinavia systems the costs are highest for the Connected Scandinavia 

system in energy system type A by a very small amount, while the Disconnected Scandinavia system 

has the higher costs in energy system types B and C. This is without including transmission cable costs. 

The Disconnected Scandinavia system has higher costs by around 13% in energy system type C while 

the Connected Scandinavia system increases by 11% in energy system type C.  

1.1.4 Carbon dioxide emissions 

¶ The CO2-emissions only exist in the reference system and step 1 as all the fuels after the 

implementation of step 2 are renewable. Reductions are therefore only carried out in step 1 and 2. 

The reductions between the two steps are rather similar for most of the systems, except for Denmark 

where the reduction is largest in step 1 due to a larger share of CO2 emissions from thermal 

production than in the other systems.  

1.2 Denmark main findings 

This report is conducted with a main focus on the Danish society within the Scandinavian context and hence 

this chapter describes the main findings for the Danish energy system for the different energy system types 

and technological solutions. 

1.2.1 Denmark connected to the Scandinavian system 

No clear conclusions can be drawn about the level of connection the Danish system should have in the 

Scandinavian system. However, it is clear that when the Scandinavian energy system is connected it can 

integrate more wind and has lower fuel demands than when it is not connected. Hence, the difference 

between the Connected and Disconnected systems is where Denmark could experience benefits. Part of the 

improvements and savings of the Connected Scandinavia system might be allocated to Denmark along with 

Sweden and Norway. 
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The results for the Danish energy system are presented below for the different energy system types and 

technological solutions.  

1.2.2 Wind integration potential 

The ability for Denmark to integrate wind is presented below in Figure 7 and Figure 8.  

 
Figure 7: Wind integration share of electricity demand in Denmark for energy system types and steps 

 
Figure 8: Unused electricity curves for Denmark for selected steps with integration of wind from 0-100% of electricity 

demand 

¶ The wind integration for all the energy system types continuously improves, with energy system type 

C being able to integrate the most wind (68%) before unused electricity is produced. 

 

¶ Even though the system can integrate more wind when integrating electric vehicles in step 2b the 

increasing electricity demand means that the percentage share of wind changes very little.  

 

¶ Individual heat pumps and electrification of industry in step 3 and 4 improves the amount of wind 

integration, but as both of them also cause higher electricity demand, the share of wind that can be 

integrated remains almost the same.  
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¶ Electric vehicles in step 5b improve the integration of wind due to a smart charging strategy instead of 

dump charge such as in step 2b.  

 

¶ Electric vehicles and synfuels for heavy transport in step 8 improve the integration of wind electricity 

due to higher electricity demand and electric vehicles using smart charge.  

 

¶ In step 9 the gasification of biomass improved the integration of wind significantly. The difference 

between the reference system and step 9 in terms of wind integration improves from 27% to 68% of 

the electricity demand. Due to removal of grid stabilisation regulation from thermal technologies it is 

possible to integrate further wind. 

1.2.3 Fossil fuel and biomass demand 

The fossil fuel and biomass demand for Denmark is presented below in Figure 9 and Figure 10. 

 

Figure 9: Fossil fuel and biomass demand in Denmark for energy system types and steps 
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Figure 10: Fossil fuel and biomass demand for Denmark for selected steps with integration of wind from 0-100% of 

electricity demand 

¶ The fuel demand reduces for step 1 due to the removal of natural gas flaring while in step 2 the fuel 

demand increases to a level higher than the reference system when implementing biofuels in the 

transport sector. This is because biofuels require a higher energy input per fuel output than fossil 

fuels.  

 

¶ When implementing electric vehicles in steps 2b, 5b and step 8 the fuel demand is improved to a level 

below the reference system. The implementation of electric vehicles for all energy system types 

reduces the fuel demand. 

 

¶ The integration of electric vehicles and synfuels in step 8, and the gasification of biomass in step 9 

reduces the fuel demand significantly to a level of 120 TWh compared to 208 TWh in the reference 

system, which equals a reduction of 42%. 

 

¶ For energy system types A and B fuel reductions only occur compared to the reference system when 

electric vehicles are implemented, otherwise the fuel demand is increasing.  

 

¶ For energy system type C the fuel demand when conducting all the steps in this energy system type is 

lower than in the reference system, and causes a reduction of up to 42% at the point of unused 

electricity, compared to the reference system. 

 

¶ The biomass demand in Denmark is higher than the available domestic potential and more measures 

(e.g. conservation) are required to meet the biomass demand 

1.2.4 Socio-economic costs 

The socio-economic costs for Denmark are presented below in Figure 11 and Figure 12.  

Note: the socio-economic costs can vary in the future, which leads to higher uncertainty, and therefore these 

results should be investigated further over the next few years. 
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Figure 11: Socio-economic costs in Denmark for energy system types and steps 

 
Figure 12: Socio-economic costs for Denmark for selected steps with integration of wind from 0-100% of electricity demand 

¶ Step 2 causes higher costs due to increased investment costs for biofuel plants while the fuel costs 

decrease slightly due to lower prices for biomass compared to fossil fuels. 

 

¶ For technologies in steps 3-5b the costs increase slightly. When implementing district heating and 

large heat pumps in steps 6 and 7 the costs remain almost constant to the previous steps.  

 

¶ The implementation of synfuel technologies in step 8 have around the same costs as for biofuel 

production, but the integration of EVs increases costs to a level higher than step 7. This is due to the 

high operation and maintenance costs for EVs. 

 

¶ All the energy system types range between 18-21 billion euro while the reference costs are 17.6 

billion euro. All the technological solutions result in increased costs compared to the existing energy 

system. One of the reasons for this might be the replacement of coal with biomass that has higher 
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costs and that the replacement of fuels with wind does not outweigh the increased investment costs 

for example for wind or for EVs.  

 

¶ Overall, the costs in energy system types A, B and C increase by 7%, 10% and 21%, respectively for the 

last step of each energy system type compared to the reference system costs.   

1.2.5 CO2 emissions 

¶ The CO2 emissions are reduced to 0 Mt from step 2 and onwards as the systems are supplied solely by 

renewable sources such as biomass and wind.  
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2 Introduction 

It is predicted by the Intergovernmental Panel on Climate Change (IPCC) that global warming by over 2°C over 

preindustrial times is dangerous for humanity (Solomon et al. 2007). In the latest IPCC report the temperature 

increase is 0.85°C in the period 1880-2012 (Stocker et al. 2013). As of 2013 it is 95% certain that human 

induced greenhouse gas emissions are a dominant contribution to this rising temperature (Stocker et al. 2013). 

As shown in climate research as the concentration of CO2 increases in the atmosphere the atmospheric 

temperature also increases due to the greenhouse effect (Stocker et al. 2013). As stated in Hansen et al. 

(2008), pg.1 άIf humanity wishes to preserve a planet similar to that on which civilization developed and to 

which life on Earth is adaptedέ ǘƘŜ ƭƛƳƛǘ ŦƻǊ ŀǘƳƻǎǇƘŜǊƛŎ /h2 emissions is maximum 350 ppm (parts per 

million), which the planet has already passed. As of May 11 2014 the atmospheric concentration of CO2 was 

401.79 ppm and the level is still increasing (NOAA 2014). 

IPCC state that an increase of temperature of 2-3°C would increase the possibility of extreme weather events, 

such as increased intensity of storms, flooding, biodiversity loss, droughts and so on, all affecting human life 

(Field et al. 2014).  

2.1 Renewable energy transition 

Since the majority of energy is sourced from fossil fuels in modern societies today (87% globally in 2011 (IEA 

2013a)), the focus for solving the climate issue is being placed on transitioning away from fossil fuels to energy 

sources that are less carbon intensive and renewable.  

Numerous countries and regions are now trying to shift towards a renewable energy future, such as Denmark, 

and a number of academic studies have been carried out researching ways to achieve this (Renewables 100 

Policy Institute 2014). Research has been carried out looking purely at the country or region becoming 100% 

renewable including countries in Europe, such as in Denmark (Lund and Mathiesen 2009), Ireland (Connolly et 

al. 2011), Macedonia ό0ƻǎƛŏΣ YǊŀƧŀőƛŏΣ ŀƴŘ 5ǳƛŏ нлмнύ, including some Islands in Europe ό5ǳƛŏ ŀƴŘ Řŀ DǊŀœŀ 

Carvalho 2004), but also in New Zealand (Mason, Page, and Williamson 2010) and Australia (Elliston, 

Diesendorf, and MacGill 2012).  

Some studies focus on elements of the energy system that would contribute to a 100% renewable energy 

system, such as the transmission and distribution grid, for example the supergrid (Macilwain 2010; Xydis 2013; 

Purvins et al. 2011; Torriti 2012; Rodríguez et al. 2014), smart grids (YŜƳǇǘƻƴ ŀƴŘ ¢ƻƳƛŏ нллр; Moslehi, 

Kumar, and Member 2010; Crossley and Beviz 2009; Orecchini and Santiangeli 2011; H. Lund et al. 2012), and 

smart energy systems (Lund et al. 2012; Lund et al. 2010; Lund and Mathiesen 2009). Research has begun to 

compare these different energy system types (Blarke and Jenkins 2013; Steinke, Wolfrum, and Hoffmann 

2013) and to investigate the combination of these energy system types creating supersmart grids for example 

(Battaglini et al. 2009).  

Some studies investigate the technologies that should be integrated in order to integrate more renewable 

energy (Lund and Mathiesen 2008; Kiviluoma and Meibom 2010; YŜƳǇǘƻƴ ŀƴŘ ¢ƻƳƛŏ нллрύ.  

Other studies have focused on other aspects of 100% renewable energy systems such as economic outcomes 

(Karlsson and Meibom 2008), and biomass potentials for creating 100% renewable systems for specific 

countries (Scarlat et al. 2011).  

As evidenced in the diversity of research covering the topic, the transition to a renewable energy system is a 

complex and drawn out process extending over numerous decades, and the pathway to a renewable energy 

system is not fully understood. The pathway is continuously evolving through continuous research and 

analysis. 
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However in saying this, it has become evident that three main energy system types have been identified for 

integrating large-scale renewable energy, namely supergrid, smart grid, and smart energy systems, or a 

combination of these.   

2.2 Future energy system types 

The energy system types that have been identified in the literature review and that will be analysed in this 

report are described below. The descriptions of these types of energy systems described derives from the 

literature review conducted in this report ŀƴŘ ŘƻŜǎ ƴƻǘ ǊŜŦƭŜŎǘ ŀƴȅ ŜȄǘŜǊƴŀƭ ǇŀǊǘƴŜǊǎΩ ǇŜǊǎǇŜŎǘƛǾŜǎΦ 

2.2.1 Supergrid energy system 

Supergrid is defined in broad terms as a way of connecting production zones of high renewable energy 

potential with high demand zones. The North Sea region is an example of exporting wind electricity to the high 

electricity demanding central European countries. A key difference from a traditional grid is the reliance on 

direct current (DC) cables (Macilwain 2010b). 

A definition for a supergrid provided by (Blarke and Jenkins 2013) is: 

άThe SuperGrid relies on the mechanism of cross-system electricity exchange (export and import) across 

systems with different intermittency sources, balancing technologies, and demand patterns. This mechanism 

makes it theoretically possible to handle large-scale penetration of intermittent resources without any short to 

medium-term need for storage or demand flexibilityέ (Blarke and Jenkins 2013, P. 382). 

hǊ ŀƭǘŜǊƴŀǘƛǾŜƭȅ ƛƴ 9ǳǊƻǇŜΩǎ ŎŀǎŜΥ 

άA pan-European transmission network facilitating the integration of large-scale renewable energy and the 

balancing and transportation of electricity, with the aim of improving the European marketέ (Friends of the 

supergrid 2014).  

Some of the characteristics for a supergrid system are (European Commission 2011a; Battaglini et al. 2009; 

Blarke and Jenkins 2013): 

¶ The construction of electricity corridors or electricity highways for prioritised corridors. 

¶ Connection of different production and consumption centres to integrate more renewable energy, for 

example across Europe and Northern Africa. 

¶ The supergrid might allow a country to produce more electricity than it needs since it can sell this 

elsewhere. 

¶ Individual countries can be influenced by the supergrid since it allows more electricity to be imported 

and exported over great distances and thus replace the need for local production. 

The key characteristic of the supergrid is the greater interconnections between the countries in order to 

optimise the balancing power and integration of renewable sources. Hence, the key principle is to use the 

benefits of the energy systems between different countries. Therefore no new technologies are required as 

such, as in theory it could continue from the existing system, using 100% renewable sources.  

This also applies for Denmark that is already connected to the neighbouring countries, but with a supergrid 

system the potential benefits could be increased even more. 

The development of interconnections that are required in a supergrid includes high investment costs and 

hence the cables must be used in order to pay back the initial costs.  

2.2.2 Smart grid energy system 

The smart grid is defined as (European Commission 2011a): 

άElectricity networks that can cost efficiently integrate the behaviour and actions of all users connected to it ς 

generators, consumers and those that are both ς in order to ensure economically efficient, sustainable power 
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systems with low losses and high levels of quality and security of supply and safetyέ (European Commission 

2011, P. 36). 

Or alternatively defined as (Danish Ministry of Climate, Energy and Buildings 2013): 

άAn energy system with a smart grid design requires greater exploitation of the energy from wind as soon as it 

is produced, for example by heats pump and electric cars. This will allow for greater exploitation of cheap wind 

turbine electricity, and it will mean less need to expand the electricity infrastructure to meet new electricity 

consumption.έ (Danish Ministry of Climate, Energy and Buildings 2013, P. 7). 

Some of the characteristics for a smart grid system are (Lund et al. 2012; Giordano et al. 2011; Danish Ministry 

of Climate 2013): 

¶ The smart grid consists of a bi-directional power-flow meaning that the consumers could potentially 

produce electricity for the grid;  

¶ ά!ǇǇǊƻŀŎƘŜǎ ǊŜƎŀǊŘƛƴƎ ǎƳŀǊǘ ƎǊƛŘǎ ŀƭƭ ǎŜŜƳ ǘƻ ƘŀǾŜ ŀ ǎƻƭŜ ƻǊ ǇǊŜŘƻƳƛƴŀƴǘ ŦƻŎǳǎ ƻƴ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ 

ǎŜŎǘƻǊΦέ (Henrik Lund et al. 2012, P. 97);  

¶ It is expected that all consumers by 2020 will have remotely-read hourly meters in order to enhance 

the flexibility of the energy system, for example through flexible demand; and  

¶ Key capabilities include the integration of: 

o Distributed energy resources 

o Demand-response 

o Large-scale renewable energy sources  

As opposed to the supergrid, the smart grid operates within country rather than between countries. It focuses 

on managing electricity in the country with end-users and with producers. In saying this, a smart grid and 

supergrid can operate in conjunction with each other to some extent, but not always in the most optimum 

level (Blarke and Jenkins 2013). 

The key principle about smart grids is that it can align the demand and production of electricity by improving 

the flexibility of the system by for example integrating improved communication facilities and technologies.  

2.2.3 Smart energy system 

A definition of a smart energy system is (Blarke and Jenkins 2013): 

άRelies on the mechanism of storage and relocation (coupling of energy carriers, e.g. integrating heat and 

transport and cooling) under constraint of strict system boundaries. Storage and relocation makes it 

theoretically possible to handle large-scale penetration of intermittent resources without any excess electricity 

transmission and distribution capacityέ (Blarke and Jenkins 2013, P. 383). 

Some of the characteristics for a smart energy system are (Lund et al. 2012): 

¶ It can be an option to help electricity balancing by converting electricity into various energy carrying 

gases and liquids; 

¶ The integration of renewable energy into the electricity sector must be coordinated with other 

sectors; and 

¶ Seeing the electricity sector as part of a complete sustainable energy system paves the way for better 

and more cost-effective solutions to smart grid applications compared to looking at the electricity 

sector as a separate part of the energy system 

Unlike the supergrid and smart grid, the smart energy system incorporates all components of the energy 

sector, including transport and the heating sector, so that they function in conjunction with each other. In 

general the smart energy system might include a smart grid, but not a supergrid since the smart energy system 
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relies on decentralised distributed solutions rather than inter-country exchange of electricity for balancing and 

optimisations of the energy system. 

The Danish national smart grid strategy describes the integration of a smart electricity grid with other sectors 

(Danish Ministry of Climate, Energy and Buildings 2013):  

άHowever, development of the energy system will not stop with the electricity grid. The next step is to utilise 

and store wind energy in other energy sectors and thus render the entire energy system smart. Primarily with 

regard to wind energy and, in future, solar energy, fluctuating electricity production in the district heating 

system may be exploited via heat pumps and electric cartridges (electricity cartridges). In the gas system, wind 

energy can be stored seasonally in connection with production of hydrogen, which can be used either directly in 

the gas grid or to upgrade biogas to natural gas qualityΦέ (Danish Ministry of Climate, Energy and Buildings 

2013, P. 7). 

The core of a smart energy system is the integration of energy sectors in order to utilise the benefits and 

dynamics that these sectors offer in combination. The system relies more on distributed systems than on 

exchange of energy between countries.   

2.3 Purpose of this report - The Danish case 

Denmark has set an ambitious goal to become 100% renewable by 2050, and this study aims to investigate 

alternatives for how Denmark could achieve this goal (Danish Government 2011). This study aims to progress 

the research field further by investigating an area that has not been focused on before.  

This study aims to compare the three energy system types in the context of Denmark and Scandinavia, in order 

to understand the implications of each system being implemented.  

In order to carry out the study, it is recognised that the development and success of these energy system types 

is largely dependent on the local context in which they occur, for example based on the energy systems that 

are currently in place, and the local economy, institutions and society (Purvins et al. 2011). 

In order to narrow down the research question for this study, the Danish context is investigated further.  

2.4 Diamond-E analysis  

In order to narrow down the research question a tool called diamond-E analysis was applied. The diamond-E 

analysis was developed to help define feasibility studies for the energy sector (Hvelplund and Lund 1998). The 

diamond-e analysis allows the user to determine important priorities to focus on for long-term scenarios in the 

feasibility studies. Although the diamond-e analysis tool is ultimately used for designing a strategy, this study 

does not design a strategy, but rather makes recommendations that could be used for a strategy.  

The areas investigated in the analysis include the organisational goals, organisational resources, and financial 

resources of the organisation. Figure 13 shows the different areas investigated in a diamond-e analysis. 

Diamond-E analysis is carried out in the context of the natural and socioeconomic environment in which the 

organisation is placed which allows the appropriate priorities to be determined.  
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Figure 13: The content of a diamond-E analysis 

This study focuses on the Danish society as the organisation and the feasibility studies for the energy system 

are carried out in this context.  

The key factors that are found to be most critical using the diamond-E analysis in this study are presented 

below including the reasons for why they are included. The full diamond-e analysis is presented in Appendix A 

ς Diamond-E. 

2.4.1 Denmark in the Scandinavian region 

Denmark lies next to other countries such as Norway, Sweden and Germany and therefore it has been possible 

to install electricity interconnectors in order to trade electricity between the countries. The existing network of 

transmission connections in the Northern European area can be seen in Figure 14. 

 

 
Figure 14: Transmission capacity between Denmark, Sweden and Norway (Nord Pool 2014) 

The transmission lines and capacities that exist today between Denmark and the surrounding countries are 

presented in Table 1 below.   
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Table 1: Transmission capacity between Denmark, Sweden and Norway (Energinet.dk 2014) 

Transmission 
capacities (MW) 

5YҦ 
SE 

5YҦ 
NO 

DK 
total 

{9Ҧ 
DK 

{9Ҧ 
NO 

SE 
total 

bhҦ 
DK 

bhҦ 
SE 

NO 
total 

 2440 1000 3440 1980 3995 5975 950 3695 4645 

 
The existence of these interconnectors between the countries allows more electricity to be traded and 

increases the possibility to exchange electricity that cannot be used in Denmark.  

The amount of electricity traded between Denmark, Sweden, and Norway is shown in Table 2, which shows 

the net exchanged electricity between the countries per year. The data is only for the countries Denmark is 

connected to, while Sweden for example is connected to Finland this is not included. 

Table 2: The amount of electricity traded between Denmark, Sweden, and Norway 

Import/export (TWh) Denmark Sweden Norway 

Denmark from N/A 5 (2011) 3.9 (2009) 
Sweden from 2.5 (2011) N/A 6 (2011) 
Norway from 1.4 (2009) 6 (2011) N/A 

 
These interconnectors are part of the Scandinavia electricity market that allows for electricity exchange and is 

carried out via the Nord Pool spot market, which is the largest market for electrical energy worldwide. 

¢ƘŜ L9! ŜȄǇƭŀƛƴǎ ǘƘŀǘ άin reality, Denmark is neither an importing nor an exporting country, but functions as a 

transit country between the Scandinavia and central western European systems.έ (IEA 2011, P. 94).  

Due to these interconnectors with other countries, it can be argued that the Danish electricity sector is now 

part of a larger international electricity grid. Since this is the case, any future predictions of having a 100% 

renewable energy society in Denmark also depends on what happens with the electricity sector in the other 

countries and the interconnectors that are built in the future.  

This is a key factor when designing the methodology for this study. In this study only Norway and Sweden are 

investigated in connection with Denmark. These countries also form the Scandinavian region which to some 

degree operates in an independent block fashion, for example through the Nord Pool electricity market, 

whereas Germany is part of continental Europe which is largely separate from the Scandinavia energy system. 

2.4.2 Political CO2 and renewable energy targets  

The overarching policy targets in Denmark, Norway and Sweden stems from the European Commission who 

has set a policy that by 2020, the EU members should achieve a 20% greenhouse gas reduction, 20% greater 

energy efficiency, and have a total of 20% renewable energy. The overall goal for the EU is to reduce total CO2 

emissions by 80-95% in 2050 (European Commission 2011a). 

The response by the individual countries has been to develop their own policies for the energy systems in the 

future. As explained above, Denmark has set a target to be 100% renewable by 2050. In the shorter term 

Denmark aims to have its electricity and heat covered by renewable energy in 2035 and by 2020 wind should 

cover 50% of the electricity demand. Furthermore, the target is to phase out all coal consumption in the 

energy system by 2030 (Danish Government 2011). 

Much like Denmark, Norway and Sweden have also set ambitious targets for 2050. Both Norway and Sweden 

have set targets to have zero net greenhouse gas emissions by 2050. Sweden also has an ambitious target of 

having a fossil fuel independent vehicle fleet by 2030 (IEA 2011b; IEA 2013b).  
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The targets will obviously require changes in the energy system in each of these countries which would likely 

impact on Denmark due to the interconnections. 

This is a key factor when designing the methodology. 

2.4.3 Flexibility and integration of more renewable energy 

As explained above, by 2020 in Denmark 50% of the electricity demand should be delivered by wind power. As 

of 2010 Denmark relied on around 24% of electricity demand from wind (Danish Energy Agency 2010). In order 

to increase wind further and to avoid production of unused electricity the energy system should be able to 

integrate fluctuating electricity further, or the unused electricity should be able to be exported. 

As explained above, in the shorter term Denmark aims to have its electricity and heat covered by renewable 

energy in 2035 which would likely lead to more renewable electricity integration into this sector (Danish 

Government 2011). 

The flexibility of the system to integrate more renewable energy is therefore a key factor for the methodology. 

2.4.4 Energy efficiency - fuel and energy consumption  

hǾŜǊ ǘƘŜ ƭŀǎǘ ŦŜǿ ŘŜŎŀŘŜǎ ŀǎ 5ŜƴƳŀǊƪΩǎ economy has grown, the energy demand of the country has remained 

largely the same. However energy efficiency is still an area that is being focused on in the country. 

Since it is expected that biomass will replace some of the fossil fuels in the energy system, the focus on energy 

efficiency is important since Denmark has limited biomass potentials of around 40-67 TWh (Danish Energy 

Agency 2014a; Danish Commission on climate change policy 2010; Scarlat et al. 2011; Lund et al. 2011).  

The total energy demand from fossil fuels in Denmark in 2013 was around 672 TWh (Danish Energy Agency 

2010). Therefore energy efficiency is a key factor for the methodology of this feasibility study. 

2.4.5 Socio-economic costs 

In recent years Denmark has had a positive balance of payment and one of the reasons for this was the 

production of oil and gas (Ministry for Economic Affairs and the Interior 2013). However in recent years the 

supply of oil and gas has grown smaller and for the first time since 1996 Denmark is now importing more 

energy than it is exporting (Danish Energy Agency 2014b).  

With oil and gas resources depleting in Denmark the socio-economic costs may rise in the future due to net 

import of oil products with higher prices. Therefore the socio-economic costs are considered a key factor for 

the feasibility study. 

2.4.6 Climate change impacts - CO2 emissions  

The Danish energy system has high greenhouse gas emissions that arise from burning fossil fuels in the energy 

system, which contributes to climate change. This has led to Denmark having one of the highest carbon 

footprints per capita in the world (no. 35) with a CO2 emission of 8.27 tons/capita in 2009 (Indexmundi 2014). 

According to national policies the Danish CO2 emissions should be reduced by 40% in 2020 compared with 

1990 (Danish Government 2011). 

Therefore CO2 emissions are a key factor for the feasibility study. 

2.4.7 Other priorities 

Other priorities that could have been selected and which are included in the table in Appendix A ς Diamond-E 

were for example, job creation, investment opportunities, national energy security, government support and 

so on. These other aspects are also important and should be investigated in further studies. 
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2.5 Specific research question 

Based on the literature review, identification of energy system types, and the diamond-e analysis, a specific 

research aim was identified for the study. 

As explained above, the actual design of a 100% renewable energy system is uncertain at present and will 

probably be uncertain for the next few years. But three main energy system types are apparent; being super 

grid, smart grid and smart energy system. Each of the these energy system types try to enable more renewable 

energy into the energy system, but using different technological solutions, involving different development 

pathways. The answer to the question about which is better - a Disconnected or Connected Scandinavian 

energy system, is most likely different for each of these energy system types and technological solutions. For 

instance one technological solution may be better when in a connected system and one may be better in a 

disconnected system. Therefore, in this study the comparison between these two extremes will be made by 

analysing a range of technological solutions that have been chosen to represent each energy system type, 

within the context of a Connected and Disconnected Scandinavia. The specific technologies under each energy 

system type are described in more detail in chapter 4 Methodology along with further description of the 

methodology. 

The research question investigated in this feasibility study is: 

¶ How is a 2050 100% renewable Danish energy system in the context of an interconnected and 

disconnected Scandinavian energy system affected when applying super grid, smart grid and smart 

energy system technologies, in terms of energy system flexibility, energy efficiency, socio-economic 

costs and CO2 emissions? 

To provide clarity around some of the key terms used in the research question and the study, each of the key 

terms are described below. 

2.5.1 Disconnected Scandinavia 

At present the Scandinavian countries are connected for electricity exchange as described in the introduction 

above. However in this study the Disconnected Scandinavia means that the three countries operate 

individually and have no exchange of electricity between them. This situation is hypothetical but is necessary 

for the analysis. 

2.5.2 Connected Scandinavia 

The Connected Scandinavia energy system is not simply about installing more cables to provide greater 

electricity exchange between the countries. It is about having one energy system for the three countries 

meaning that the demand profile for electricity for example for the three countries is combined into one 

profile and the electricity produced to meet this demand can draw from all the available power production 

options in any of the countries at any time. This is an extreme interconnected situation and is also hypothetical 

and necessary for the analysis. 

2.5.3 Future energy system type 

Future energy system types refer to an energy system either based on super grid, smart grid or smart energy 

system.  

2.5.4 Technological solution 

Technological solutions refer to the technologies that are part of each energy system type. Some technologies 

may belong under more than one energy system type, for example wind power could belong under all three. 

However for this study the energy system types are defined in a way that limits them to particular 

technological solutions.  
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2.5.5 Key factor 

The key factors that are referred to in this study include carbon dioxide emissions, fossil fuel and biomass 

demand, energy system flexibility, and socio-economic costs.  

2.6 Report outline 

The report is structured into five main sections.  

The first section in chapter 3 Theoretical framework describes the theoretical approach that underpins this 

study, in which the main theory is Choice Awareness Theory which theorises that not all choices are made 

apparent and greater awareness of all the choices should be made. The theory provides the basis for the 

methodology.  

The second part of the report is the methodology section in chapter 4 Methodology that provides insight into 

how the results were developed. 

The third part of the report is results in chapter 5 Results  where the results are split into three main parts, the 

first part describes the main results for the reference energy systems for Denmark, Sweden, Norway and the 

two Scandinavian energy systems analysing how much renewable electricity could be integrated today. The 

second part describes the findings for the steps analysed in the study for the year 2050, while the third section 

describes the sensitivity analysis carried out to test the sensitivity of the results.  

In the fourth part in chapter 6 Discussion the main findings and methodological approach are discussed in 

terms of the main outcomes and learnings from the study. 

In the fifth part in chapter 7 Conclusion the main conclusions from the study are presented along with key 

recommendations in chapter 8 Recommendations and short-term outlook for Denmark for developing the 

future energy system.  

Supplementary methodology and results are provided in the appendix that could not be included in the main 

part of the report. The result figures in the appendix may be useful for carrying out further analysis. 
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3 Theoretical framework 

This study aims to analyse the Danish energy system in the context of the Scandinavian energy systems 

(including Denmark, Norway, Sweden) to understand the implications for Denmark when transitioning to a 

renewable energy society in this context. 

This form of sustainable development, involves a shift away from technologies relying on fossil fuels and 

towards a more environmentally friendly and sustainable alternative; whilst not diminishing the prosperity of 

ǘƘŜ ŎǳǊǊŜƴǘ ǎƻŎƛŜǘȅΦ !ǎ ŘŜŦƛƴŜŘ ƛƴ ǘƘŜ ¦bΩǎ !ƎŜƴŘŀ нм (UN Sustainable Development 1992) there are three 

main actor groups in sustainable development, being government, civil society, and business, as shown in 

Figure 15. All three actor groups interplay to some degree to create sustainable development. 

 

 
Figure 15: Three main actor groups in sustainable development (UN Sustainable Development 1992) 

This study takes point of departure from a policy development perspective. This is assumed to take place at 

the Government level. Additional studies should take point of departure with the focus on civil society and 

business. 

3.1 Choice Awareness Theory 

The methodology of this study is underpinned by Choice Awareness Theory which has the theses that the 

organisations and institutional framework surrounding the current regime will influence the awareness of 

choice, and thus awareness of choice needs to be made apparent. Choice Awareness Theory evolved by 

analysing different energy systems, mainly in Denmark, over the past 25 years, and through this research the 

theory became more validated (Lund 2010). 

The current energy system in Denmark is based on a number of characteristics that define the system. Some of 

the characteristics include (Hvelplund and Lund 1998): 

¶ Single purpose companies in the form that companies have one purpose in the energy system such as 

electricity production, etc. 

¶ Sectorized in energy systems, e.g. heating system, electricity system, etc.   

¶ The investments and technologies often have long lifetimes, e.g. up to 40 years.  

¶ The investments are capital intensive and asset specific, i.e. the technologies can only be used for 

their present purpose 

In summary the system of today is dominated by a few large single-purpose companies that supply the goods 

and services demanded. This type of energy system arrangement is common among most modern societies.  
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Due to the nature of energy systems of today, transitions towards renewable energy systems are different and 

relatively more difficult compared with other technology transitions (Verbong and Geels 2010). This is due to 

the stability and lock-in of current regimes. The existing socio-technical regimes within the energy system are 

often characterised by path dependence and lock-in, and this results from particular stabilising mechanisms, 

ŦƻǊ ŜȄŀƳǇƭŜΣ ƘƛŘŘŜƴ ƛƴǘŜǊŜǎǘǎΣ ΨƻǊƎŀƴƛȊŀǘƛƻƴŀƭ ŎŀǇƛǘŀƭΩΣ ǎǳƴƪ ƛƴǾŜǎǘƳŜƴǘǎ ŀƴŘ ƛƴǎǘƛǘǳǘƛƻƴŀƭƛǎŜŘ ōŜƭƛŜŦǎ (Verbong 

and Geels 2010). 

The dynamics of technological change require the awareness of choice in energy system transitions, especially 

at the option selection, scenario analysis and recommendation stages of strategy development (Verbong and 

Geels 2010). Therefore the choice awareness theory is used in this study to open up new choices that can be 

investigated further.  

A central component of the Choice Awareness Theory concerns the definition of technology and its role in this 

change, since technology is what is actually being changed in the system. It is not only the physical part of 

technology that is changed however. Technology actually consists of four elements; product, knowledge, 

technique and organisation (Muller, Remmen, and Christensen 1985). 

Usually when one element changes then the others adapt to this change. This happens often in modern 

societies, for example, when incandescent light bulbs transitioned to compact fluorescent lightbulbs (CFL) the 

product changed, but the technique, knowledge and organisation around this technology largely remained the 

same. Verbong and Geels (2010) poses the theory that this type of change is primarily carried out by the 

current regime actors, and they redirect their existing development trajectories towards the new one. And this 

is not a radical technological change. Choice Awareness Theory focuses on the radical technological change 

which is when two or more of the elements of technology change.  

The theory poses two theses (Lund 2010). 

3.1.1 Thesis 1 

When society aims to change its objectives, such as having a 100% renewable energy system, which implies 

that a radical technological change may occur ς for example shifting away from fossil fuels ς the existing 

organisations will try to make it seem that there is no option to choose a radical change and the only option is 

to choose an option presented by the current organisations or nothing at all; thus cementing the current 

ǊŜƎƛƳŜΩǎ ǇƻǎƛǘƛƻƴΦ 

3.1.2 Thesis 2 

The second thesis is that it is possible to create awareness that these alternative choices do exist and that 

society can make a choice. 

The theory is primarily used in this report for designing the methodology and investigating different 

alternatives. 

Four key strategies are proposed by the theory to raise awareness and implement new energy systems (and 

for other technology transitions too), see Figure 16 (Lund 2010). 
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Figure 16: Choice awareness strategies (Lund 2010) 

The first strategy is concerned with the technical validity of alternative choices. It is not appropriate to simply 

suggest an alternative if it has not been technically assessed to see if it is possible in the local context. The 

technical assessment involves a thorough analysis of the system being proposed so that it is robust and can 

withstand critique.  

The second strategy takes the technical alternative a step further and determines the feasibility of the 

alternative in terms of economic viability. This is based on institutional economics or the real economic system 

that the energy system exists in. Institutional economics is concerned with how humans have created 

institutions that shape how the economy works (Bremmer 2010). This study is however not focusing on 

institutional economics, but analyses the socio-economic cost feasibility of different alternatives. 

The third strategy is concerned with the public regulation measures that should be implemented in order to 

shift towards the alternative choices. New regulations are necessary to supplant the old system with the new 

system.  

However the main barrier to the third strategy is that the policy of government is often also controlled by the 

current system, because of the institutionalised economics (Bremmer 2010). Therefore, coupled with the third 

strategy, the last strategy is added which stretches across all the other strategies and it involves the promotion 

of a new-corporate democratic infrastructure. This means that there needs to be a change in how democratic 

decisions are made, in order to avoid corporate democracy. 

In this study, strategy one is carried out along with a socio-economic cost analysis of different alternatives, 

inspired and adapted to the approach in strategy two. 

3.2 Further refinement of scenario development  

It is stressed that in feasibility studies and strategy development for energy systems, it is necessary to discuss 

solutions going beyond the short term "end of pipe" thinking (Hvelplund and Lund 1998).  

There are three main groups of technologies to be considered when developing long-term scenarios 

(Hvelplund and Lund 1998, P. 11):  

(A)  Energy conservation technologies within heat as well as electricity at the consumer level.  

(B)  Renewable energy systems, e.g. wind generators, biomass energy, wave generators, direct solar energy, 

etc.  

(C)  Improved efficiency of supply systems, which are based on fossil fuels (including uranium).  
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In this study the long term technical scenarios are investigated based on main energy system types B and C 

described above. Energy system type A is not included in this report since the focus lies on comparing different 

technologies and their system impacts. If this was included it would skew the comparisons between future 

energy system types based on Energy system type B and C and hence make it more unclear how the 

technologies impact the systems.  

More about the methodology that was developed for this study is described in the next section. 
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4 Methodology 

The methodology of the report is presented in this chapter. The chapter includes a description of the 

methodology procedure; detailed methodology; delimitations and assumptions of the analysis; analytical key 

factors; energy system analysis tool (EnergyPLAN); and data collection. 

4.1 Methodology procedure: From research question to recommendations 

In this section all the phases in the report from defining the research question to forming recommendations 

are described. The purpose of this section is to make it transparent how the results were created and 

interpreted in order to make recommendations. An overview of all the phases can be seen in Figure 17 and 

further description of this is provided in Appendix B ς Methodology. 

 
Figure 17: The phases in the report 

4.2 Detailed Methodology 

This chapter describes the methodology applied in this report to investigate the Danish and Scandinavian 

energy systems, and contains five different sections:  

¶ Description of the countries and region analysed in the study. 

¶ The energy system types methodology is presented. 

¶ The delimitation of the study, including key factors of analysis.  

¶ A description of the energy system tool that is applied to carry out the analysis 

¶ The data collection methods are described.  

The countries and region analysed in the study are defined below. All future energy systems have been defined 

with an end target for 2050 due to policy targets.    
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4.2.1 Denmark, Sweden, Norway 

The geographical delimitation in this report is defined as the energy systems of Denmark, Sweden and Norway 

and is talked about as the Scandinavian region in the report. 

The selection of exactly these three countries is based on different arguments.  

Firstly, the Danish energy system is characterised by wind and thermal production combined with district 

heating, the Swedish energy system is characterised by nuclear power, hydropower, thermal production and 

district heating while the Norwegian system is characterised primarily by large hydropower production and 

electric heating with some minor thermal and district heating. This means that the countries have rather 

distinct and different energy system compositions, which means that it can be investigated what the 

implementation of various technological solutions implies in different types of energy systems. Furthermore, it 

is investigated how the system dynamics changes in such different energy system types when integrated 

further into a Scandinavian energy system.   

Secondly, the frame of this project did not allow for more energy system analysis and since the inclusion of 

more countries (such as e.g. Finland, Germany or Iceland) would increase the number of analysis significantly 

the boundary was set to these three countries and energy systems. These three countries are connected 

already in a network for electricity trade (Nord Pool) so it is not unreasonable to select them as a group 

together.  

4.2.2 Disconnected and Connected Scandinavian energy systems 

One of the report objectives is to analyse the influence of interconnections in the future Scandinavian energy 

system within different energy system types and technological solutions as this inevitably will influence the 

Danish energy system. Hence, a methodology has been developed to answer this question, which is described 

below.  

Based on the energy systems of the individual countries of Denmark, Sweden and Norway two types of 

Scandinavian energy systems are created entitled the Disconnected Scandinavian energy system and the 

Connected Scandinavian energy system. The two systems are extreme situations in terms of their transmission 

interconnections where the Disconnected system does not have any interconnections and leaves the three 

countries without the opportunity of import and export. The results from the three individual countries are 

aggregated to represent the situation with no transmission in the Disconnected Scandinavian system while the 

Connected Scandinavian system on the other hand is the extreme situation where there is unlimited 

transmission as the system is modelled as if it was one combined energy system. The two situations are 

illustrated in Figure 18 and Figure 19. 
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Figure 18: Disconnected Scandinavia system with countries 

independent from each other and producing their own 
electricity with zero import/export. 

 
Figure 19: Connected Scandinavia where all countries are 
combined into one system with unlimited transmission 

within this region. 

 

The Disconnected Scandinavia energy system involves individual analysis of each country and then after the 

analysis of the demand and production profiles for each country, the results are aggregated to get the total 

demand and production values for the aggregated energy system.  

The Connected Scandinavia energy system involves aggregating the demand profiles and production 

technologies of each country before the analysis, and one set of results are produced for the combined 

Scandinavia which present the demand and production profiles for one Connected Scandinavia. There are no 

individual country results in this completely interconnected system. 

The different energy system types and technological solutions are integrated in both extreme situations to 

investigate if some energy system types benefit from transmissions while others do not. The results between 

the two situations are compared to make recommendations regarding the findings are made. 

4.3 Energy system types and technological solutions 

In this section the modelling of the energy system types and technological solutions are described. 

In Table 3 below the steps in each energy system type are illustrated along with two additional steps 2b and 

5b. 



June 4, 2014 100% RENEWABLE ENERGY SYSTEMS IN THE SCANDINAVIAN REGION 

 

28 Methodology | Aalborg University Copenhagen 

 

Table 3: The three different energy system types 

Energy system type A 
(supergrid) 
- Biomass conversion 

Energy system type B 
(smart grid) 
- Electrification 

Energy system type C  (smart energy 
system) 
- Integration of sectors 

Step 1 - Biomass conversion Step 3 - Increase in individual 
heat pumps 

Step 6 - District heating expansion 

Step 2 - Biofuel 
implementation 

Step 4 - Electrification of 
industry 

Step 7 - Integration of large heat pumps 

Step 2b - Integration of 
electric vehicles 

Step 5 - Flexible electricity 
demand 

Step 8 - Integration of electric vehicles and 
synthetic fuels in transport 

 Step 5b - Integration of electric 

vehicles 

Step 9 - Gasification of biomass for thermal 

production 

 

The energy system types B and in particular C are much more complex systems than energy system type A, as 

energy system type A more or less is a continuation of the existing reference energy system, but with other 

fuels, while the other energy system types require more radical technological changes. However, some of the 

technologies integrated in energy system types A and B were also required in energy system type C, which is 

an argument for building on top of these technologies. 

4.3.1 Energy system types methodology 

The steps have been developed so they sequentially build on top of each other. This means that the first steps 

in energy system type A are also part of the modelling in energy system type B and C while the steps in energy 

system type B are also part of energy system type C, see Figure 20.  

 
Figure 20: The sequence of energy system types and steps 

As shown in the figure more than one step has been integrated in the system from step 2 and onwards. In 

some steps certain technologies replace other technologies, for example step 6 is about district heating 






































































































































































