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Synopsis:

Denmark has set an ambitious goal to become 10
renewable by 2050, and this study aims to investigg
further how Denmark could achieve this goal. Specificg
the study aims to help understand the implications f
Denmak when it is interconnected in a Scandinavig
system in a 100% renewable energy system in 2050. ]
study compares three energy system types (superg
smart grid and smart energy system) for Denmark within
a Scandinavian context. In this study twaoxtreme

situations were developed being a fully interconnected a
fully Disconnected Scandinavian system, using the eng
systems of Denmark, Sweden and Norway from 2009
range of technological solutions that represented ea
energy system type (e.g. E\biofuels, heat pumps, distric
heating) were modelled in sequential implementatio
steps and were assessed within the context of the ty
extreme Scandinavian systems to determine wi
integration ability, fossifuel and biomasslemand, socie

economic osts and C@emissions for each step.

It was found that the fully Connected Scandinavian syst
has lower fuel demand, and improved wind integratig
compared to the Disconnected Scandinavian system in
steps. However the ideal level of interconnectiomsvnot

identified in this study. The benefits for Denmark a|
incalculable using the methodology applied in this stu
however it is expected that some of the benefits fro
having a Connected Scandinavian system would likely,
allocated to Denmark for wihintegration and fuel savings
This area needs further investigation.

All energy system types will be able to meet the futu
renewable energy policy targets, but with large differenc
in terms of fuel demand in the form of biomass.

combination of thethree energy systems is the idea
situation, and there are no technological fixes that alo
would allow a conversion towards a realistic 100
renewable society in the future. Measures should relate
energy conservation technologies, renewable ener
sources and improved efficiency of supply systems. Furt
research should be focused on policy development th
supports a level playing field between the different ener
system types in the future.
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Abstract

Denmark has set an ambitious goal to become 100% renewable by 2050, and thyisashslto 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 comparethree 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 befnlly a
interconnected and fully Bconnected Scandinavian system, using ¢nergy systems of Denmark, Sweden
and Norway from 2009. A range of technological solutions that represented each energy sysédeng. 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 abilitsilfuel

and biomasslemand, socieeconomic costs and G@missions for each step.

It was found that the fullyGonnected Scandinavian system has lower fuel dednasnd improved wind
integration compared to theDisconnected Scandinavian system in all steps. However the ideal level of
interconnection was not identified in this studylhe benefits for Denmark are incalculable using the
methodology applied in this stly however it is expected that some of the benefits from havir@manected
Scandinavian system would likely be allocated to Denmark for wind integration and fuel saviigyarea
needs further investigation.

All energy system types will be able to mdbe 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 conmeisicards 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 suppds a level playing field between the different energy system types in the future.

Aalborg University C@mhagen| Abstract -
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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 ScandinavigAn interconnected energy system analysed in this report where the Danish, Swedish
and Norwegian energy systerastas if they were one combined system.

CQ - Carbon dioxide. Is a chemical compound contributing to the greenhouse effect and the climate change
when released in large quantities into the atmosphere.

Disconnected Scandinavidd disconnected energy sgsh analysed in this report where the Danish, Swedish
and Norwegian energy systems do not import or export electrioiiveen each otherbut are aggregated in
a Scandinavian energy systémthis study.

Energy system typeThe name for the energy systarthat are analysed in the report, i.e. supergrid, smart
grid and smart energy system

EVs electric vehiclesA transport technology foexample cars and light vans using electricity as a propellant

IEA - International Energy Agency.nAntergovernmental energy organisation conducting research and
collecting statistical data for energy sectors worldwide

Lockin - A situation where certain technologigsnstitutions, actorsor other aspects due to stabilising
mechanisms have more or leleskedthe system

Path-dependency Explainsvhy decisions are madkeased on previous decisions tHatlow the samepath, as
it seems easier or cheaper

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

Synfuel Transport fueproduced through chemical synthesis, usually using biomass and hydtbgéran be
usedas a replacement for fossil fuels in the transport sector

Technological solutionThe term used in this report for technadges that are part of the energy system types

Unused electricity Hectricity that cannot be used within the country and has to be exportediuich forces
technologies to shut down

Aalborg University C@mhagen| Glossary_
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1 Summary of findings

This study is carried out to analyse the Danish energy system in the context of the Scandinaviamscountri
(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 gction 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 solutiommpact the integréion of wind, fuel demand (biomass), so@oonomic costs

and CQ. The technological solutiorere compared with each other by modelling different amounts of wind
integrationfrom 0-100%of electricity demandIin addition,different future energy system peswhich include

A (supergrid), B (smart grid) and C (smart energy sysaée@gnalysed for wind integration abilities. The point
where unusecelectricity begins to be produced above a 5% curtailment threshold is the point plotted @n th
figures below foreach step.

Note: Electric vehicleEVsyare included in steps 2b and 5b to finalegergy system typd andEnergy 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 sep 6. Therefore the results for the steps should be reachfetep 2 to 3 and step 5 to 6.

The findings are described in more detailchapter5 Resultsand AppendixE ¢ Supplementary resultghile
the methodology is described in chap#&Methodology

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

1.1.1 Wind integration potential
The ability for the different countries and the Scandinavian systems to integrate is/présented below in
Figurel andFigure2.

Aalborg University Copenhaggrsummary of finding
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Figurel: Wind integration share of total demand for the Danish, Swedish and Norwegian energy systems
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Figure2: Wind integration share of total demand for the Connected and Disconné&xtaddinavian energy systems

1 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 andopver sector in step 1 has little influence on wind integration.

1 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 stept8 d
a large increase in electricity demand as both electric vehicles and electrolysers for synfuel productio
are introduced to the system.

Summary of findings Aalborg University Copenhagen
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1 In step 4 where the industry is electrified this improves the wind integration especially for the
Connected Scarndaviasystem. For the Danish system step 9 causes the largest improvement due to
the removal of grid stabilisationegulation on power plantssince grid stabilisation is delivered by
other technologies

1 Only a few stepsvorsenthe wind integrationand one of these is step 3 where heat pumps replace
individual boilers and electric heatinghereby reducing the electricity demand for Sweden and
Norway. This reduction in electricity demand decreases the ability to intefwetteer wind.

1 In energy systentype A the Swedish system changes from 3% wind integration in the reference
system to 46% irenergy system typé while theDis@nnected Scandinavimcreases from 5% to
28%. TheConnected Scandinaviystem increases from 11% to 34%. Small improvemertsakso
gained in Denmark and Norway.

1 Inenergy system typ® the wind integration is improved by betweer7%o compared wittenergy
system typeA for all the energy systems in the countries, except for Norwaydhahotintegrate any
wind power inenergysystem typeB. This is because some of the steps cause a reduced electricity
demand tha gets lower than the hgropower productio.

1 In energy system typeC the wind integration is improved further compared to the othlerergy
system typs. The Danish engy system increases the amount of wind that can be integrated
significantly from 36% to 68%, especially when the grid stabilisagguolation for power plants is
removed in step 9. For Norway the electricity demand increases which allows for wind to be
integrated again.

1 TheConnected Scandinavigystem is able to integrate more wind for all steps argergy system
types compared to the BconnectedScandinaviaystem. The maximum wind that can be integrated
in all the steps for the countries are: Swederb4% Norway = 12%, Denmark = 68B4sonnected
Scandinavia 42% and th€onnected Scandinavia50%.

1.1.2 Fossil fuebndbiomass demand
The fuel demand for the different countries and the Scandinavian systems are presented b€igwra8 and
Figured.

Aalborg University Copenhaggrsummary of finding
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Figure3: Fossil fuel and biomass demand for the Danish, Swedish and Norwegian energy systems
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Figured: Fossil fuel anBiomass demand for the Connected and Disconnected Scandinavian energy systems

1 Step 1 improves the energy efficiency in terms of fuel demand as the nuclear power in Sweden is
removed and replaced by wind powemnd power plantsand natural gas flaring issmoved in
Denmark and Norway. The Scandinavian energy systems are also improved significantly due to the
removal of nuclear power and natural gas flaring.

1 For all the steps where electric vehicles are implemented large fuel savings occur, which includes
steps 2b, 5b and 8.

Summary of findings Aalborg University Copenhagen
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113

Step 2 increases the fuel demand for all countries because of lower efficiency in the system from
producing biofuels, especially biopetrol and jeifuel. When liquid fuels are produced from biomass
a larger fuel demand is needed fitre same fuel @quirement.

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 increastetl 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 areanergy system typ€, which are slightly better savings thareimergy
system typeB. The fuel savings nergy system typeC for Swedenmeach 44% compared to the
reference fuel demand, for Denmark the savings are 31%, for Norway 55%, f@idtmnected
Scandinaviagystemit is 43% while the fuel demand is reduceyl 45% for theConnected 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.

Socieeconomic costs

The socieeconomiccosts for the different countries and the Scandinavian systems are presented below in
Figure5 and Figures6.

Note: the socieeconomic costs can vary in the future leadingincertainty and therefore these results should
be investigateddrther over the next few years.

45

w
(9]

N
(9]

Socio-economic costs (Billion euro)
N w
(= o

Socio-economic costs at point of unused electricity

"""""" / S i
o, S =
Ref |Step1 |Step2 [Step2b| Step3 | Step4 \ Step S [Step 5b| Step 6 | Step 7| Step 8 | Step 9
Group A Group B ‘ Group C
—Sweden Denmark Norway

Figure5: Socieeconomic costs for the Danish, Swedish and Norwegian energy systems

Aalborg University Copenhaggrsummary of findigs
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Figure6: Socieeconomic costs for the Danish, Swedish and Norwegian energy systems

1 In Sweden the costs increase by 4%iergy system typ® and 15% ienergy system typ€ while
the Norwegian costs decrease by 10%iergy system typ® and increase by 2% émergy sysm
type C compared to the reference system.

1 When comparing théwo Scandinavisystems the costs are highest for t@®nnected Scandinavia
system inenergy system typd\ by a very small amount, while tli#Eisonnected Scandinavigystem
has thehigher coss inenergy system typeB and C. This is without including transmission cable costs.
TheDisonnected Scandinavisystemhashigher costs by around 13% eémergy system typ€ while
the Connected Scandinaviystemincreases by 11% energy system typ€.

1.1.4 Carbon dioxide emissions

1 The CQ@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 stepse rather similar for most of the systems, except for Denmark
where the reduction is largest in step 1 due to a larger share of @fssions from thermal
production than in the other systems.

1.2 Denmark main findings
This report is conducted with a maincias 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 clar 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 whefsinot connected. Hence, the difference
betweenthe Connected and iBconnected systems is where Deark could experience benefitsaR of the
improvements and savingsf the Connected Scandinavia system might be allocated to Denmark along with
Sweden ad Norway.

n Summary of findings Aalborg University Copenhagen
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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 belowigure7 and Figure8.

Wind integration share of electricity demand in Denmark

Wind integration share of total demand

Ref Step 1 ‘ Step 2 ‘ Step2b | Step3 ‘ Step 4 ‘ Step5 | StepSb | Step6 ‘ Step 7 ‘ Step 8 ‘ Step 9
Group A Group B Group C
Figure7: Wind integration share of electricity demand in Denmark for energy system types and steps
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Figure8: Unused eletricity curves foDenmark for selected stepsith integration of wind from @1L00% of electricity
demand

1 The wind integrationfor all the energy system typesontinuously improvs, with energy system type
C being able to integrate the most wind (68%) efonused electricity is produced

1 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.

1 Individual heat pumps and el&ification of industry in step 3 and 4 improves the amount of wind
integration, but as both of them also caugggher electricity demandhe share of wind that can be
integrated remains almost the same.

Aalborg University Copenhaggrsummary of finding
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1 Electic vehicles in step 5b improvke integraion of wind due to a smart charging strategy instead of
dump charge such as in step 2b.

1 Electric vehicles and synfuels for heavy transport in step 8 improve the integration of wind electricity
due to higher electricity demand and electric vehicles usimgrt charge

1 In step9 the gasification of biomassmprovedthe integration of wind significantly. Thaifference
between the referencesystemand step 9 in terms of wind integration improves from 27% to 68% of
the electricity demand. Due teemovalof grid stabilisatiorregulation fromthermal technologiest is
possible to integratéurther wind.

1.2.3 Fossil fueandbiomass demand
The fossil fuehindbiomass demand for Denmark is presented belowigure9 and FigurelO.

Fossil fuel and biomass demand
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Figure9: Fossil fuel and biomass demand in Denmark for energy system types and steps

l Summary of findings Aalborg University Copenhagen
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FigurelO: Fossil fuel and biomass demand enmark for selected stepsith integration of wird from 0-100% of

1.2.4

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. Thiss because biofuslrequire a higher energy input per fuel output than fossil
fuels

When implementiig electric vehicles in steps 2bb and step 8 the fuel demand is improved to a level
below the reference system. The implementation of electric vehibbesall energy system types
reduces the fuel demand.

The integration of electric vehicles and synfuels in stepriél 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 typeé and Bfuel reductionsonly occurcompared to the reference system when
electric vehicles are implemented, otherwise the fuel demand is increasing.

Forenergy system typ€ the fuel demanavhen conducting all the steps in thémergy system typées
lower than in the reference systenand causes a reductioaf up to 42% at the point of unused
electricity, compared to the reference system.

The biomass demand in Denmark is higher than thélavie domestic potential and more measures
(e.g. conserviion) are required to meet thédiomass demand

Socieeconomic costs

The socieeconomiccosts for Denmark arpresented below irFigurell and Figurel?2.

Note: the socieeconomic costs can vary in the future, which leads to higher uncerteaanty therefore these
resultsshouldbe investigated further over the next few years.

Aalborg University Copenhaggrsummary of findingu
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Socio-economic costs at point of unused electricity in Denmark
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Figurel2: Socieeconomic costs fobenmark for selected stepgith integration of wind from @L00% of electricity demand

I Step 2 causes higher costs due to increasegstment costs for biofuel plants while the fuel costs
decrease slightly due to lower prices for biomass compared to fossil fuels

1 For technologies in steps&b the costs increase slightly. When implementing district heating and
large heat pump# steps 6 and the costs remairalmost constant to the previous steps.

1 The implementation of syfuel technologies in step 8 hawround the same costas for biofuel
production, but the integration of EVs increases co&tsa levelhigher than step 7. This due to the
high operation and maintenance costs for EVs.

1 All the energy system types range between2Bbillion euro while the reference costs are 17.6
billion euro. All thetechnologicalsolutions result in increased costs compared to the existinggner
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.

1 Overall, the costs iBnergy system types A, B and C increase by 7%, 10% and 21%, respectively for the
last step of eaclenergy system typeompared to the reference system costs.

1.2.5 CQemissions

1 The C®emissions are reduced to 0 Mt from step 2 and onwards as the systenssippéied 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 warming23¢ over
preindustrial times is dangerous faumanity (Solomon et al. 2007)n thelatest IPCC report the temperature
increase is 0.8& in the period 1882012 (Stocker et al. 2013)As of 2013 it is 95% certain thAuman
induced greenhouse gas emissions are a dominant contribution to this rising tempe(&tocker et al. 2013)

As shown in climate research as the concentrat@nCQ increasesin the atmosgere the atmospheric
temperature also increasesdue to the greenhouseffect (Stocker et al. 2013)As stated inHansen et al.
(2008, pg.ldf humanity wishes to preserve a planet similar to that on which civilization developed and to
which life on Earth is adaptéd G KS f A YA (G TF,2Nibsibng ¥ maxidid R0 @p(parts per
million), which the planet haalready passed. As of May 11 2014 the atmospheric concentration oWva©
401.79 ppmandthe level is still increasindNOAA 2014)

IPCC state that an increasetefmperatureof 2-3°Cwould increase theossibilityof extreme weather events,
such as increased intensity of storms, flooding, biodiversity loss, droughtsaand all affecting human life
(Field et al. 2014)

2.1 Renavable energy transition

Since the majorityof energy is sourced from fossil fuels in modern societies today @a@bally in 201YIEA
2013a), the focusfor 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 fatiaiegas Denmark

and a number of academic studies have been carried out researching ways to achiey@ah&wvables 100

Policy Institute 2014)Research has been carried out looking purely at the country or region becoming 100%
renewableincludingcountries in Europe, such as in Denmériind and Mathiesen 2009yeland(Connolly et

al. 2011) Macedoniad 0 2 aA 6 X Y NI 2| @ikctuding boyhd IslahdizAnSEurepeSmdeAod | Y R Rl DN
Carvalho 2004)but also in New Zealan@ason, Page, and Williamson 2018hd 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 transmissiomdadistribution grid, for example the supergi(iacilwain 2010Xydis 2013

Purvins et al. 20%1Torriti 2012 Rodriguez et al. 20143mart grids(Y SYLJGi 2y | Y R; MbeMiA 6 HAnp
Kumar, and Member 201@rostey and Beviz 20Q0®recchini and Santiangeli 2014. Lund et al. 2012and

smart energysystems(Lund et al. 2012; Lund et al. 201@nd and Mathiesen 2009Research has begun to

compare these different energy system typ&Blarke and Jenkins 2013; Steinke, Wolfrum, and Hoffmann
2013)and to investigate the combination of theenergy system types creatingpersmart 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 Mathisen 2008Kiviluoma and Meibom 201 SYLJi 2y | yYR. ¢2YA S wHAanpo

Other studies have focused on other aspects of 100% renewable enetgysysuch as economic outcomes
(Karlsson and Meibom 20Q8and biomass potentials for creating 100% renewable systems for specific
countries(Scarlat et al. 2011)

As evidenced in the diversity of research covering the tdpi transiion to a renevable energy system is a
complexand drawn out process extending over numerous decadad 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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Howe\er in saying this, it has become evident that three main energy system types have been identified for
integrating largescale renewable energy, namely supergrid, smart grid, and smart energy systems, or a
combination of these.

2.2 Future energy systenypes

Theenergy system typethat 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 desteivees from the

literature review conducted inthisrepoity R R2S5&8 y20 NBFt SOG lyée SEGSNYyIf LI

2.2.1 Supergridenergy system

Supergrid is defined in broad terms as a way of connecting production zonkiglofenewable energy
potential with high demand zones. Thwrth Searegionis an example ofexporting wind electricity to théigh

electricity demandingcentral European countrie\ key difference from a traditional grid is the relianme

direct current (DC) cabléMacilwain 2010h)

A definition for a supergrid providday (Blarke and Jenkins 201i3)

6The SuperGrid relies on the mechanism of esgstem electricity exchange (export and import) across
systems with different intermittency sources, balancing technologies, and demand paftbissnehanism
makes it theoretically possible to handle laxgmale penetration of intermittent resources without any short to
mediumterm need for storage or demand flexibiéi{Blarke and Jenkins 2013, P. 382)

hNJ FEGSNYFGAGSEe Ay 9dz2NRBLISQa OF aSy

O0A panEuropean transmission network facilitating the integration of lasgale renewable energy and the
balancing and transportation of electricity, with the aim of improving the Europearket€ (Friends of the
supergrid 2014)

Some of the chaeristics for a supergrid system afEuropean Commission 2011a; Battaglini et al. 2009
Blarke and Jenkins 2013)
9 The construction of electricity corridors or electricity highways for prioritised corridors.
1 Connection of different production and consumption centtesntegrate more renewable energy, for
exampleacross Europe and Northekfrica.
1 The supergrid might allow a country to produce more electricity than it needs since it can sell this
elsewhere.
9 Individual countries can be influenced by the supergrid since it allows more electricity to be imported
and exported over great distansend thus replace the need for local production.

The key characteristic of the supergrid is the greater interconnections between the countries intorder
optimise the balancing power anidtegration of renewable sourcesHence, the key principle is to aishe
benefits of the energy systems between different countries. Therefore no new technologies are required as
such as in theonyit could continue from the existing systensing100% renewable sources.

This also applies for Denmark that is already emt@d 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 irder to pay back the initial costs.

2.2.2 Smart gridenergy system
The smart grid is defineals(European Commission 2011a)

oHectricity networks that can cost efficiently integrate thehaviour and actions of all users connected ® it
generators, consumers and those that are batin 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 $Bigtgpean Commission
2011, P. 36)

Or alternatively defineés(Danish Ministry of ClimatéEnergy and Buildin@913)

GAN energy system with a smart grid design requipesater 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 infrasteuto meet new electricity
consumptiorg (Danish Ministry of Climat&Energy and Building913 P. 7.

Some of the characteristics for a smart grid system(aumd et al. 2012; Giordano et al. 2011; Danish Ministry
of Climate 2013)

1 The smart grid consts of a bidirectional powefflow meaning that the consumersould potentially
produce electricity for the grid;
f &! LIWINERI OKSa NBIFNRAY3I &YFENL 3INRRa Fff &aSSy (2
a S O (i(ReNudk Eund et al. 2012, P.)97
1 Itis expected that all consumers by 2020 will have remeteld hourly meters in order to enhance
the flexibility of the energy systenfior example through flexible demand; and
1 Key capabilities include the integration of:
o Distributed energy resoues
o Demandresponse
0 Largescale 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 emders and with producers. In saying théssmart 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 piioduat electricity by improving
the flexibility of the system by for exampietegrating improved communicatiofacilities and technologies.

2.2.3 Smart energy system

A definiton of a smart energy systeim(Blarke and Jenkins 2013)

oRelies 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 largeale penetrion of intermittent resources without any excess electricity
transmission and distribution capadit{Blarke and Jenkins 2013, P. 383)

Some of the characteristics for a smartergy system ard_und et al. 2012)

1 It can be an ofion to helpelectricity balancing by converting electricity into variersergy carrying
gases and liquids

I The integration of renewable&nergy into the electricity sector must be coordinated with other
sectors and

1 Seeing theelectricity sector as partfa complete sustainable energy system paves the way for better
and more coskeffective solutions to smart grid applications comparedlooking at the electricity
sector as a separate part of the energy system

Unlike the supergrid and smart grid, the smanergy 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 gridnbtia supergricsincethe smartenergy system
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relies on decentralised distributed solutions rather than irteuntry exchange of electricity for balancing and
optimisations of the energy system.

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

(Dani$ Ministry of Climate, Energy and Buildings 2013

oHowever, development of the energy system will not stop with the electricity grid. The next tetefilise

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 exploiteda 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 qyali€Danish Ministry of ClimateEnergy 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
dynanmics that these sectors offer in combination. The system relies more on distributed systems than on
exchangeof energy between countries.

2.3 Purpose of this report The Danish case

Denmark has set an ambitious goal to become 100% renewable by 2050, amstuthisaims to investigate
alternatives for how Denmark could achieve this g@dnish Governmedr2011) 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 threaergy system types in the context of Denmarid Scandinavjan order
to understand themplications ofeach 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 ensegpsyhat
are currently in place, and the local economy, institutions and so¢iiyvins et al. 2011)

In order to narrow down the research question for this stutliye Danis cantext is investigated further.

2.4 DiamondEanalysis

In order to narrow down the research question a tool called diamBnanalysis was applie@ihediamondE
analysis was developed to help define feasibiitydies for the energy sectgHvelplund and Lund 1998yhe
diamonde analysis allows the user to determine important priorities to focus on for-teng scenarios in the
feasibility stuies. Although the diamond 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 orgaoisalt goals, organisational resources, and financial
resources of the organisatiorkigure 13 shows the different areasnvestigated in a diamond analysis.
DiamondE analysis is carried out in the context of thetural and socioeconomic environment in which the
organisation is placed which allows the appropriate priorities to be determined.
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Figurel3: The content of a diamonB analysis

This study focuses on the Danish society asattganisation and the feasibility studies for the energy system
are carried out in this context.

The key factors that are found to beast critical using the diamonH analysis in this study are presented
below including the reasons for why they are inadd The full diamone analysiss presentedin Appendix A
¢ DiamondE

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 electicity interconnectors in order to trade electricity between the countries. The existing network of
transmission connections in the Northern European area can be sdggunel4.

Figurel4: Transmissin capacity between Denmark, Sweden and Nor(grd Pool 2014)

The transmission lines and capacities that exist today between Denmark and the surrounding countries are
presented inTablel below.
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Tablel: Transmissionapacity between DenmariSweden and NorwafEnerginet.dk 2014)

Transmission 5YM5YTlMh DK {9Tb{9Tb SE bhIb bhlb NO
capacities (MW) SE NO total DK NO total DK SE total

2440 1000 3440 1980 3995 5975 950 3695 4645

The existence of these interconnectobgtween the countries allows more electricity to be traded and
increases the possibility to exchange electricity tbabnotbe used in Denmark.

The amount of electricity traded between Denmark, Swedserd Norway is shown ifable2, which shows
the net exchanged electricity between the countries per year. The data is only for the countries Denmark is
connected tgwhile Swederfor exampleis connected to Finlanthis is not included.

Table2: 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 areapt of the Scandinavilectricity marketthat allows for electricity exchange and is
carried out via the Nord Pool spot market, which is the largest market for electrical energy worldwide.

¢KS LO9! S EnLi#ality) Dedmark K heltheréan importimgpr an exporting country, but functions as a
transit country between th&candinaviand central western European systeé($EA 2011, P. 94)

Due to these interconnectors with other countries, it can be argued that the Danish electricity sector is how
part of a larger international electiity 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.

Thisis akey factor when designing the methodology for this study. In this study only Norway and Sweden are
investigated in connection witbenmark. These countries also form the Scandinavian region whisbme
degree operates in an independent blodiashion, for examplethrough the Nord Pool electricity market,
whereas Germany is part of continental Europe which is largely separate fro8ctralinavignergy system

2.4.2 PoliticalCQand renewable energy targets

The overarching policy targets in Denmark, Norway Smeéden stems from the European Commission who
has set a policy thaby 2020,the EU members should achieve2@% greenhouse gas reduction, 20% greater
energyefficiency,and have atotal of 20% renewable energy. The overall gimailthe EUis to reduce téal CQ
emissions by 8@5% in 205@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 aboydenmark has set a target to be P@0renewable by 2050. In the shorter term
Denmark aims to have its electricity and heat covered by renewable energy ina@@35y 2020 wind should

cover 50% of the electricity demand. Furthermore, the target is to phase out all coal consumption in the
enemy system by 203Manish Government 201.1)

Much like Denmark, Norway and Sweden have also sHtitious targets for 2050. Both Norway and Sweden
have set targets to have zero net greenhouse gas emissions3fy 3@eden also has an ambitious target of
having a fossil fuel independent vehicle fleet by 208A 2011b; IEA 2013b)
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The targets will obviouslgequire changes in the energy system in each of these countries which would likely
impact on Denmik due to the interconections.

This is a key factor when designing the methodology

2.4.3 Flexibility and integration of more renewable energy

As explained abovéy 2020in Denmark 50%f the electricity demand should be delivered by wind powks

of 2010 Denmark relied on arourgi% of electricitydemandfrom wind (Danish Energy Agey 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 aboyen the dorter 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 s@@#mish
Government 2011)

The flexibility of the system to integrate more renewable energy is thereftwydactor for the methodology.

2.4.4 Energy efficiency fuel and energy onsumption
h@SNJ GKS fFad TS gecoRdn®haR@awrthle anergySlgmdand efith@ aountry has remained
largely the sameHowever energy efficiency is still an area that is being focused on in the country.

Since it is expected that biomass wiplace some of théossil fuelsn the energy systenthe focus on energy
efficiency is important since Denmark has limited biomass potentials of arous&¥ 40Vh(Danish Energy
Agency 2014a; Danish Commission on climate change policy 2010; Scarlat et dlup@ldt; al. 2011)

The total energy demand from fossil fuels innD®rk in 2013 was around 672 TWbhanish Energy Agency
2010) Therefore energy efficiendga key factor for the methodogy of this feasibility study.

2.4.5 Socieeconomic costs

In recent years Denmark has cha positive balance of paymemind ane of the reasons for this was the
production of oil and gagMinistry for Economic Affairs and the Interior 201B)owever in recent years the
supply of oil and gas has grown smaller and for the first time since 1996 Demmsnaokv importing more
energy than it is exportinDanish Energy Agency 2014b)

With oil and gasesources depleting in Denmatke socieeconomic costs may rise in the future dtenet
import of oil products with higher prices. Therefore the seetmnomiccostsare consideed a key factorfor
the feasibility study.

2.4.6 Climate change impactsCQ emissions

The Danish energy system has high greenhouse gas emissions that ariseifnimg fossil fueldn 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 £&nission of 8.27 tons/capita in 20@hdexmundi 2014)
According to national policiethe Danish O, emissions should be reduced by 40% in 2020 compared with
1990(Danish Government 2011)

Therdore CQ 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 taBlpgandix A; DiamondE
were for examplejob creation, investmenopportunities, 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| the diamonek 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 eneygtem types are apparent; being super

grid, smart grid and smart energy system. Each of the these energy system typeeriabte more renewable
energy into the energy systenbut using different technological solutions, involving different development
pathways. The answer to the qu&s about which is better a Disconnected or dhinected Scandinavian
energy system, is most likely different for each of these energy system types and technological solutions. For
instance one technological solution may 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 be®rsen to represent each energystemtype,

within the context of a Connected andsbonnected Scandinavia. The specific technologies under each energy
system type aredescribed in more detail in chapter Methodology along with further description of the
methodology.

The research question investigated in this feasibility study is:

1 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 gridraad
energy system technologies, in terms of energy system flexibility, energy efficiency, semémomic
costs and C@emissions?

To provide clarity around some of the key terms used inrdsearch question and thstudy, each of thekey
terms are desibed 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 th®isconnected 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 ©nnected Scandinavia energy system is not simply about installing more cables to provide greater
electricity exhange 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 araw 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 ton energy system either based on super grid, smart grid or smart energy
system.

2.5.4 Technological solution

Technological solutions refer to thechnologies thatare part ofeachenergy system type. Some technologies
may belong under more than one energy systsipe, for examplevind 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 includebon dioxide emissions, fossil fushd biomass
demand, energy syste flexibility, and soci@conomic costs

2.6 Report outline
The report is structured into five main sections.

The first sectiorin chapter3 Theoetical frameworkdescribes the theoretical approach that underpins this
study, in whichthe main theory is Choice Awareness Theory which theorises that not all choices are made
apparent and greater awareness of all the choices should be mddetheory provideghe basis for the
methodology.

The second part of the report is the methodologgctionin chapter4 Methodologythat providesinsight into
how the esults were developed.

The third part of the report isesults inchapter5 Resultswherethe results are split into three main parts, the

first part describes the main results for the reference eryesgstems 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 trsetkiod
describes the sensitivity analgsiarried out to test the sensitivity of the results.

In the fourth part inchapter 6 Discussiorthe main findings and methodological approach are discussed in
terms of the main outcom&and learnings from the study.

In the fifth part inchapter 7 Conclusiorthe main conclusions from the study are presented along with key
recommendationsin chapter8 Recommendations and sheerm outlook for Denmark for develping the
future energy system.

Supplementarymethodology 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 Theotetical framework

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

(includingDenmark,Norway, Swedenjo 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 friendBnd sustainable alternative; whilst not diminishing the prosperity of

0§KS OdzNNByid &a20ASGe o ! a(URSustainaBeRDevelgpmenK1Sanprenafedthree 3 Sy R |

main actor groups in sustainable development, being governmeni, society, and business, as shown in
Figurel5. All three actor groups interplay to some degree to create sustainable development.

Government

- Parliament
- National agencies
- Local authorities

S

Sustainable

» . development Business
Civil society \
. - Private &
- Public public
- NG.Os N companies
Universities - Industry
Research

he associations
institutes

Figurel5: Three main actor groups in sustainableselepment(UN Sustainable Development 1992)

This study takes point of departure from a policy development perspeciikis is assumed to take place at
the Government levelAdditional studies shoultbke point of departure with the focuen 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 awsseok

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 validate(d.und 201Q)

The current energy system in Denmark is based onmaber of characteristics that define the system. Some of
the characteristics includgHvelplund and Lund 1998)

1

=

Single purpose companies in tfem 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 lifetineeg.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 dominatedafew large singlgourpose companies that supply the goods
and serviceslemanded. Thisype 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 transitiofv&erbong and Geels 2010)his is due to

the stability and lockn of current regimes. The existing sotézhnical regimes within the energy system are

often characterisetby path dependencand lockin, and this results from particular stabilising mechanisms,
F2NJ SEIF YLX S KARRSY AyiSNBadGaz wW2NBFYAT G \&epdng OF LA G|
and Gels 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 develoMedmng and

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

A central component othe Choice Awareness Theory concerns the definition of tecgyo&nd 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 orgaisation(Muller, Remmen, and Christens&885)

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 techniquknowledge and organisation around this technology largely remained the
same.Verbong and Geel@010) poses the theory that this type afhange 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 thes€sund 2010)

3.1.1 Thesis1

When society aims to change its objectives, such as having a 100% renewable energy system, which implies
that a radical technological change may ocgufor example shifting away from fossil fuetsthe 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 curreotganisations or nothing at allhtis cemening the current
NEIAYSQA LRAAGAZY D

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 methodologg mvesigating different
alternatives.

Four key strategies are proposed by the theory to raise awareness and implement new energy systems (and
for other technology transitions topyeeFigurel6 (Lund 2010Q)
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Figurel6: Choice awareness strategigsind 2010)

The first strategy is concerned with the tegbal validity of alternative choices. It is rmppropriateto 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 beipgsed 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 oedheaonomic system

that the energy system exists in. Institutional economics is concerned with how humans have created
institutions that shape how the economy workBremmer 201Q) This study isiowever not focusing on
institutional economics, buanalyseghe socieeconomiccostfeasiblity of different alternatives.

The third strategy is concerned with the public regulation measures that should be implemented in order to
shift towards the alterative 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 institutionalisecbeomics(Bremmer 201Q)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 newcorporate denocratic infrastructure. This means that there needs to be a change in how democratic
decisions are made, in order to avoid corater democracy.

In this study strategy one is carried out along with a seelmonomiccost analysis of different alternatives,
inspired and adaptedatthe approach in strategy two.

3.2 Further refinement of scenario development
It is stressed that in feasibility studies and strategy developnfi@nenergy systemst is necessary to discuss
solutions going beyond the short term "eindl pipe" thinking(Hvelplund and Lund 1998)

There are three main groups of technologies to be considered when developingtelongscenarios
(Hvelplund and Lund 1998, P. 11)

(A) Energy conservation technologies within heatadl 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 ailfoels (including uranium).

Aalborg University Copenhagégiheoretical framewor



NIl 100% RENEWABLE ENERFSTEMS IN THESOWAVIAN REGION

In this study the long terntechnical scenarios are investigated based on namiargy system typeB and C
described aboveEnergy system typé is not included in this reposincethe focus lies on comparing different
technologies and their system impact$ thiswas included it would skew the comparisons between future
energy systm types based orkEnergy system typ®8 and C anchence make it more unebr how the
technologies impacthe systems.

More about the methodologyhat wasdeveloped for this stuglis described in the next section.
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4  Methodology

The methodology of the report is presented in this chapter. The chapter includésseription of the
methodology procedure; detailed methodology; delimitations and assumptions of the analysis; andgyical
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 desribed. 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 sé&gumel7 and
further descrption of this is provided il\ppendix B; Methodology.

1. Definition of research question

- Diamond-E -
- Narrowing problem area

2. Data collection 8. Recommendations

- Technical data - Energy system type
- Literature review - Disconnected vs. Connected
- Interviews T
! 7. Interpretation and comparison
3. Organising data - Energy system type A
- Grouping - Energy system type B
- Categorising - Energy system type C
4. Input to models 6. Analysis and presentation
- Electricity - Unused electricity
- Heating - Fossil fuel and biomass demand
- Cooling - Socio-economic costs
- Transport - CO2

5. Model calculations - output
- References

= - Individual countries

- Disconnected Scandinavia
- Connected Scandinavia

Figurel7: The phases in the report

4.2 Detailed Methodology
This chapter describes the methodology applied in this report to investigate the Danislscamtliinavian
energy systems, and contains five different sections:

Description of the countries and region analysed in the study.

The energy system typesiethodology is presented.

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

Adesciption of the energy system tool that is applied to carry out the analysis
Thedata collection methods are described.

=A =4 =4 4 -4

The countries and region analysed in the study are defined below. All future energy systems have been defined
with an end target for 205@ue 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 tleeountries 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 compasits, which means that it can be investigated what the
implementation of variousechnological solutionsnplies in different types of energy systems. Furthermore, it

is investigated how the system dynamics changes in such different energy system typesméggated
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 numbalysfsagignificantly

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 léztsthem as a group
together.

4.2.2 Disconnected ad Wnnected Scandinavian energy systems

One of the report objectives is to analyse the influence of interconnections in the future Scandinavian energy
system within differentenergy system typeand technological solutiongs this inevitably will influencthe

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 créatntitled the Disconnected Scandinavian energy system and the
Connected Scandinavian energy system. The two systems are extreme situations in terms of their ti@msmiss
interconnections where the iBconnected system does not have any interconnections laades 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 inBeconnectedScandinavian system while the
Gonnected Scandinavia 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 inFigurel8 and Figurel9.

Methodology| Aalborg University Copenhagen



100% RENEMBLE ENERGY SYSTEMBHE SCANDINAVIREGIONEIleR- a0y e:

Figurel8: Disconnected Scandinavia systefith countries Figurel9: Connected Scandinavia where all countries a
independentfrom each other and producing their own combined into one system with unlimited transmission
electricity with zero import/export. within this region.

The DsconnectedScandinavignergy system involves individual analysis of each country anddftenthe
analysis of the demandnd production profiles for each country, the results are aggregated to get the total
demand and production values for tlaggregatecenergy system.

The ©nnected Scandinaviaenergy system involves aggregating the demand profiles and production
technologes of each countnbefore the analysis, and one set of results are produced for the combined
Scandinaviavhich present the demand and production profiles for dB@nnectedScandinaviaThere are no
individual country results in this ampletely interconneatd system.

The differentenergy system typeand technological solutiongre integrated in both extreme situations to
investigate if somenergy system typebenefit from transmissions while others do not. The results between
the two situations are comparkto make recommendations regarding tfiedings are made.

4.3 Energy system typesindtechnological solutions
In this section the modelling of thenergy system typeandtechnological solutionare described

In Table3 below the steps in eachnergy system typare illustrated along withtwo additional steps 2b and
5b.
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Table3: The three different energy system types

Energy system type A

Energy system type B Energy system type @smart energy

(supergrid) (smart grid) system)
- Biomass conversion - Electrification - Integration of sectors
Step 1- Biomass conversion Step 3- Increase in individual Step 6- District heating expansion
heat pumps
Step 2- Biofuel Step 4 Electrifcation of Step 7- Integration of large heat pumps
implementation industry
Step 2b- Integration of Step 5 Flexible electricity Step 8- Integration of electric vehicles and
electric vehicles demand synthetic fuels in transport
Step 5b- Integration of electric Step 9- Gasification of biomass for thermal
vehicles production

The energy system typeB and in particular C are much more complex systems ¢mengy system typd, as
energy system typ@ more or less is a continuation of the existing reference eneygiem, but with other
fuels, while the otheenergy system typesequire more radical technological changes. However, some of the
technologies integrated ienergy system type8 and B were also required anergy system typ&€, which is

an argument for bilding on top of these technologies.

4.3.1 Energy system typesiethodology

The steps have been developed so they sequentially build on top of each other. This means that the first steps
in energy system typd are also part of the modelling énergy system typ®& and C while the steps @mergy

system typeB are also part afnergy system typ€, sedrigure20.

Figure20: The sequence of energy system types and steps

As shown in the figurenore than one step has been integrated in the system from step 2 and onwiards.
some steps certain technologies replace other technolqdies examplestep 6is about district heating
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