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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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Ref |Step1 } Step 2 |Step 2b| Step 3 ‘ Step 4 ‘ Step 5 ‘Step 5b| Step 6 ‘Step 7‘ Step 8 ‘ Step 9
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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).
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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.
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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 Csmart 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 typesmethodology

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.

Modelling order of steps

Reference system
Step 1 Technology group A
i - Biomass conversion
Step 2 Step 2b (supe‘rgnd)
|
v
Step 3 [
l Technology group B
- Electrification
Ste‘p . (smart grid)
Y
Step 5 Step 5b ‘
|
v
Step 6
v
‘, Technology group C
Step 7 - Integration of sectors
| (smart energy system)
Step 8
'
Step 9

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 onwirds.
some steps certain technologies replace other technolqdies examplestep 6is about district heating
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expansion replaag some of the changes that weo®nducted in step 3 whre more individual heat pumps
were installed.

The steps 2b and 5b ienergy system typé and B integrating electric vehicles were included as additional
steps for theseenergy system typeshut were not carried on into the nexnergy system typeneaningthat

for examplestep 3 and 6 does not include electric vehicles in the energy system, but is based on biofuels in the
transport sector to become 100% renewable. The purpose of conducting these additional steps 2b and 5b in
energy system typeA and B waso make theenergy system typesiore comparable Energy system types A

and Bdo not include electric vehiclem the definition of their characteristic€€omparisons can however be
drawn between theenergy system typeloth with and without this additionkelectric vehicle step foenergy
system typeA and B.

It can be argued that energy system type A is a continuation of the existing planning that adds more cables
whereas the other energy system types are a change compared to the pr@santk and Sgrensen 2014)

The purpose of developing the energy system analyses is to investigate the differences between the steps in
terms of the key factors and hoeertain technolgies influencehe systens rather than designing an optimal
technology mix in the energy system. Therefore the order of the steps is less important than if the purpose
was to create an optimal future scenario with as low fuel consumption or costs as lpoSdile order of the

steps however do have some influence on the results from implementingtectenological solutiorbefore
another, but will regardless of the order still provide indications of whether a certain technology is improving
the system compare to if it is not implemented. An example is the order of when individual heat pumps are
installed in line with the district heating expansion as the district heating expansion step is affecting the
amount of individual heat pumps that are required in thgstem. An argument may also be that in the final
steps the same technologies are installed regardless of the order of their implementation and that they
accordingly will be scaled to fit in the same energy system.

4.3.2 Technological solutiomethodology

The \arious steps in theenergy system typeare described below in broad terms to get an idea about the
intention of the step, how it relates to thenergy system typand how it was converted into actual modelling
in the modelling tool. The exact technicaltador the different steps can be found under the step description
in Appendix Og Technical background information

The different steps are described below for the refiece system and thenergy system typea-C.

4.3.2.1 Reference energy system

The intention ofcreating a reference system for the various countries is to get an insight into how the existing
energy systems are composed and to be able to build on top of these for the future energy scenario steps. The
reference for the individual countries é@nstricted with data from energy statisticsbalances and other data

based on the year of 2009. The reference is used as the baseline for developing the future steps and only the
technologies that are involved in the specific step is alternated from the reéereln the reference system no
decisions or bias towards any possiBleergy system typeare prioritised and all types of technologies can in
theory be implemented. From the reference energy system results key learnings about the composition of the
energy systems can be drawn to inform the later steps about key components, fuels and other information.

The reference system was operationalised by investigating energy statistics from the different countries, first

and foremost based on the International Bh@ & ! 3Sy O0e Qa Sy SNHe& RIGFo6lFasS F2NJ h
was used to extract energy demands for all sectors, heat and electricity production from different technologies

and how the fuel mixes are compos@&A 201Q)

4.3.2.2 Energy system type ABiomass conversion
The steps irenergy system typé include steps-Pb and these are described below
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4.3.2.3 Step 1-Biomass conversion

In step 1 all fuels used in the energy system, except from in the transport sector, is converted into solid
biomass consumption. This includes all technologies in the heat and electricity sector, individual households
and industries while the waste incineration is converted to only organic waste for district heat and electricity
production. This step is part @hergy system typd as it might be part of a supergrid system that is rather
similar to the existing energy system, butyieg on biomass resources instead of fossil fuels.

Furthermore, two additional changes are conducted in this step that affects the energy system and the results.
Firstly, the flaring of natural gas from natural gas extraction is removed since natuiialrgasonger required

in the future when the aim is a 100% renewable energy system. Secondly, the nuclear power in the Swedish
energy system is removed and replaced by other technologies since nuclear power in this report is not defined
as renewable enexg

4.3.2.4  Step 2- Biofuel implementation

In step 2 the transport sector is converted to biofuels for all transport modes in the forms of biodiesel,
biopetrol and biojetfuel. This conversion makes the energy system 100% renewable and is paergf
system tye A that is based on a supergrid system. The transport modes that in the reference system
consumed petrol are converted to biopetrol, diesel consuming modes are converted to biodiesel while air
transport is converted to biojetfuel. The reason for separmgtihe conversions in step 1 and 2 is that the fuels
that are integrated in the system are different. In step 1 the fuel is solid biomass while step 2 is converting into
liquid biofuel that is more complex to produce, but still produced from solid biomass.

4.3.2.5 Step 2b- Integration of electric vehicles

Step 2b is integrating electric vehicles in the energy system by replacing all cars and vans with models that are
run by electricity while all other transport modes remain on biofuel. The intention of stept@tmsakeenergy

system typeA comparable with the otheenergy system typeafter integration of electric vehicles. In the
energy modelling tool the integration of electric vehicles is carried out by increasing the amount of electricity
for the transport setor while the charging is conducted in a dump manner meaning that the electricity is
charged when the cars are plugged into the grid rather than when e.g. fluctuating electricity is produced. This
charging method was selected fenergy system typé becaise thisenergy system typeot yet is integrated

with the other sectors in a smart way with the purpose of utilising any potential unused electricity.

4.3.2.6 Energy system type BElectrification
The steps and technologiesénergy system typ® include the teps 35b and are described below

4.3.2.7 Step 3-Increase in individual heat pumps

Step 3 is the first step ianergy system typ® that is based on a smagtid system, which implies a large focus
on the electricity sector in terms of electrification. Note ththe integration of electric vehicles that were
conducted in step 2b is not included in this step and that all transpdueited by biofuels.

In this step the heating from individual boilers and electric heating is converted into individual heat psmps
part of electrifying the heating system. The district heating demand is constant in this step and is not affected
by the changes. The electric heating is already based on electricity, but the conversion to individual heat
pumps improves the energy effencies due to the increased efficiency of heat pumps, which is assumed to be
3.2, while it for electric heating is only 1. This means that every time 1 kWh of electricity is put into the heat
pump 3.2 kWh of heat is produced from the heat pump while #hectric heating is consuming 1 kWh of
electricity to produce 1 kWh of heat. The conversion from boilers to heat pumps increases the electricity
demand while the conversion from electric heating to heat pumps on the other hand, induces electricity
savings
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4.3.2.8 Step 4- Electrification of industry

Electrification of industries is part afnergy system typeB with emphasis on the electricity sector. The
industrial sector is one of the main consumers of solid biomass and is therefore converted into higher reliance
on electricity.

In step 4 40% of the industrial fuel demand is converted from biomass to electricity. The direct biomass
demand in industries is hence reduced and replaced by electricity from preferably fluctuating renewable
sources or other sources.

4.3.2.9 Step 5- Flexible electricity demand

One of the main ideas behind developing a sngtd system is to make it more flexible and enable the
consumption to align more with the production and hence flatten the peak demands. This can be created by
implementingsmart meters in houses or installing smart appliances such as washing machines that are using
electricity when it is cheap because of fluctuating power production. This is investigated in step 5 where 20%
of the total electricity demand is converted inttexible demand within 24 hours, as longer periods is not
realistic with the current technology availakleund 2013)

4.3.2.10 Step 5b- Integration of electric vehicles

Step 5b is not as such a part efiergy system typd, but is similarly to step 2b an additional step where
electric vehicles arentegrated in the transport sector. The difference from step 2b is that the charging in this
step is performed in a smart way, i.e. the electricity charging has the aim of decreasing unused electricity
production and the condensing power production in #rergy systenfLund 2013)

4.3.2.11 Energy sgtem type G Integration of sectors
The steps and technologiesanergy system typ€ include the steps-8 and these are described below

4.3.2.12 Step 6- District heating expansion

Energy system typ€ is about integrating the different sectors in the energsteam and step 6 is part of this.

In step 6 the district heating network is expanded according to the feasible districtexgansion for each
country. The district heating expansion is replacing some individual heat pumps and hence saves electricity in
the individual households and produces the heat in the technologies connected to the district heating network
such as CHP plants, boilers or large heat pumps.

4.3.2.13 Step 7- Integration of large heat pumps

In step 7 the large heat pumps connected to theritis heating network is expanded to connect and integrate

the different energy sectors even more. This is occurring as the unused electricity from fluctuating renewable
electricity production can be converted to heat by the large heat pumps that actgesaation technology
between the two sectors. The large heat pumps already exist in Sweden, but are almaeskistimg in
Denmark and Norway. The capacity in all countries are increased and the large heat pumps does not affect the
electricity demand athey are intended to utilise excess production that otherwise would have been unused.

4.3.2.14 Step 8- Integration of electric vehicles and synthetic fuels

In step 8 the electricity and transport systems are integrated when electric vehicles are introducdtiento
energy system to replace biofuels for all cars and vans. Furthermore, to reduce the biomass demand for other
modes of transport synthetic fuels are created that reduce the biomass demand and instead increase
electricity demand. The synthetic fuels ameated from a gasification process that produces carbon containing
molecules, e.g. CO or g@hich is then hydrogenated by adding hydrogen that is created from an electrolysis
process and the end product is biomethanol that can be used by heavy tramapdds. A detailed description

of creating the synfuels can be foundAppendixC¢ Technobgy catalogue
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4.3.2.15 Step 9- Gasification of biomass for thermal production

The final step irenergy system typ€ is the gasification of bioraa for thermal production, i.e. the large CHP
plants and condensing power plants. The purpose of this step is to connect the heating and electricity system
with the gas grid in order to store the gas for when it is required and because the traditionat ptas¢s and

CHP plants hence can be replaced by technologies using gas that are more efficient than the traditional ones.
The gasification process also increases the electricity demand slightly for the system. A more detailed
description of the gasificain process is il\ppendixC¢ Technobgy catalogue

4.4 Delimitations and assumptions of the analysis

The delimitation highlights the boundaries for the report and explains what is excluded from the report and
why it is found feasibléo draw these boundaries. Furthermore, it explains the key factors of the report and
how these are applied.

The delimitations in the report are described and explained in this section.

4.4.1 Technical energy system delimitations

In this report no measures afiacluded to reduce demands for electricity, heat or transport. The reason for
this is to make the comparisons betwe&thnological solutiongnd energy system typesore transparent
without being affected by reduced demands. Demands only change in thigsésyavhen thetechnological
solutionsare forcing the electricity to changfr examplewhen integrating more heat pumps.

Furthermore, it is assumed that the demand over time in this study based on the 2009 reference system
remain constant until 2050.Hfs is assuming improvements for technologies and energy consuming devices

such as household appliances on one hand while the reduced demand will be replaced by additional
consumption from the consumers (the rebound effect). Hence, the demand will reroastant. In addition

this allowsmakingmore clear comparisons between the technologies and energy system types as they are not
influenced by changing demands.

For the Danish energy system it is assumed that power plants have to operate for grid stabilisarder to
provide the required inertia in the system and because these plants may have difficulties in going below a
certain technical minimum. The power plants are set to operate at a minimum 30% production share as this
share is recommended forigrstabilising unitg Lund 2013)It is assumed that hydropower plants and nuclear
power can provide grid stabilisation and hence no power plant grid stabilisation is required for Sweden or
Norway. This ability is further investigated throughout the gdalof the Danish energy system.

When integrating more wind in the energy systems no analysis of electricity grid upgrades have been carried
out even though this might be the case in some situations. Neither are the associated costs for such upgrades
included in this study.

The wind power technology that is implemented in the analyséssed on onshore wind power. This is both

due to the national energy policies of Sweden and Norway that plans to implement primarily onshore wind
and since the wind distoutions in the energy system analysis are similar for onshore and offshore wind power
due to data availabilit{lEA 2011b; IEA 28b). The costs however might be influenced by this choice, but due

to the Swedish and Norwegian energy policies onshore wind was chosen. The wind technology that is
integrated is furthermore assumed to have same efficiency for both 2009 and 2050 intordet aclearer

picture of the impacts of the different energy system types and technological solutions.

For the energy system analysis the electricity demand changes between the different steps and this resulted in
different power plant capacities so @b the individual countries were able to meet the domestic peak
electricity demand without any import. This means that the steps and countries with the highest electricity

Methodology| Aalborg University Copenhagen



100% RENEMBLE ENERGY SYSTEMBHE SCANDINAVIREGIONEIleR- a0y e:

demands will have the highest power plant capacities and that they are adjustedteptthe different steps.
The peak capacity is designed so it can meet the peak elegtiieihand when there is no wind.

When analysing the wind integration in the different energy systems 5% curtailment has been included. After
analysing recent literaturen wind curtailment a reasonable value of 5% of the total wind production can be
assumed to be curtailedLew et al. 2013)This curtailed wind shifts the point where unused electricity is
produced so that more wind can be integrdteThroughout the report it is investigated when the point of
unused electricity begins for the different energy system types and this point is including the 5% wind
curtailment.

4.4.2 Transport sector

Delimitations and boundaries have been created for the tpamssystems of the different energy systems in
order to outline what is included and excluded in the transport systems. The transport sector is a complex
sector that is composed of numerous demands, transport modes and functionalities. Hence, it is
comprehensive to encompass the entire transport system for all the countries analysed in the report, which
made it necessary to draw some delimitations about what is included in the study.

As no measures related to energy conservation are part of this repamsgrort measures such as modal shifts
and reduction of demands are not analysed. Within the transport sector the measures included are related to
either fuel conversions or integration of new technalegsuch as electric vehicles.

Energy demands for th#ansport sector for the different countries have been defined as in the IEA OECD
energy database as of 2009 supplemented with data from the national energy agencies and ipakstger
and freight transport as well as all types of fuels and transpades(IEA 201Q)

The transport costs in the report include the fuel costs as well as the ineassmand operation and
maintenance costs for the entire vehicle fleet in the respective countries. It is assumed that cars have a
lifetime of 16 years and costs are based on data from the Danish Energy A@amigh Energy Agency and
COWI 2013aWWhen converting to electric vehicles cosiso includecharging infrastructure and a 10%sk in
electricity production.

4.4.3 Socieeconomic analysis

The socieeconomicanalyses in the report includdifferent typesof costs such as investments based on the
capacity installed and the lifetimes of the various technologies. The costs furthermore include operation and
maintenance as a percentage of the investments as both a fixed cost according to instgdkstdty and a
variable cost depending on production. Finally, the costs are also based on the fuel costs, which vary between
the different fuels, seeAppendixD ¢ Technical background informatiofor a detailed description of s
applied in the analyses. Fuel handling costs are also included for fuels along with a fixedc€@er unit
emitted. There are no taxes included for fuels or electricity because the analysis has @cmwmic
perspective rather than businegzoromic. The fuel costs remain constant across all the cost analysis in both
the reference system and the future energy systems and the investment costs for technologies that are not
changing in a certain step also remain constant

The interest rate in the si@economic analysis is assumed to be 3% for all energy systems in this report. The
interest rate is a measure of the importance of investments according to the time perspective, i.e. the higher
the interest rate the more importance is asserted to shiemm or present investments as the future benefits

are decreased and this might affeftir examplethe integration of renewable technologies. The 3% in this
report is hence trying to reflect the balance between the importance of stemh and longterm investments.

As of 2013 the Ministry of Finance in Denmark lowered the interest rate intkynginvestments to 4% in the
first 35 years of a project lifetime, 3% for the years between the years 35 and 70 and 2% for the years after
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year 70(Danish Ministry of Finance 2013)he interest rate in this report is hence more or less in line with the
recommendations from the official guidelines from the MinistryFahance. The importance of the interest
rate is furthermore investigated in the sensitivity analysis, shapter 5.4 Sensitivity analysis of results,
methodology and delimitations.

It should be notedhat for all socieeconomic cost calculations there are significant uncertainties as future fuel
prices electricity prices and technology costs are very uncertain.

4.4.4 Lifecycle phases included in the energy system analysis

In the energy system analysisthis report only the fuels, emissions and costs with more that are used directly

in the energy system is included. This means that other phases such as the extraction and transport of fuels
and technologies do not lead to any £#issions or costs and th&€Q and energy required for constructing

new infrastructure and emitted in relation to the eraf-life phase is not included when assessing the key
factors. Only the demand and consumption within the energy system are included as inclusion of the other
phases would have enlarged the analysis significantly and is at the same time not part of the scope of this
report.

445 Biomass assumed to be GOeutral

In this report biomass consumption is assumed to be-@Dtral, even though this is heavily debated in
sdentific circles in present days. This assumption is important to have in mind, e.g. during the first two
modelling steps concerning biomass conversion, where it is assumed that a conversion towards biomass
consumption is creating a G@eutral energy systm. This assumption and importance is further discussed in
the discussion chapter of the report, sekapter6 Discussion

4.4.6 Definition of renewable energy sources

Renewable energy sources can be define many ways and has therefore been defined for the purpose of
this report. The definition in this report is based on the definition from IEA since this is the source for the
largest part of the reference energy system data for @@nnected Scandinaviauntries.

IEA defines renewable energy as:

oEnergy that is derived from natural processes (e.g. sunlight and wind) that are replenished at a higher rate
than they are consumed. Solar, wind, geothermal, hydro, and biomass are common sources of renewable
energy£ (IEA 2014)

This definition means that e.g. nuclear power is not included as rabBenergy as it is not replenishing at a
higher rate than it is consumed.

4.5 Analytical key factors
The objectives described above are all analysed in terms of their impacts on a nhumber of key factors. These
key factors are described below.

The problem aalysis in the introductionseechapter 2 Introduction, is used as the backbone of identifying

NBf SOFIyld OKItfSyasSa ¢AGKAY (KAunbeNS kdg fediofs@re defingzRadd T A St R
used in the analysis. In the Diamoekdanalysis the challenges within the areas of organisational goals, natural

and socieeconomic environment, organisational resources and financial resources were discussed. The key
factors are selected based on priorities in the Danish society and are reported in this study according to the

depth of analysis that was carried out for them. The first two factors were analysed more in detail in order to
increase the level of certainty veineas the second two were analysed with less depth due to their inherent
uncertainty.

The first key factois flexibility and integration of renewable energy in the national energy system. This is a
priority in several organisational goals in the natioealergy plans and can contribute to meeting other
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priorities sich as climate change mitigation and improving national energy security as theuffafency rate

is declining in Denmarbanish Energy Agency 2014bhe renewable electricity integration potential refers to
the amount of wind electricity that can be integrated in the energy system when a particular technological
solution is integrated. Other forms of renewable eleditsi are not considered in the study, for example solar
power.

The second key factds energy efficiency of the system in terms of fuel consumption as thess#i€iency is
declining and the domestic biomass potentials are limited if impacts onudaednd food production are to be
avoided. Therefore biomass consumption is of particular interest. The fuel demand only investigates fossil fuel
and biomass demand and does not consider the demand from for example the fuels required to harvest
biomass.

The tird key factorin the report is selected to be climate change impacts in the form gfe@issions as this
was both part of the organisational goals in the national energy policies and affects the natdralocie
economic environmentThe assessment garbon dioxide emissions refer only to these emissions and do not
account for other greenhouse gas emissions such ahane.

The fourth and last key factas the socieeconomic costs as future energy systems should not contribute to
increasing debt andneferably contribute to job creation. The total energy system costs are hence investigated
including fuels, investments and variable costs such as operation and maintenance and electricity exchange.
The cost for carbon dioxide are also considered. Thesdostn Government taxes, or hingss costs are not
considered.

These four factors; climate change impacts, flexibility and integration of renewable energy, energy efficiency
and socieeconomic costs, are used as the parameters that are investigated forsap in the energy system
analysis.

4.6 Energy system analysis toeEnergyPLAN

In the report a computer based energy system analysis tool called EnergyPLAN waBadagtound
information about this tool is provided iAppendix10.2.2EnergyPLANThe description and objective of the
tool is based on the booRenewable Energy SysteniBhe choice and modelling of 100% Renewable solutions
from 2010 by Henrik Lund who was one of the creators of the{loahd 201Q)

4.6.1 How the EnergyPLAN tool is applied

The EnergyPLAN tool is found suitable for the analysis in this report because it is designed for comparing
alternative energy systems in a transparent and consistent manner, which is feasible in terms of the research
question of the report. When modelling atfiure system with increasing renewable energy an hbwhour

model is necessary in order to analyse the fluctuations that arises from these technqlogies2010)

The EnergyPLAN tool can be operated in a number of ways according to its purpose, but is operated as
described below in this report.

The EnggyPLAN tool is operated in technical optimisation, wisebksto minimize import/export and identify

the least fuel consuming solution. This is opposed to the other optimisation strategy called readtetmic
optimisation that optimises the operation @fach station within the electricity market in order to optimize
businesseconomic profit. The reason for this is that the purpose of the report is to investigate the energy
efficiency of the system and for this purpose a technical optimisation is prdéerBbsides, the purpose of the
report analysis is to investigate the energy system costs from a-sgoieomic perspective without taking into
consideration whether the individual plants are operated optimal according tosinbaseconomic point of
view.
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The tool was furthermore used to create scenarios across time periods with a number of different
technologies thatboth existin the present energy systems and might become part of a future renewable
system.

Additionally, the tool allows for analysingfeérent transmission capacities and strategies for managing unused
electricity production, which is one of the purposeshe report.

4.7 Data collection
The data collection methods that are used in the report are described in this section.

4.7.1 Priority of refeences
The references that are used in the report are prioritised according to the following order. This was used to
ensure that the data and information are from the most trustworthy source whenever possible.
1 Research journals
IEA
National agencies and TSO
Other organisations and research institutes
Interviews
Media

=A =4 =4 -4 =4

The reference source with the highest priority is research journals as these have beereyieerd by
research colleagues and are generally often known as having high quality. This tygferehce was used

mostly for discussions and reviewing previous studies on energy systems. Next, IEA data was prioritised as the
organisation is one of the central organisations for energy data and provided-@rassry data, which was
feasible in this rport. The IEA data was primarily used in the collection of technical data for the modelling of
energy systems. The national agencies and TSOs were used for collecting technical data related to e.g.
distributions of demands and productions as well as diaisenergy balances for the 2009 reference. If data

was not available from these sources it was supplemented by data from other organisations and research
institutes. The interviews were used to collect viewpoints from actors in the energy system abssible

future developments and to feed into the discussion of the results. Media sources were rarely used, but might
contribute to inform about recent trends amongge politicians or researchers.

4.7.2 Technical data

The technical data was the largest groupdata that was collected for the report. Many types of technical

data was collected in order to create first of all a reference system for the different countries in 2009, but also

to learn about potential technologies for a future renewable energy systEne technical data was collected

from the IEA energy database for OECD countries for 2009 and supplemented by data from the various
national energy agencies and TSOs when feafibke 2010)Not all data was available from these sources and
hence it was supplemented by data from previous research projects such as the CEESA research project about
renewable energy scenarios in the Danish energy sy¢temd et al. 2011)

The data collection focused on generic data for the different countries and as an example, data was not
collected in the transport sgor for each country with its many modes and both passenger and freight
transport. Furthermore, not all data was available and hence data from other countries had to be used, e.g. for
the wind power distribution in Norway that is based the Swedish windlistribution.

4.7.3 Literature review

Literature review also formed an important part of the data collection and was used e.g. in the phases of
defining the problems in the energy system and formulating the research question. Furthermore, it was part of
describing the different types of future energy systems and technologies. The purpose of the literature review
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is to convey the knowledge that have been established within a certain topic. The literature reviewed followed
the priority of references described abav

4.7.4 Interview

During the project interviews were conducted with two external actors in the Danish energy system in order to

f SENY Y2NB loz2dzi GKS GNBYyR&a Ay (GKS SEAadGAy3a SySNHé
standpoints in terms ofuture development. The two external actors are Energinet.dk and Dansk Energi
(Franck and Sgrensen 2014; Sgndergren 2014)

The interviews in the report were conducted as setnuctured interviews wiin the same framework with
the purpose of learning about their role in the Danish energy system, how they cooperate with other actors in
the system and how they envision the development in the DanishGorthected Scandinavimergy systems.

The intervieve were analysed for relevant statements and information in regards to the future energy systems
and were incorporated in the report when feasible.
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5 Results

This section describes the results of the study in three main parts. The first part describesttts for the
reference energy ystem of each country plus the Disconnected amhiiected Scandinaviassystems from
2009, when wind power is integrated from1@0% of the electricity demand. The results are presented for the
wind integration capacity, &l demand, C&emissions and socieconomic costSee more about input data for
the reference systems in Appendix Bupplementary results.

The second part of the section shows the same set of results for the energy system types and technological
solution steps from step 1 to 9See more about input data for the energy systems in Appendix E
Supplementary results.

The third part of the results is the sensitivity analysis, where a ssleaimber of key variables are modified
to understand the sensitity of some of the main results.

There is a certain type of graph used to represent the results in this section, which is used repeatedly.
Therefore before the results are presented, a sample of this graph is presented and described in order to
facilitate better understanding of the results.

5.1 Results interpretation - Wind integration analysis

The key way that the results in this study were generated was by carrying out a wind integration analysis. This
involves integrating wind production fromI00% of the alctricity demand and analysing how this affects the

key analytical factors; integration of wind; production of unused electricity; fossil fuel/biomass demand; socio
economic costs and G@®missions

For every key factor 11 different measurement pointdeérms of wind amounts of the total energy system
electricity demand are analysed, i.e. 0% wind share, 10% wind share, 20% winctehtineling to 100% wind
share.

The EnergyPLAN tool was created with the purpose of aiding the design of 100% renewabjesystems
and be applying this feature testing renewable energy technology integration (e.g. wind, solar power, wave
power) this helps in this endeavour since multiple renewable electrigfigs and amounts can be tested.

This type of wind integrationralysis is used as a consistent method for comparing all the steps across energy
system types and technological solutions. It will allow final recommendations to be made, since all
technologies were analysed in a similar fashion. The method has previoesty used in various journal
articles(Connolly et al. 2011; Lund and Mathiesen 2008)

The example figure below shows the curve graph integrating wind frekB006for the Danish reference
system and steps 1,2 and 2b, showing the amount of unused electricity as wind share increases.
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Group A: Denmark unused electricity
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Figure21: Unused electricity when integrating wind in the Danish energy system type A

In this figure the unsed electricity is plotted as lines for numerous steps. Wind production is shown in the
horizontal axis from A00% wind integration. The length of each line in the figure indicates the electricity
demand in each step as some steps cause an increaseeatuation in electricity demand. In this figure the
steps have different electricity demands therefore wind integration ranges from 0 TWh to 36 TWh in the
reference system up to 0 TWh to 46 TWh for the total electricity demand in step 2b (electric vehicle
integration).

As shown, after a certain point the unused electricity increases as wind integration increases since the Danish
electricity grid cannot integrate more wind. In this study a 5%dwdurtailment has been allowed; eaning

that 5% of the electrity from wind can be unused. This is shown as the dots on the plotted lines. This
curtailed wind shifts the point further to the right as 5% wind curtailment is allowed.

The further out on the wind axis the dot is placed the better $lgstem is at integiting wind.

This type of figure is also be used to show changes in-sacinomic costs and fuel demands when wind is
increased. The points where unused electricity rises above the 5% threshold is also plotted on these figures
since the point representsmraamount of wind which can be located on the horizontal axis and the vertical
intercept on the curve is the soceconomic cost or fuel demand for that amount of wind.

The point where unused electricity increases above 5% is the optimal wind integrafiarirpthis report

5.2 Results for reference systems

Theresults for thereference system for each country is described in this chapter in regartee teesults in
terms of wind integration, fuel demand, soeé@onomic costs and G@missionsThe input dataused for each
country is in the Appendix in sectid®.5

5.2.1 Output results

As described in the methodology, each of the countries are modelled individually removing the
interconnection cables, and the wind integration is modglfeom 0% to 100%. This is to test the flexibility of
SIOK O2dzy iNBEQ&a Ff dzOlGdzl GAy3d St SOGNROAGE LINPRAzOGA2Yy ®
to understand the flexibility of them.

In this section the key analytical factors are dédsetl and presented for the various reference energy systems
when integrating wind. The results are presented for flexbility and integration of renewable energy, fuel
demand, socieeconomic costs and G@missions. After the results are presented for eady Kactor the
numbers are interpreted to understand the dynamics of the energy systems and to progidétimto the
dynamics of the Connected andsBonnected Scandinavian energy systems.
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5.2.1.1 Flexibility and integration of renewable energy
In this section he results for each country and the Connected andcdnnectedScandinavisystems are
presented when wind is increased frorrl00%.

Denmark, Norway, Sweden

The unused electricity and fuel demand when wind is increased fraii006 of the electricity demanis$
shown for the three countries iRigure22, Figure23 and Figure24 below. The point where unusedlectricity
increases above the 5% curtailment is plotted on the figuresels
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Reference 2009: Sweden unused electricity & fossil fuel/biomass demand
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Figure22: The unused electricity production and fossil fuel dimmass demand in the Swedish reference system

Reference 2009: Norway unused electricity & fossil fuel/biomass demand
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Figure23: The unused electricity production and fossil fuel and biomass demathe Korwegianreference system

Reference 2009: Denmark unused electricity & fossil fuel/biomass demand
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Figure24: The unused electricity production and fossil fuel daimass demand in the Daniséference system

This point in the reference system where wind production begins to create unusedieltgctibove the 5%
threshold for Denmark, Norway and Sweden is around 9.7 TWh, 2.5 TWh, and 3.7 TWh, respectively. After
these points the higher production causes more unused electricity. The wind production share before unused
electricity is produced fobenmark, Norway and Sweden is around 27%, 2% and 3% of the total electricity

demand, respectively.
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5.2.1.2 Fossil fuel and biomass demand

The fuel consumption for Denmark reduces according to the increased wind power until around 20 TWh of
wind, and after this pmt the fuel demand starts increasing again. This indicates that the wind power for
Denmark until around a production of 20 TWh is able to replace other fuels that are primarily fossil fuels in the
Danish reference system. But fuel demand increases adegn20 TWh of wind due to increased production
from thermal power plants.

In Norway and Sweden the fossil fuel/lbiomass demand decreases continually as the wind increases. The
demand decreases less for Norway since very little thermal power productigspisicked by wind.

Denmark

To help explain why unused electricity is produced when more wind is added to the sygiane25 below
has been created from a sample of the data in a Danish reference system with ahere of 50% of the
electricity demand.

The unused electricity over the total year when 50% (18.4 TWihyl is added is 5.6 TWAvhich is an
accumulation of the hours where wind causes the electricity supply to be higher than the demand. This is
shown inFigure25. This amount of unused electricity is 30% of the total wind electricity generation, and in this
study only 5% of the wind generation is allowed as curtailment. The figure illustrates week 37 in 2009 and
contains the different electricity production technologies (waste and industry, CHP, condensing power plants
and wind power), and the electricity demand. The difference between these is the unused electricity.

Electricity productionin week 37 2009

Hours

HN cshp ®E chp pp Wind M Excess electricity —Demand

Figure25: Electricty production distribution in a week in the Danish reference energy system

As shown in the figure the waste and industry production and CHP operates as baseload production to ensure
inertia in the system and because waste and industry is producing atsaasd level throughout the year. The

next technology kicking in is the condensing poplants that operateaccording to the electricity demand and

it mostly follows the demand line.

The light green is the wind power that can be integrated in the enasgtem and the dark green area
indicates the wind power that cannot be integrated and will turn into unused production because production
exceeds the demand. From the selected week 37 in 2009 it can be seen that the wind is blowing much in the
last part ofthe week and the wind power production exceeds demand.

It is important to note that controllable condensing power plants in theory could reduce their production to
integrate more wind in the periods with high wind power production, but these power pkngsontrolled by

their regulation abilities which means that they take a certain period of time before they can operate at full
load. An example is large scale coal power plants that can increase their primary load support by 5% per 30
seconds and theisecondary load support by 4% per minute. In addition the minimum load is 18% of the full
load capacity for these types of plants (DEA, 2012). This means that the large power plants has to operate so
that the demand is always met and in order to operatdidt capacity the plant has to operate in other hours

as well. The power plants are therefore operating to ensure grid stability in the system.
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Sweden

A similar figure is presented below for the Swedish enenggtem with 15% (20.3 TWh) wind share of the
electricity demand. The total annual unused electricity in one year with 15% wind share is 8.2 TWhiswhich
40% of the total wind generation.

Electricity production in week 37 2009
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Figure26: Electricity production distribution in a week in tiSsvedistreference energ system

In Sweden the production technologies are nuclear power and hydropower primarily accompanied by waste
and industry, CHP and condensing power plants as well as wind. The nuclear power provides baseload
throughout the year similar to the waste anddustrial production, making the system less flexible and
reducing the amount of wind that can be integrated in the system. Throughout the year the nuclear, waste and
industry produce more than 40% of the electricity. The CHP production follows the depeakds, but is
relatively small compared to other production technologies. Tdrgest share of the electricity production is

from hydro power that can operate with relatively more flexibility than nuclear power, which can also be seen

in Figure26. In contrast to the Danish reference system there is no need for power plants to ensure inertia in
the system as this role is taken care of by hydropower. Hydropower has the advantage compared to
condensing power plants #t they can start producing electricity with a short notice and with low costs.

As was the case for Denmark wind power is highly variable and mostly uncontrollable. From the figure it is
clear that the unused electricity production from wind is mainlythe hours where the demand is lowest
where there is no room for integrating more electricity production. In the example in the figure this situation
occurs during night time where the demand decreases but the wind is blowing. Even when the CHP plants are
turned down or off the wind causesusedelectricity production.

Norway

The Norwegian reference energy system is illustrated in fiigare27 with a wind share of 10% (13.3 TWh)
of the electricity demand equabtan annual unused electricity production of 11.3 TWihich is 85% of the
wind generation.

Electricity production in week 37 2009
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Figure27: Electricity production distbution in a week in the Norwegiaeference energy system

The Norwegian energy system is dontath by a large share of hydropower production that acts as both
baseload production and to meet peak loads. The hydropower production on annual basis is equal to 97% of
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the total electricity demand. Other technologies in the system are waste and ind@ty, condensing power
plants and wind power. Due to the high hydropower production the majority of the wind production is unused
production. Sometimes the wind that is integrated shifts some of the hydropower to a different time in the
year but this causesinused production in other hours. IRigure27 this can be seen as the wind that is
integrated in the first half of the week reduces the hydropower production which means this hydropower is
used in another periodThe total production for hydro has to be the same in the year regardless of how much
wind is produced and since there is no room in the demand to use all of it some of it has to be unused
production. In a system with reduced wind such as in the referaystem as of 2009 there is no unused
production from hydropower and waste and industry.

It is important to note that in the example in the graph unused production is created from both wind power
and hydropower at the same time, but this does not seem s#ali This is due to the fact that the input to the
model is fixed and that there can be no spill in the water reservoirs. The resepavirot be stored for
another year as this model is created for one year. The reference system is modelled withsmissian line
capacity while the hydropower in reality most likely would be exported in the hours where there is no wind in
the neighbouring countries.

5.2.1.3 Wind integration

Scandinavian systems

As shown above, the three countries have different energy systehish are affected in varying ways when
additional wind is added. The figur&sgure28 below shows the unused electricity for each country for the
wind input. The figures also show the electricity demand of eachintry compared with each other. The
electricity demand of each country hasn important influence on the Connected ands@nnected
Scandinaviaesults.

Reference systems: Unused electricty
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Figure28: The unused electricity for Denmark, Sweden, Norway and Digctethand Connected Scandinavia

As shown in figur&igure28the electricity demand for Denmark is much smaller than the other two countries.
Denmark accounts for 12% of the total electricity demand of the threstt@es. Norway and Sweden account

for 43% and 45%, respectively. The magnitude of the electricity demand of each country has an important
influence on theConnected and BconnectedScandinaviasystems.

The point in thereference system where wind starto cause unused electricity for the Connected and
Disconnected Scandinaviasystem is 31TWh and 16 TWh, respectivelfhe wind production share for
Connected and Bconnected is around 10% and 3% of the total electricity demesspectively.
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The wind poduction for the Dsconnected system is shown differently from tBennected system because it
consists of the three countries individual unused electricity points (Denmark=9.7; Sweden=3.7; Norway=2.5)
which makes it difficult to aggregate these three msiinto one point. The wind integration line shows the
total amount of wind being integrated in the three countries combined but the point where the unused
electricity is placed is more difficult to locate. For example in Norway unused electricity la¢dirs TWh of

wind whereas in Denmark it begins at 9.7 TWh wind, therefore it is difficult to place the point. In this study one
of the aims is to compare the Disconnected amzhfizcted systems in terms of ability to @grate wind.
Therefore for the Bcmnected system, the poinis not placed on the line forifconnected where unused
electricity begins.

Figure 29 shows the fossil fuel and biomass demarat the three countries and the Connected and
Disconnected gstems.

The fosdifuel and biomass demand for the Connected amgt@nnectedScandinaviasystems are presented
in Figure29 below.

Reference systems: Fossil fuel / biomass demand
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Figure29: Thefossil fuel and biomass demafar Denmark, Sweden, Nery, Disconnected and Connected Scandinavia

As the wind is integrated into the systems the fuel demand decreases however the decrease stops once the
amount of unused electricity increases. The fuel dewch decreases the most for the@hected system since i
integrates more wind and requires less thermal power production.

The Swedish and Norwegian energy systems do not decrease much for fuel demand because the majority of
the electricity does not rely on fossil fuels, therefore when wind is integrated it do¢ replace fossil fuels.

Scandinavian system

The Disconnected Scandinavia reference system which comprises all three countries is illustFagede®0
below. The Bconnected figure is the results for aiiree independent countries added together, they are not
actually producing this figure in realitjiowever the Gnnected figure shows the results for three countries as

if they are interconnected and act as one country. The aim of the two figures is i@ gteodifference in
unused electricity when the threeountries are disconnected and connected with each other. In this system a
wind power production equal to 17% of the electricity demand is implemented with a total annual production
of 52 TWh from windrom 22,150 MW.
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Wind electricity production in week 37 2009 - Disconnected Scandinaiva
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Figure30: Electricity production distribtion in a week in the Disconnected Scandinaviference energy system

Wind electricity production in week 37 2009 - Connected Scandinavia
45000

40000

o Hinnnn RERL R R L RN R RN ERR RN T N AT

Electricity production (MWh)

Hours

. cshp geother. m Hydro mEE pp chp mm\Wind mmWind export ——Demand

Figure31: Electricity production ditribution in a week in the@neded Scandinavian reference energy system

In the @nnected Scandinavia reference system the electricity production technologies are waste and industry,
nuclear power, CHP, condensing power plants, hydropower and wind. Similar to the individual country syste
the nuclear, waste and industry is operating as baseload production almost constant throupkoygar. In

the @nnected Scandinavia system these technologies are around 21% of the total demand. The hydropower is
the key component in the system and is@operating more or less as baseload, but is also regulating slightly
according to the electricity demand. The CHP plants are only operating when there is peak demands that are
not met by wind production. In thedhnected Scandinavia system there is asinoo condensingoower plants
operating as the roles of these plants (e.g. in the Danish system) are replaced by hydropower. The wind power
is integrated to the extent possible and is affected by the demand and the other production technologies, i.e.
the baseload is reducing the fluctuating wind production that can be integrated. All the unused electricity
production is produced from wind turbines while there in contrast to the Norwegian system is nogoydeo

unused production in the @nected Scandinavigystem. Thelemand is decreasing every night which then
affects the unused electricity production and there is in fact unused production every night. In the last part of
the week the wind power production is peaking without the demand increasing whichkesatlne highest
amount of unused production.

In conclusion, it can be summarised that the hydropower is the main production technology for the three
countries to ensure that the electricity demand is met. The wind power is integrated to the extent possibl
but often during the night time when the demand decreases unused electricity production is produced.

The fuelconsumption decreases for both the Disconnected andn@ecied Scandinavia systems but the
Gonnected Scandinavia system ¢ioially decreases hereas the Bconnected system begins to increase at
around 175TWh of wind. The @nected Scandinavia fuel consumption decreases sharply in the first 26 TWh
of wind integrationsince all this wind is utilised and replaces thermal power production.

5.2.1.4 Socio-economic costs
The annualcosts for the reference system haween calculated to get a baseline situation for the secio
economiccosts of each country and the Connected anidcBnnectedScandinaviarsystems. The socio
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economiccosts for the referenceystem for each country and the Connected anidd@nnecéd Scandinavian
system arebrokendown inTable4.

Table4: Breakdown of socieconomiccosts for the reference systenis Denmark, SwederNorway andhe
Scandinavia systems

Socio-economic costs Denmark Norway Sweden Disconnected Connected
(Billion euro) Scandinavia Scandinavia
Total 175 19.7 35.0 72.3 72.3
Variable Fuel 6.9 5.6 14.1 26.5 26.6

Operation 0.1 0.2 0.9 12 1.2

CO, 0.7 0.6 0.8 21 21

Other 1.4 1.9 0.4 3.7 3.8
Fixed operation 3.6 5.1 8.2 17.0 16.9
Investment 4.8 6.4 10.5 21.7 21.6

Sweden has the highest so@oonomiccost out of all the countries which is expected since Sweden has a
larger population leading tohigher transport demands for example than the other countries. Denmark and
Norway have similar costs but Norway is slightly higher due to higher fixed operation and investment costs
related to the hydropower installations supplying the higher electridéynand of the country.

The socieeconomic osts for the countries and the Connected angddnnectedScandinaviarsystems are
presented below irFigure32.
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Figure32: Thesocioeconomiccostsfor Denmark, Sweden, Norway, Disconnected and Connected Scandinavia

When integrating more wind power into the reference system the secionomic osts for the countries and

the Connected and iBconnectedScandinaviarsystems are stable until unuseslectricity is produced. Even
though the wind installations increase investment and operation costs, the savings on fuel level out the total
cost. After that point the costs are increasing because the costs for investing in wind turbines are higher, but
the wind is not able to replace any fuels and thereby create savings.

The cost for the @nected Scandinavia scema@are slightly lower than the iBconnected systemsathe wind
increases since theo@nected Scandinavia scenario can integrate more windthus save on fuels.

5.2.1.5 Carbon dioxide emissions
The carbon dioxide emg®ns for each country and theofiheded and Dsconnected Scandinavia systems are
shown inTable5.
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Table5: CQ-emissias for Denmark, Sweden, Norway and Scandinavia

CO, (Mt) Denmark Norway Sweden Disconnected Connected Scandinavia
Scandinavia
48 36 53 138 137

The CQ@ emissions in the Danish reference system @& Mt with the largest part emitted from oil
consumption(in the transport sector) and coal and natural gas consumption in the CHP and power plants.
Individual heating and industries are also responsible for a share of the@iGsions. Even though Norway

has a much higher electricity demand than Denmark it teslowest emissions since the majority of the
electricity is from hydro power. Sweden has the highest electricity demand but it only has a slightly higher
emissions level than Denmark which is also because the electricity is produced from hydro poweickeaa
power. The country does not depend on much fossil fuels for electricity production.

The carbon dioxide emi®ns for each country and the Connected anscBnnected Scandinavian systems are
shown inFigure33.
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Figure33: TheCQ-emissiondor Denmark, Sweden, Norway, Disconnected and Connected Scandinavia

When conducting the wind analysis the G&nissions are reduced when the wind power is able to replace
fossil fuels for Denmarknd the Scandinavian systems. Similar to the findings fragnre29 the fossil fuels
and thereby the emissions are decreasing in Denmark until a poinind 20 TWHwind power production.

The C® emissions for @eden and Norway do not decrease since the majority of the emissions in these
countries do not arise from electricity production, but transport and industry.

The C@emissions from the @nected Scandinavisystem &ll the most compared with the iBconneced
Scandinaviaystem which is due to the higher wind integration which decreases demand for fossil fuel power
production.
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5.3 Results for energy system types and technological solutions
The results for the threenergy system typeare presented in thisextion. The results are presented for the
different steps in eaclenergy system typdor the Connected and iBconnected Scandinavia systems. The

individual countries are not presented in this section but the figures for the countries can be found in
Appendx X.

5.3.1 Results for steps in energy system type A

Theresults for the key factors from analysing the wind integration frorh00% of electricity demand are
explained below for the different systemshkimergy system typA.

5.3.1.1 Flexibility and wind integration

The unused electricity produced when windinsreased from €.00% for the Disconnected Scandinavia and
Gonnected Scandinavia systems is showrfrigure34 and Figure35 below. The two figures are provided in
order to compare the unused electricity when the same percentage of wind is integratbe Bystens. For
example when 20% of wind (out of the total electricity demand) i®grdated in the systems. In the
Disconnectedsystem this means that 20% wind is integrated in the Denmark, Sweden and Wsystems in
each step. In the @nected system 20% wind is integrated in that one system.

Energy system type A: Disconnected Scandinavia unused electricity
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Figure34: Wind integration for steps in energy system tyfaén Disconnected Scandinavian system

Energy system type A: Connected Scandinavia unused electricity
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Figure35: Wind integration for stepi energy system type A irofinected Scandinavian system

In the Dsconnected system the unusedectricity is higher than thed@nected system becauder example
when 20% wind is integrated in each of the countries, there is high unused electricity. This is because some of
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the countries cannot integrate this much wind for example Norway. Therefore when the unused electricity for
each country is aggregad the total unused electricity is high. Each country reaches the point where unused
electricity is above 5% at different levels of wind integration and because of this it is not possible to plot an
aggregated point of unused electricity on the curvefigure34, the aggregated point values are presented in
Table6 below. In the Gnnected system the one system is able to integrate more wind since it is one system
and is moe flexible, and the point of unused electricity is possible to plot since the wind integration curve
represents only one system.

The wind electricity production at the point where unused electricity increabese the 5% threshold for the
Connected and BconnectedScandinaviaystems is shown for each step and for theerefice inTable6. In

the Disconnected Scandinavia system the point of unused electricity equals the aggregate wind production
when unused elecicity reaches 5% of the total electricity demand for each country. For example for the
reference system the amount of wind produced in Denmark, Sweden and Norway when 5% unused electricity
is produced in each country equals 9.7, 3.7 and 2.5 TWh, resplgctivhich equals 15.9 TWh total wind
production at the point of unused electricity. In this example it shows that Norway hits the point first and
Denmark is able to integrate more wind before it hits the point.

Table6: Wind produdion at the point of unused electricity for Disconnected and Connected Scandinavian systems

Wind input at point of unused electricity (TWh) Reference Step 1 Step 2 Step 2b
Disconnected 15.9 72.3 72.3 91.9
Connected 30.6 89 93 117.8

In step 1 for the BconnectedScandinaviaystem the wind integration increases from the reference system
which is due to the Swedish energy system. In the Swedish energy system when the nuclear power is removed
and is replaced by thermal power plants the country experisnaesignificant improvement in the ability to
integrate wind in the system. The power plants that replace the nuclear power create enhanced flexibility in
the system and this allows moreind to be integrated. In the Swedish reference system from 2008dit)

nuclear power around 3% of the electricity demand could be covered by wind befugedproduction was
created. For step 1 without nuclear power this improved to around 43%eélectricity demand. The reason

for this improved integration is thahe base load electricity production is removed and hence, there is more
room for regulating the production according to wind production, for example by using the hydropower or
thermal production as baseload production which is more flexible.

When all thee countries have @ached the 5% threshold in thédBonnectedScandinavigystem, the amount
of wind that can be integrated is 24% (step 1 and 2) and 28% (step 2b) of the total aggregated electricity
demand.

In the @nnected system steps 1,2 and 2b atdeato increase wind capacity to produce 89, 93 and 113 TWh
wind electricity, respectively, before the unused electricity surpasses the 5% threshold. This is equivalent to
29%, 30% and 34% of the total electricity demand, respectively. Since all thregieswame connected the
balancing power can be supplied by hydro from Sweden and Norway.

The conversion to biomass in the electricity and heat sector in step 1 and the conversion to biofuels in step 2
did not affect the wind integration noticeably.

In sep 2b, when integrating electric vehicles into the system, improvements are found for all systems because
the electricity demand is increased and more wind can thereby be integrated. When the demand is increased a
larger share of the total production isqutuced from technologies that can regulate according to wind power.
The electric vehicles are in all scenarios therefore improving the wind integration ability where the Swedish
system carintegrate around 46% wind, In Denmark the share is around 30%orway the share is around
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8%. The overallScandinaviaConnected and Bconnected systems can integrate 34% and 28% wind,
respectively.

5.3.1.2 Fossil fuel / biomass demand

The fossil fuel / biomass demand when windnisreased from @L00% for the Disconnected $chnavia and
Gonnected Scandinavia systems is showRigure36 and Figure37 below. As explained above the two figures
are provided in order to compare the fuel demand evhthe same percentage of wind is integrated in each
system.

Energy system type A: Disconnected Scandinavia fossil fuel / biomass demand
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Figure36: Fossil fuel and biomass demdiod steps in energy system type A in Disconnected Scandinavian system

Energy system type A: Connected Scandinavia fossil fuel / biomass demand
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Figure37: Fossil fuel anthiomass demand for steps energy system type A irofinected Scandinavian system

The fossil fuel/biomass demand at the point where unused electricity increds®ae the 5% threshold for the
Connected and iBconnectedScandinaviaystems is shown for eAstep and for the reference ifiable7.

Table7: Fossil fuel and biomass demaaitthe point of unused electricity for Disconnected and Conrmt&eandinavia

Fossil fuel/biomass demand at point of unused electricity (TWh) Reference Step 1l Step 2 Step 2b
Disconnected 844 627 764 575
Connected 807 596 715 523

In the refererce system for the Scandinavian Connected aistdhnected systems fuel demand consists of
fossil fuel and biomass,olwvever from step 1 onwards all fossil fuel is converted to biomass. Therefore in the
steps following step 1, the biomass demand increases significantly due to the conversion to biomass
dependence in all sectors in the energy systems

In the Connected Scangiavia system the biomass demand in step 1 decreases at the point of unused
electricity. As explained above since Sweden can integrate more wind this decreases the overall fuel demand
in Sweden, and since Sweden accounts for around 45% of the electriaitgndieof the countries included in
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the Scandinavia region (Denmark, Sweden, Norway) this influences the overall fuel demand of the Connected
system significantly.

In addition in step 1 théossil fuel and biomastemand for Norway decreases significantlyedo the removal
of natural gas flaring since biomass has replaced the need for natural gas. Natural gas flaring is also reduced
to 0 in Denmark.

However in step 2 when fossil fuels are converted to biofuels, the fuel demand increases which is loeie to t
higher biomass demand for the production of biofuels.

In step 2b, for all countries and the Scandinavian systems, the biopetrol fuelled vehicles (cars and vans) are
replaced with electric vehicles. This conversion reduces the biomass fuel demarfidasigiyi

The reduction of fuels when integratingnore electric vehicles is due to two reasons. Firstly and most
important, the electric vehicle technology is more efficient than internal combustion engine technologies in
terms of energy efficiency from gmeto-wheel (Danish Energy Agency and COWI 2Q1Baisresults in a
reduced fuel demand for meeting a similar transport demand and thereby saves some fuels.

Secondly, converting to eledtity instead of fossil fuels might contribute to improving the efficiency of the
entire energy system as electricity can be supplied from technologies such as condensing power plants, CHP
and renewable sources instead of solely relying on solid fosd8.fuie fuels can hence be produced when
required instead of stored and imported from foreign markets.

Overall the Connected Scandinavia system reduces the fuel demand more than the Disconnected Scandinavia
system when integrating a higher share of windadathis is due to the higher integration of wind in the
Connected Scandinavia system, which reduces the demand for thermal power production.

5.3.1.3 Socio-economic costs
The socieeconomic cost when wind isncreased from @00% for the Bconnected Scandinaviaand
Gonnected Scandinavia systems is showRigure38 and Figure39 below.
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Energy system type A: Disconnected Scandinavia socio-economic costs
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Figure38: Socieeconomic costsor steps in energy system typemDisconnected Scandinavian system

Energy system type A: Connected Scandinavia socio-economic costs
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Figure39: Socieeconomic costs for 8ps in energy system type A infhected Scandinavian system

The socieeconomic cost at the point where unused electricity increaabsve the 5% thresholdor the
Connected and BconnectedScandinaviaystem is shown for each step and for the referenc&eble8.

Table8: Socieeconomic costat the point of unused electricity for Disconrted and Connected Scandinavia

Socio-economic cost at point of unused electricity (TWh) Reference  Step 1 Step 2 Step 2b
Disconnected 72.6 70.1 75.3 74.5
Connected 72.5 71 75.6 74.6

For both the Connected and Disconnected Scandinavia systems the oositefp 1 are lower than the
reference, with wind integration of 29% and 24%, respectively, before unused electricity is produced. The key
factor that affects the costs is how much fuel can be replaced by wind and if this amount exceeds the
increased costdor investment and operation for installing more wind turbines and electric vehicles. Even
though step 1 does not integrate as much wind as step 2b it has lower costs which is due to the lower fixed
operation and investment costs related to wind and powéants and investments in electric vehicles. Part of

this reduced fuel cost is because the flaring of natural gas in the systems are removed, and that the shipping
fuel oil is replaced by biofuels that has a lower cost.

Step 2 has the highest costs whichdue to the lower integration of wind and higher costs for increased
biomass for producing biofuels.

Step 2b can integrate the highest amount of wind but the investment costs for wind and for increasing the
capacity of power plants due to higher eldcity demand raises the cost above the reference system.
However the fuel used in the transport sector is replaced by wind which decreases the cost below step 2.
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5.3.1.4 Carbon dioxide emissions

The carbon dioxidemissions when wind isicreased from @00% for he Disconnected Scandinavia and
Gonnected Scandinavia systems aleown inFigure40 and Figure41 below. The key principle behind the
steps inEnergy system typA is thatthey should reduce the G@missions in the systems to make them 100%
renewable in a relatively simple way.
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Figure40: CQ-emissiongor steps in energy system type A in Disconnected Scandinavian system
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Figure41: CQ-emissions for stepm energy system type A iro@hected Scandinavian system

The carbon dioxide emissions at the point where unused electricity incredmsmge the 5% threshold for the
Gonnected and BconnectedScandinaviaystem is show for each step and for the referenceTiable9.

Table9: CQ-emissionsat the point of unused electricity for Disconnected and Connected Scandinavia

Carbon dioxide emissions at point of unused electricity (TWh) Reference Step 1 Step 2 Step 2b
Disconnected 133.5 63 0 0
Connected 127 64 0 0

In the Disconnected and Connected Scandinavia thee@@sions are reduced to O from step 2 onwards. This
is because all sectors have been convertedbiomass. This is based on the assumption that biomass
consumption is C&neutral; this is discussed further @©hapterb.

In step 1 when all fossil fuels are converted to biomass for industry, thermal ielsgtand heating, the GO
emissions at the point of unused electricity decrease for Disconnected and Connected Scandinavia by around
54% and 49%, respectively, below the reference system.
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The remaining COn step 1 is from the transport sector and islteed to zero emissions in step 2.

5.3.2 Results for steps in Energy system typeB

Theresults for the key factors from analysing the wind integration frorh00% of electricity demand are
explained below for the different systemshkmergy system typB.

5.3.2.1 Flexibility and wind integration

The unused electricity produced when windinsreased from €.00% for the Disconnected Scandinavia and
Gonnected Scandinavia systems is showRigure42 Figure43 below.

Fa the figures below the reference and last step fremergy system typé have been included. The last step
from Energy system typd is step 2. As explained in the methodology Step 2b is an additional last step for
energy system typ@ where electric velkies are added in order to finalise the changes inEmergy system

type A super grid energy system. Since the steps are sequential, step 2b is removed and step 3 continues from
step 2 inEnergy system typB.
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Figure42: Wind irtegration for steps in energy system typearmDisconnected Scandinavian system

Energy system type B: Connected Scandinavia unused electricity
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Figure43: Wind integration for step energy system type B imfihected Scandinavian system

The wind electricity production at the point where wsed electricity increasesbove the 5% threshold for the
Connected and BconnectedScandinaviaystem is shown for each step and for the referencéahlel0.
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TablelO: Unused electricitat the point of unused electricity for Disconnected and Connected Scandinavia

Wind input at point of unused electricity (TWh) Reference Step2 Step3 Step4 Step5 Step 5b
Disconnected 15.9 72.3 68.2 95.4 98 117.9
Connected 30.6 93 68.2 134.5 136.4 151.2

As shown irFigure42in the Osconnected system the aggregate unused electricity at 0 TWh wind is above the
5% unused electricity allowance for steps 3 (individual heat pumps),4 (electrification of indastdy)s
(flexible demand). The reason for this is that in step 3 the electricity demand has been decreased for all the
countries because individual heat pumps replace electric heating. This affects the Norwegian and Swedish
systems significantly since theyave very high electric heating demands. When the electricity demand
decreases it creates a situation where surplus electricity occurs. This is apparent in step 3 with the introduction
of heat pumps instead of electric heating where the Norwegian elegtridtmand decreases by 23.27 TWh
from 132.57 to 109.03 TWh, the latter being lower than the hydropower production of 127.8 TWh.

In Norway the hydropower supplies 97% of the demand and if the demand decreases too far it is assumed
there is surplus electrityi from hydropower. Hence there is no room for additional wind production. Only
when electric vehicles are integrated in step 5b does the ability to integrate wind increase again. It is assumed
that the hydropower that canot be used in Norwais more or éss spilled in the iBconnected system while in

the Connected Scandinavia it is integrated with the other countries and hence replaces some electricity that
could otherwise have been produced by wind power.

Although the aggregateifconnected system hasiplus electricity at 0 TWh wind. It does not mean that wind

is not being produced in Denmark and Sweden, it means that the wind produced in these countries is
cancelled out due to the ovesupply of electricity in Norway. In Sweden36 TWh of wind canéintegrated

from steps 35b. In Denmark 1:22 TWh wind can be integrated from step$I3. But when the three countries

FNB | 33a3NB3IFGESR F2NJ GKS LJzN1}R2 &S 2F (GKS adGdzRe GKAA GAYF

In the @nnected Scandinavia systethe wind share that can be integrated increases to 39% in step 4 and 5
(and 41% in step 5b) since all three countries are connected and balancing power is supplied by hydropower
from Sweden and Norwayn comparison, in step 5 thedgonnected Scandinavsystem can integrate 28% of

the electriéty demand (and 32% in step 5b)

In step 4 where 40% of the industry fuel demand is converted to electricity demand more camdbe
integrated in both the Connected anddbonnectedsystem, but in particular theddnected system benefits
from this as the electricity demand thereby increases in Norway and kdobower replaces wind in the
Gonnected Scandinavian system.

When implementing a flexible demand ov@d hours in step 5 neither the Connected oisd@nneced
Scandinavian systenmprovetheir wind integration.

In step 5b when electric vehicles are integrated in the system, the wind integration improves along with the
electricity demand. The electric vehicles in this step are smart charged which aimsuatngdhe unused
electricity in the system. This smart charge makes a difference for the integration of electric vehicles as step 5b
with smart charge improves the integration of wind more than step 2b that uses a dump charge strategy.

5.3.2.2 Biomass demand

Thefossil fuel / biomass demand when windinereased from €L00% for the Bconnected Scandinavand
Gonnected Scandinavia systems is showrFigure44 and Figure45 below. The demand consists only of
biomass as all fossil fuels are replaced by biomaEsérgy system typA.
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Energy system type B: Disconnected Scandinavia biomass demand
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Figure44: Biomass demanfbr steps in energy system type B in Disconnected Scandinavian system

Energy system type B: Connected Scandinavia biomass demand
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Figure45: Biomass demand for steps in energy system type B in Disconnected Scandinavian system

The biomass demand at the point where unused electricity increades/e the 5% threshold for the
Connected and iBconnectedScandinaviaystem is shown fagach step and for the reference Trablell.

Tablell: Biomass demandt the point of unused electricity for Disconnected and Connected Scandinavia

Biomass demand at point of unused electricity Reference  Step Step Step Step Step
(TWh) 2 3 4 5 5b

Disconnected 844 764 699 692 687 477
Connected 807 715 651 588 586 406

The biomass demand for both the Connected aridcbnnected Scandinavia systems decreases for all steps
following step 2. Howeer the extent that the biomass demand decreases before unused electricity occurs is
different between the gstems. l.e. Norway forces thadbonnected system to have unused electricity without
any wind integration. The biomass demand reducesnergy sylem typeB for Sweden and Norway while the
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Danish system increases the biomass demand, but since the Swedish systentsiripa Scandinavian
Disconnected system more than the Danish system, this results in a reduction for all of Scandinavia.

The biomass eimand increases in Denmark due to the overall growing electricity demartdisnenergy
system type that camot solely be supplied by wind power, and therefore thermal power is required. In
Sweden the electricity demand increases by 88 TWh from step 3e Sb, but since the country has
hydropower for balancing, it is able to integrate more wind and therefore less power is required from thermal
production and thus the biomass demand decreases from step 3 onwards. In the Norwegian system the
biomass demands reduced when EVs are integrated replacing the fuel demand for biomass from biofuels.

The ©nnected Scandinavia system is alddrttegrate more wind than theiBconnected system and this leads
to reduced biomass demand as the wind power replaces teltgies using biomass. This can also be seen in
Table 11 where the point of unused electricity occur at higher wiimtegration points than in the
Disconnected system.

The overall biomass demand reductiaorh the reference to 5b in the Bconnected system at the point of
unused electricity is from 844 TWh in the reference to 560 TWh in step 5b, a reduction of 35%.

The overall biomass demand reductiownrh the reference to 5b in thedbnected Scandinavia system et
point of unused electricity reduces from 807 TWh to 406 TWh, a reduction of 50%.

5.3.2.3 Socio-economic costs
The socieeconomic cost when wind isncreased from @00% for the Disconnected Scandinavia and
Gonnected Scandinavia systems is showRigure46 and Figure47 below.
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Energy system type B: Disconnected Scandinavia socio-economic costs
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Figured6: Socieeconomic cost$or steps in energy system type B in Disconnected Scandinavian system

Energy system type B: Connected Scandinavia socio-economic costs
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Figure47: Socieeconomic costs for stepa energy system type B infihected Scandinavian system

The socieeconomic cost at the point where unused electricity increaabsve the 5% threshold for the
Connected and BconnectedScandinaviaystem is lsown for each step and for the referenceTiable12.

Tablel2: Socieeconomic costat the point of unused electricity for Disconnected and Connected Scandinavia

Socio-economic cost demand at Reference Step 2 Step 3 Step 4 Step 5 Step 5b
point of unused electricity (TWh)

Disconnected 72.6 75.3 71.5 74.7 74.7 73.6
Connected 72.5 75.6 70.5 74.2 74.1 73.4

The socieeconomic costs are influenced by a number of factors such as fuels, iremgst@and whether the
technologies require infrastructutachanges. In the Scandinaviaisdnnected system the steps all have
higher costs than the reference even though step 3 reduces the costs compared to the previous step 2. This is
because individual éat pumps replace individual boilers and electric heating thereby saving fuels. The heat
pumps also result in increased operation and maintenance costs, but the fuel savings make up for this. Steps 4
5b have higher costs than previous steps regardlesshefamount of wind that can be integrated in the
systems.

For the @nnected Scandinavia system step 3 has lower costs than the reference and all previous steps. In step
4-5b the costs are higher than the reference, but lower than step 2 due to the changeelicosts and
investments

Aalborg University CopenhagbnResults



NIl 100% RENEWABLE ENERFSTEMS IN THESOWAVIAN REGION

The difference between the two Scandinavian systeane rather limited while the @nected system has
slightly lower costs than theifconnected system in most steps. In step 5b at tbanpof unused electricity
the Disconneced system has more than 2.3 billiomre higher fuel costs than theoBnected system, but it
also has higher investment and operation and maintenance costs of 1.5 billion euro and Or¥ éillm
respectively, than the @nected system which makes thdfdrence rather small.

5.3.2.4 Carbon dioxide emissions

The carbon dioxide emissions were reduced to O in step Engfrgy system typ@ and are therefore not
elaborated in this section.

5.3.3 Results for steps in Energy system typeC
The results for the key factorsoim analysing the wind integration from-1D0% of electricity demand is
explained below for the different systemskmergy system typ€.

5.3.3.1 Flexibility and wind integration
The unused electricity produced when windirisreased from €.00% for the Disconnésd Scandinavia and
Gonnected Scandinavia systems is showRigure48 and Figure49 below.

For the figures below the reference and last step frenergy system typ& hae been included. The last step
from Energy system typ8 is step 5. As explained in the methodology Step 5b is an additional last step for
energy system typ® where electric vehicles are added in order to finalise the changes iErthegy system

type B snart grid energy system. Since the steps are sequential, step 5b is removed and step 6 continues from
step 5 inEnergy system typ€.

Energy system type C: Disconnected Scandinavia unused electricity
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Figure48: Wind integratiorfor steps in energy system typarCDisconnected Scandinavian tgys
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Energy system type C: Connected Scandinavia unused electricity
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Figure49: Wind integration for step in energy system type C inrfhected Scandinavian system

The wind electricity production at the point where unused electricity increases above the 5%dluésr the
Connected and BaonnectedScandinavigystem is shown for each step and for the referenc&ahlel3.

Tablel3: Unused electricityat the point of unused electricity for Disconnected and Connected Scarndinav

Wind input at point of unused electricity (TWh) Reference Step5 Step6 Step7 Step8 Step 9
Disconnected 15.9 98 97.8 97.8 168.2 185
Connected 30.6 136.4 123.9 122.3 220.6 210.4

In the Disconnected Scandinavia system steps 5,6 and 7 can integmatad the same amount of wind
electricity before all countries start producing unused electricity, around 98 TWh of wind. Norway can
integrate more wind in step 8 since the electricity demand increases when EVs and electrolysers are
integrated.

In the DsconnectedScandinaviarsystem from step 8 to step 9 the aggregated wind integration increased to
185 TWh. Norway and Sweden did not change the wind integration much from step 8 to 9, remaining at
around 17 and 118 TWh wind, respectively. However Deniimarkeased from 32 to 52 TWh wind from step 8

to 9. The proportion of the total electricity demand in wind for Denmark increased from 42% to 68% from step
8 to step 9.

The Scandinavian Disconnected system increases in wind integration in step 9 since Denmiale to
increase wind share significantly. However in the Scandinavian Connected system the wind share decreases
which is due to the increased electricity efficiency in the CHP plants. Since the CHP plants must produce heat
for district heating, theyroduce electricity as well, which decreases the demand for wind electricity.

In the Connected Scandinavia system, the point where unused electricity occurs is at a ghehwind
integration than the Bconnected system. Steps 6 and 7 integrate arodmedsame amount of wind at around

122 and 124 TWh, respectively. Steps 8 and 9 integrate the most wind at 221 and 210 TWh, respectively, which
is 50% and 47% of the total electricity demand.

5.3.3.2 Biomass demand

The fossil fueand biomass demand when wind iscreased from @L00% for the Disconnected Scandinavia
and @nnected Scandinavia systems is showkigure50 and Figure51 below. The demand consists only of
biomass as afbssil fuels are replaced by biomasginergy system typA.
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Energy system type C: Disconnected Scandinavia biomass demand
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Energy system type C: Connected Scandinavia biomass demand
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Figure51: Biomass demand for steps in egg system type C in Disconnected Scandinavian system

The biomass demand at the point where unused electricity increades/e the 5% threshold for the
Connected and BconnectedScandinaviaystem is shown for each step and for the referenc&ahlel4.

Tablel4: Biomass demandt the point of unused electricity for Disconnected and Connected Scandinavia

Biomass demand at point of unused electricity (TWh) Reference Step5 Step6 Step7 Step8 Step9

Disconnected 844 687 690 690 496 439
Connected 807 586 614 606 374 394

The biomass demand for all steps for both systems decrease compared with the reference. Step and 8 and 9
decrease the most where in the Disconnected system it decreas&6dand 500 TWh, respectively. For the
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Connected Scandinavia system the biomass demand decreases to 374 and 394 TWh for step 8 and 9,
respectively. Step 8 decreases mostly due to the integration of EVs and the replacement of biofuels with
synfuels which @nsume much less biomass. Step 9 does not decrease as much since gasification of biomass
actually increases the biomass demand due to small losses in the gasification process, for example due to
gasification efficiency and leakage of gas from conversiofin@ consumption. Even though step 9 can
integrate the most wind for the Connected Scandinavia system the biomass demand is still higher than step 8.

Steps 6 and 7 (district heating expansion and large heat pumps) demand a slightly higher amount e§ bioma
than step 5 (flexible demand), which is because the district heating, and large scale heat pumps do not
decrease the fuel demand for heating much. By installing individual heat pumps before these steps in step 3,
which increases the efficiency of thedimidual heating sector, the significance of adding centralised district
heating and large scale heat pumps is diminished.

5.3.3.3 Socio-economic costs
The socieeconomic cost from 100%wind for the Disconnected Scandinavia andn@ected Scandinavia
systems istsown inFigure52 and Hgure53 below.

Energy system type C: Disconnected Scandinavia socio-economic costs

92

co
N

~
~N

Socio-economic costs (Billion Euro)

~
N

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460
Wind (TWh)

Step 6 Step 7

Step8 ——Step9

Figure52: Socieeconomic costéor steps in energy system type C in Disconnected Scandinavian system

Energy system type C: Connected Scandinavia socio-economic costs
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Fgure53: Socieeconomic costs for stepa energy system type C im@hected Scandinavian system

The socieeconomic cost at the point where unused electricity increaabsve the 5% threshold for the
Gonnected ad DOsconnectedS@andinaviasystem is shown for each step and for the referenc&ahlel5.
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Tablel5: Socieeconomic costat the point of unused electricity for Disconnected and Connected Scandinavia

Socio-economic cost at point of unused electricity Reference  Step Step Step Step Step
(TWh) 5 6 7 8 9

Disconnected 72.6 74.7 75.6 75.9 82.9 84.4
Connected 72.5 74.1 75.3 75.3 81.6 83.7

The socieeconomic costs for all the steps are higher compared withréierence system. However for step 8

and 9 for the Connected and Disconnected Scandinavia systems the cost is the highest compared with the
reference system. This is due to the introduction of EVs which have a high operation and maintenance cost;
this is explored further insectionSensitivity analysis of results, methodology and delimitations.

The key factor that affects the costs is how much fuel can be replaced by wind and whether this amount
exceeds the increasl costs for investment and operation for installing more wind turbines and electric
vehicles.

Although the soci@conomic costs do not change significantly from the reference system to the final step of
each energy system type, the distribution of costsanges. This is shown for the Connected Scandinavia
system inFigureb4.

Connected Scandinavia socio-economic cost distribution
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Figureb54: Cost breakdown of the Connected Scandinavian system for reference and steps 2b, 5b and 9

Originallyin the reference system the costs were dominated by variable costs which mostly comprise of fuel
costs. The operation and maintenance costs are lower in the reference system as well which is due to less wind
integration. The operation and maintenance coststeps 2b, 5b and 9 increase due to the EVs integration and
higher wind production. The investment cost also increases due to wind integration and in step 9 the
infrastructure for biomass gasification and synfuel production increase investment costdudlhcost for

steps 2b, 5b and 9 all decrease compared to the reference which is due to savings largely related to electricity
production from wind and transport via EVs.

5.3.3.4 Carbon dioxide emissions
The carbon dioxide emissions were reduced to O in steyf @nergy system typé\ and are thereforenot
elaborated in this section.

Some of the results across different energy system types are presented below.
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The wind integration and the share of wind of the total electricity demand that can be integrateddbrséep
and for all countries and energy systems is presentethinel6.

Tablel6: Wind integration potential and wind share of total electricity demand for each step

Wind integration at point of Denmark Sweden Norway Disconnected Connected
unused electricity (TWh) and % of Scandinavia  Scandinavia
total electricity demand

Reference 9.7 (27%) 3.7 (3%) 2.5 (2%) 15.9 (5%) 30.6 (10%)
Step 1 11.8 (32%) 58 (42%) 2.5 (2%) 72.3 (24%) 89 (29%)
Step 2 12 (32%) 58 (42%) 2.3 (2%) 72.3 (24%) 93 (30%)
Step 2b 13.5 (30%) 67.9 (46%) 10.5 (8%) 91.9 (28%) 117.8 (35%)
Step 3 13.2 (31%) 54.9 (42%) 0 (0%) 68.2 (24%) 68.2 (24%)
Step 4 16.5 (31%) 78.9 (47%) 0 (0%) 95.4 (28%) 134.5 (39%)
Step 5 16.7 (31%) 81.3 (48%) 0 (0%) 97.9 (28%) 136.4 (39%)
Step 5b 22.3 (36%) 95.6 (53%) 0 (0%) 117.9 (32%) 151.2 (41%)
Step 6 16.5 (32%) 81.3 (49%) 0 (0%) 97.8 (29%) 123.9 (36%)
Step 7 16.5 (32%) 81.3 (49%) 0 (0%) 97.8 (29%) 122.3 (36%)
Step 8 32.4 (42%) 118.3 (54%) 17.5 (12%) 168.2 (38%) 220.6 (50%)
Step 9 52 (68%) 116 (52%) 17 (11%) 185 (42%) 210.4 (47%)

The total costs for each country and Scandinavian system for the last step oteady system typeare

presented inTablel7 below.

Tablel7: Socieeconomic costs for the last step in each energy system type

Socio-economic costs Sweden Denmark Norway Disconnected Connected
(billion euro) Scandinavia Scandinavia
Reference 35.1 17.7 19.9 72.6 72.5

Energy system type A 36 18.8 19.7 74.5 74.6

Energy system type B 36.3 19.4 17.9 73.6 73.4

Energy system type C 36.4 19.3 18 84.4 83.7
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5.4 Sensitivity analysis of results, methodology and delimitations.

The purpose of the sensitivity analy&snot to make realistic or projected changes to the factors, but rather
investigate which of the factors affects the overall results the most so it can be discussed further about what
would happen if these factsrare to change in the future.

The invespation is carried out either for the relevant energy system or for all of the energy systems taking the
last step of each system, e.g. for the steps 2b, 5b and 8. These steps are selected as they are the last step in
each energy systerntype and all inclué transport initiatives. The point of unused electricity is used as an
indicator of how much the varioudactors influence the system.

The factors that have been investigated according to their sensitivity on the results include:
1 Technical/methodology sesitivity

The impact of minimum grid stabilisation operation in Denmark

Using actual 2009 transmission capacities for Denmark

Impact of removing nuclear power

Impact from decreasing EVs operation and maintenance cost by 50%

Cost sensitivity

Interest rate

Biomass prices

Wind investment prices

Implementation of offshore wind instead of onshore

=A =4 =4 -4 -4 4 -4 - -4

5.4.1 The impact of grid stabilisation operation in Denmark

In this report the Danish energy system up to and including step 8 are analysed with a grid stabilisation share
for condensing power plants to ensure a stable frequency, with more, in the grid. However this does not apply
for the other countries in the Scandinavian region and it is therefore interesting to investigatsigoificant

this factor is.

The grid stabilisédn is investigated in the Danish system in step 2b, 5b and 8 where the alternative is that no
power plants are designated to deliver grid stabilisation, and that alternatives have been created to déiver th
network service instead.

The analysis showsat removing the stabilisation responsibilities for condensing power plants primarily
affected the wind integration, while biomastemandand costs were only affected when wind shares much
higher than the point of unused electricity were integrated. Thiesg factors ag therefore not included here.

The impact on the wind electricity integration is rather significant as can be séggure55.
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Thermal plant grid stabilisation regulation impact on unused electricity
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Figure55: Sensitivity of thermal plant redation on unused electricity in the Danish energy system

The curves without grid stabilisation are all flatter compared to the curves with grid stabilisation and the point
where unused electricity is created improves significantly.

In step 2b in Denmarkhe point of unused electricity is improved from a wind share of 30% to 58% of the total
demand and can integrated an additional wind power capacity of 6500 MW when the grid stabilisation is
removed.

In step 5b the point ofinused electricityincreases fom 36% to 61% when the grid stabilisation is removed
from the power plants and instead an additional 9000 MW of wind power can be integrated.

For step 8 the removal of grid stabilisation also improves the poiohaked electricitysignificantly from 42%
to 71% and the additional wind power capacity that can be integrated is 11900 MW.

It is therefore crucial for the steps in Denmark whether the power plants are reserved for delivering grid
stabilisation services, but as no other technology in the Danistesy has so far been able to deliver this
services the power plants in all steps, except step 9, are doing this. In step 9 this service is no longer required
as the power plants can stadp much faster due to an improved technology based on gas and areftite

much more flexible in their operation.

5.4.2 Using actual 2009 transmission capacities
In the report two extreme scenarios are selected with respectively no transmission capacity at all and another
system with unlimited transmission capacity. Theserdigitions however affect the results and is therefore

investigated below for Denmark implementing the transmission capacity as of 2009 of 3440 MW in the steps
2b, 5b and 8.

It was found that increasing the transmission capacity from 0 to the aforementi@Ad0 MW did not affect

the fuel demand at all, the costs are only changing marginally, but only when wind shares are higher than the
point of unused electricity. Below is therefore only the investigation of unused electricity when implementing
the actualtransmission capacity of 2009.

The impacts from implementing 3440 MW transmission cables in the Danish system can beFSgarebb.
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Unused electricity in Denmark with 2009 transmission capacity
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Figure56: Sensitivity of installing transmissioapacity as of 2009 in Denmark
When implementing the 2009 transmission capacity it becomes possible to integrate more wind, which is
illustrated by the flatter curves with transmission capacities compared to the ones without any.

For step 2b the implemeantion of transmission capacity impacts the point of unused electricity to increase
from 30% to 50% with 4600 MW additional wind capacity possibletmtegrated into the system.

In step 5b the point of unused electricity is improved from 36% to 54%adltseing an additional 5700 MW of
wind in the system.

Finally, in step 8 the point of unused electricity is improved from 42% to 55% with the additional wind in the
system being 5300 MW.

The transmission capacity is therefore not only important in thereere situations with no or unlimited
transmission, but also with the installed capacities of 20P9.

5.4.3 Removal of nuclear power
It is tested which impact the removal of the nuclear power in step 1 meant to the Swedish energy system step
8.

The impacts in tens of wind electricity integration can be seerFigure57 below.
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Nuclear power impact on unused electricity in Sweden
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Figure57: Sensitivity of removing nuclear power in the Swedish energy system

The nuclear power affects the unused dtagity and makes the amount of wind that can be integrated lower.

The share of wind in the system decreases from 54% without nuclear to 39% with nuclear. This also affects the
fuel demand that increases while the total so@oconomic costs in the systermslarly increases by 1.2 billion

euros at the point of unused electricity.

The reason for the worsened system flexibility with nuclear power is that the nuclear power operates as
baseload production and hence minimises the more flexible production teolgied such as power plants that
can be used to balance the power when the wind power is producing.

5.4.4 Decreasing electric vehicle operation and maintenance cost by 50%

The maintenance and operation cost for electric vehicles in this study is set at 10i9%stient per annum

on an annualised basis. The operation and maintenance cost in the reference scenario for ICE vehicles is
around 7% of investment. The reason the EVs has a higher cost is because the batteries are assumed to be
replaced more frequentlyhan the lifetime of the car, e.g. 7 years, which increases the annualised operation
and maintenance cost.

In the future it is likely that battery technology would improve and they either will not need to be replaced as

often or the cost for a new batterglecreases. EV battery improvenis are expected in the futurdUS

Department of Energy 2010Yherefore in a sensitivity analysis it was tested to see how the results would

change if the operation and maintenance costs were decreased by 50% to a level similar to the operation and

mah y i Syl yOS O2ada F2NJ i2RIFe&Qa L/ 9 Gi&&dediSPapartmerkKdfda NI R dz
Energy 2010)The results are shown below kigure58.
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Connected Scandinavia: Sensitivity of EVs operation & maintenance cost descreasing by 50%
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Figureb8: Sensitivity of reducing O&M costs felectric vehicles in th€onnectedScandinavian energy system

As shown in Figure X the impact that the operationd maintenance costs of EVs hawrethe energy system

types is significant. As seen in steps 2b, 5b and step 8 and 9 (integration ofpEMvgten the operation and
maintenance cost for EVs is lowered, the total s@gonomic cost decreases by around 10 billion euro. Steps

2b and 5b decreased slightly in cost, compared with step 2 and 5 in the original assessment, but with the
reduction inoperation and maintenance costs for EVs the steps decrease significantly. Step 8 and 9 switch
from being the most expensive steps to being close to being the lowest cost of all steps. This shows how
significant the EVs battery costs will be in thaure energy system.

5.4.5 Interest rate

The interest rate in this project for all energy systems across time periods has been set to 3%, see
methodologychapter4. However it is relevant to investigate the impact of this factor and hovsitiga the

results are to changing this rate.

The interest rate was doubled to 6% and reduced to 1% in order to investigate rather extreme changes
compared to the rate applied in the report. These investigations are analysed f@dheected Scandinavia
system as this system has the largest investments and therefore is most prone to experience changes. The
changes were investigated in a system with wind production equal to the point where unused electricity
begins.

In step 2b the total @hnected Scandinaam system costs increases by around 13% when doubling the interest
rate to 6% at the point of unused electricity while it is reduced by 8% if the rate is 1%.

In step 5b the costs for theoBnected Scandinavian system are increasing by 15% when doubdingténest
rate and is reduced by 9% when the interest rate is 1%.

In step 8 the costs increase by 18% when doubled while the reductions with a lower interest rate is 11%. The
largest changes occur in step 8 as the investment costs are largest due tatbased wind power.

In addition, an analysis was conducted of tiaiged costs of step 8 for theo@hected Scandinavian system
when the interest rate is 4% similarly to the recommended rate by the Ministry of Finance. If this is the case
the total costswould increase by around 6%.

In conclusion, the interest rate does affect the costs of the system with arourtB¥3when doubled and
decreases by-81% when reduced to 1%.
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5.4.6 Biomass prices

The intention of this investigation is to analyse the variouS 8B & a&adiSYaQ aSyairidagaie i
since the only fuel in the system from step 2 and onwards is only biomass this is the only type of fuel that has

been included. It is investigated what the changes in the Connected Scandinavian sysidnréspectively

50% higher and 50% lower costs for biomass. This means that the costs are increased to 10.95 EUR/GJ for
biomass and 7.05 EUR/GJ for dry biomass while the lower costs are respectively 3.65 EUR/GJ and 2.35 EUR/GJ
for dry biomass.

The analys in steps 2b, 5b and step 8 shows that the s@tionomic costs in th€onnected Scandinavia
system when biomass prices are 50% higher for all the steps are increasefi%yaBthe point of unused
electricity and decreased by-®% when biomass prices areduced by 50%. The biomass price has largest
impact on energy system type A as the fuel demand is reducing in the etleegy system types

5.4.7 Wind investment prices

The key renewable technology for the steps in this report is wind power and the impactdinanging the
investment costs for this technology has therefore been investiaiéhe impact is tested in theo@nected
Scandinavian system with respectively a 50% higher and lower investment cost and how this influences the
overall system costs. Thewd investment costs are tested using higher costs of 1.88 MEUR/MW and lower
costs of 0.63 MEUR/MW in comparison with the cost of 1.25 MEUR/MW that is applied for the steps in the
report.

The impacts of changing the wind investment cost on the total systests in step 2b is an increase of around
3% at the point of unused electricity and a similar decrease when changing the investment costs.

In step 5b the changed investment costs changes the total costs with an increase of 4.6% and a similar
decrease athe point of unused electricity when applying the lower investment cost.

In step 8 the increase is around 6.3% with the higher cost and a similar decrease with the lower investment
cost.

5.4.8 Implementation of offshore wind power instead of onshore wind power

In the report when carrying out wind integration analysis for the various steps it has solely been onshore wind
that is integrated. In a technical perspective this makes no difference to integrating offshore wind as a similar
wind distribution have beenpplied, but in terms of investment costs there is a difference. It hasefoee

been investigated in thedbnected Scandinavian system how the semionomic costs are influenced by the
selection of onshore contra offshore.

In step 2b the impact of impieenting offshore wind instead of onshore wind power is an increased total
system cost of 4.6% at the point of unused electricity. This additional cost increases to 7.7% in step 5b and
10.3% in step 8 as more wind can be integrated before unused electsigitpduced.

The choice of implementing offshore or onshore wind power affectsrgy system typ&€ most since this is
the energy system typwith the highest amount of wind power.

5.4.9 Impact on findings

The sensitivity of the factors analysed resulted ifiedlént impacts on the findings. These impacts are assessed
below for each factor imable18. A high impact means that the overall findings will change if this factor is
changed. A medium impact is defined as having an impacherrdsults, but without changing the overall
findings. A low impact means that the factor almost has no ichpa the results and findings.
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Tablel8: Sensitivity factor impacts on results

Factors Factor influenced Energy system Impact on findings
influenced (Low/Medium/High)
Grid stabilisation in Denmark Wind integration Denmark High
2009 transmission line Wind integration All High
capacities
Nuclear power in Sweden Wind integration, fuel demand, Sweden, Scandinavia High
costs
EVoperation & maintenance Socieeconomic costs All High
cost
Interest rate Socieeconomic costs All Medium
Biomass prices Socieeconomic costs All Medium
Wind investment prices Socieeconomic costs All Low/Medium
Onshore vs. offshore wind Socieeconomic costs All Medium
prices

The highest impacts on the findings are for the factors related to the methodology in the report, i.e. the grid
stabilisation in Denmark, transmission line capacities and nuclear power in Sweden. These factors might all
change tle overall findings according to when the changes are carried out in the analysis. An example could be
the grid stabilisation in Denmark that could potentially be removed in an earlier stage (an earlier step) in the
future if it becomes possible to operateithout stabilisation services from power plants. This would improve

the wind integration significantly in an earlier step.

The assessment of sensitivity of the seemnomic factors are that these can influence the findings, but in a
magnitude that willnot change the overall findings. The operation and maintenance costs for electric vehicles
are however significant for the overall results.
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6 Discussion
This chapter contains a discussion of the results and findihtiee studyas wdl as the methodologgpplied

6.1 Results

6.1.1 Connected vsDisconnected Scandinavia

It is investigated whether it is best to connect Scandinavia or not based on technical feasibility and without
going into market detailsnithe method of this study thed@nected Scandinavia systemses a near constant

base load hydropower production since all the countries are connected and the system operates as one single
system. This is unlikely in the future in a three country market, however the technical analysis shows that an
energy system miilar to this leads to the best integration of wind and lowest level of biomass consumption.
Therefore the next step would be to research to which extent the countries should be connected. During an
interview this importance of transmissions was also peihtut suggesting that electricity exchange will
remain since different energy systems will always benefit from each ¢gfranck and Sgrensen 2014)

In the report a secio-economnic cost difference between the Disconnected anah@ected Scandinavia was
found and this value will here be used to discuss how much transmissjoacity this could supply. The
Gonnected Scandinavia system has in energy sysige A higher cds than the Dsconnected system woin
means that the costs in theoGnected system would be even higher if the costs for transmission cables are
integrated. The largest difference between the two systemim step 8 where the @nected system i4.4
billion euro cheaper than theiBconnected system without cable costs.

Cost data about existing transmission cables are often hard to access, but estimates have been used for this
assessment. Transmission costs are based on data from the 400 kV transmisd@beteveen Ireland and

Wales that was installed in 2012 with a distance of 260 km and a capacity of 500 MW. The total costs of this
project were 571 million eur@eirGrid 2012)

Another project that provides cost data is the proposed 2014 Skagerrak 4 cable between Denmark and Norway
with a submarine length of 130 km, a capacity @0 7™MW and project @st of around 376 million euro
(Energinet.dk 2013)By assuming the same costs and length as above for the first three Skagerrak connections
(1000 MW in total) the costs for these are around 1.6 billion euro. This nuisbi@gher than the availde

cost difference between theiBconnectel and @nneded Scandinavia (in step 8 th@i@ected systemsi 1.4

billion cheaper than the Bconnected system) and since themiper of cables in a completelyo@nected
Scandinavian syste (or supergrid) would require miiple cables the costs for theoBnected Scandinavia,
including transmission cable costs, woulel tigher in all steps than theiddonnected system. This is based on
very uncertain estimates, but gives an indication of tingpact on the overall results when inclogj
transmission cable costs.

6.1.2 Energy system types

Three energy system types and their associated technologies were assessed in this study. It was found that a
combination of the energy system types is the optireguation in the future. This was also confirmed in the
interviews withFranck and Sgrens€f014)and Sgndergrer{2014) Posibly the future energy system could in

the short term develop according to supergrid characteristics to convert to a higher share of renewable
energy, in the medium term smart grid technologies could be integrated, and in the longer term smart energy
sysem technologies could be integrated.

Initially a supergrid would be required to be able to shift renewable energy between countries and to provide
balance to the electricity systems of the countries. But this alone could not achieve a 100% renewabje societ
The supergrid should not be implemented to such a level that it precludes the development of smart grid and
smart energy systems. Smart grid and smart energy system are both necessary to manage the electricity and
to shift the electricity into other engy sectors. Supergrid should only be integrated to the extent that it
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allows these two energy systems to achieve their purpose. The three energy system types could be
implemented in the same period but there is risk that supergrid and smart energy systeypete with each

other and this needs to be consider@larke and Jenkins 2013; Sgndergren 20Ad)explained bgBlarke and
Jenkins 20133mart energy system and supergrid are not on a level playing field. The Supergrid has big actors
and radical technological change is not requinetiereas the Smart energy system has new actors and involves
radical technological change. It is not possible to compare them in the existing regime. Hence, careful
consideration is required when planning for théudre energy system as supergrid might be feasible in a short
term perspective, but could hinder the achievement of ldagn targets by creating loek situations. In an
analysis conducted by Energinet.dk this fact has also been considered where ndramsmission lines are
installed after 2025 as other measures become more impor(ranck and Sgrensen 2014)

The smart energy system could be regarded as radicéintdogical change, since not only the product is
changing but the knowledge, technique and organisation may change as well. There could be a change to the
current actornetworks and regimes, and this could lead to strong opposition, and strong discoursigefo
current regime, hiding alternative choices. These other energy systems will play an important role irutke fut
energy system and this neead be considered when making strategic policy decisions.

It is also noteworthy that each energy system tyipeoriginally designed to deliver different functions. Super
grids are actually designed to allow greater integration of renewable electricity but it will be rather impossible
to achieve 100% renewable energy systems with only this energy system type.

Under the smart energy system and smart grid the security of supply can be expected to increase since this is
part of the function of these systems. Compared to the system of today there would be less dependence on
energy imports assuming a sustainable proiilen of local biomass.

It is however important to notice that regardless of which energy system type will be the dominant one in the
future none of them will meet the policy targets without changes in consumption patterns andabariout

It was foundthat there are no technological fixes that alone would allow a conversion towards a 100%
renewable society in the future.

6.1.3 The need for a reduced biomass demand

The biomass demand in the different energy systdmselevant to compare in relation to the awNable
residual biomass potentials in the countries. The biomass potentials are presented below along with the
biomass demand in the energy systems in the report with the lowest biomass demand for each country.

Tablel9: Biomass demand for the countries and Scandinavian systems compared to the domestic biomass potentials

Energy system Domestic biomass Biomass demand in Biomass import Proportion of self
potentials (TWh) scenarios (TWh) requirement (TWh) sufficiency

Denmark 4067 (12,3,4) 120 53-80 33-56%

Sweden 151-162 (3) 224 62-73 67-72%

Norway 2946 (3) 74 2845 39-62%

Scandinavia 220272 439 167-219 50-62%

Disconnected

Scandinavia 220272 374 102-154 59-73%

Connected

(1) (Danish Energy Agency 2014a)

(2) (Danish Commission on climate change policy 2010)
(3)(Scarlat et al. 2011)

(4)(Lund et al. 2011)

The table shows the difference between the biomass demand and the domestic potentials and it is clear that
in all scenarios the biomass demand is lartpan the potentials. In Denmark the proportion of ssiffficiency
only cover between 353% of the demand while the share of demand in Sweden i6682. However, the
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conclusion is that the biomass demand is too high compared to the available resourdethaneither
biomass has to be imported or that more measures should be taken in the energy systems to ensure a reduced
biomass demand. Currently, biomass is being imported from other countries, for example Denmark imports
wood pellets from the United Stas.

Import of biomass grown specifically with the purpose of producing energy might lead to undesirable impacts
in terms of e.g. direct and indirect lande changes. These impacts can displace food production, lead to
unsustainable forest management thean affect wildlife and soil quality, et@Union of Concerned Scientists
2013) The laneuse impacts are part of a large discussion that will not be described in detail heri¢ j9uabt
desirable to import large amounts of biomass, also because the biomass demand in other regions of the world
is expeced to increase simultaneously.

In comparison the available wind potential in Denmark is assessed to be 340 TWh, equal totenioses

the electricity demand in the existing Danish energy sys{Banish Commission on climate change policy
2010) In terms of laneuse and the following impacts wind is preferable when there is a limited amount of
land awailable for biomass production.

6.1.4 Comparison of results with other studies

In this section the findings of this report is compared to other research studies. The Sratiagliscussed in
general terms about the types of energy systems and technologies that should be part of a future energy
system.

The Coherent Energy and Environmental System Analysis (CEESA) study from 2011 conducted by a number of
Danish universities @hresearch institutions analysed the future energy system in terms of achieving a 100%
renewable system with both focus on the technical aspects;dymte assessments and public regulatjband

et al. 2011).

When comparing the CEESA study to the analysis in this report it is clear that the CEESA study was more
comprehensive and therefore included analysis of more technologies and scenarios, both in the short, medium
and long term. This resulted in recoremdations of other technologies such as solar and geothermal energy

as well as lowemperature district heating. Some of the conclusions were however comparable with this study

as the CEESA study found that it is essential to integrate energy sectoesafaple through gasification of
biomass or integration between the transport and electricity sectors, in order to reduce the biomass demand
and improve the efficiency of the system. This conclusion can also be found imeplist as a key
recommendation.

The Danish Energy Agency recently published a study of four different scenarios towards-fact460

Danish energy systeifDanish Energy Agency 20148pme of the main conclusions are that the choice of a
future energy system should be made shortly after 2020 as the large transitions require a certain time period.
This is in hie with the findings in this report about avoiding leicls and preparing for a transition as soon as
possible. In theDanish Energy Agensjudy the costs for a fosdilee energy supply, excluding taxes, and
applying an interest rate of 4% is 18.21.3billion euro while the costs in this report for the Danish energy
system is between 18.719.9 billion euro with an interest rate of 3%. The study finds that the fuel demand is
lowest in a system based on hydrogen while a wind power system with bioroassafancing power has
second lowest fuel demand. Other scenarios based on a large share of biomass in the electricity and heating
sector experiences larger biomass consumption. An energy system based on hydrogen has not been
investigated in this report wike the wind and biomass system seems feasible in both this report and the study
by the Danish Energy Agency

In another study calle&candinavidnergy Technology Perspectif@sus is on the fiv€onnected Scandinavia
countries of Denmark, Finland, Sveed Iceland and Norway and it was found that it is possible to complete a
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near decarbonisation of th€onnected Scandinavéauntries(Norden and International Energy Agency 2013)

The study highlights the importance of more wind power in the future energy system similarly to the
conclusions in this report. On the contrary t@®nnected Scandinaviachnology perspeétes report found

that it was necessary to implement CCS technologies in the industry in order to achieve sufficient CO
reductions. Regarding the transport sector the study finds that electric vehicles must reach a 90% share in
2050 and that freight, avieon and shipping rely on liquid fuels in the form of biofuels while the findings in this
report proved that electric vehicles also form a crucial role along with liquid fuels for heavy transport. The final
conclusion in theConnected Scandinaviachnolog perspective report was that savings in the building sector
must be carried out to reduce demands.

Overall, the conclusions are close to the findings in this report in terms of the necessary technologies for a
future renewable scenario with the exceptiar the integration of CCS technologies.

Another study focuses on the benefits of transmission capacities in a fully renewable future European system
(Rodriguez et al. 2014The methodology in the study is rather similar to the one applied in this report with a
system with no interconnectors and an unconstrained system for Europe. The study focuskse ehift
towards a supergrid based energy system and therefore only solar and wind supply the electricity in the study.
The key conclusions relate to balancing power requirements when installing additional transmission capacity,
which improves from 24% kacing energy with no interconnectors to 15% with unconstrained transmission.
The capacity in the unconstrained system must however be 11.5 times stronger than the existing. A more ideal
situation is identified where the transmission is twice as much a&spresent and redues the balancing
energy to 18%.

A comparison with the analysis in this report shows rather different conclusions. This is due to the hydropower
distribution in the Scandinavian region that flattens out over the year when increasingntissien. The
increased transmission capacity will allow more hydro to provide peaking demands but this means that in
periods where hydro was normally utilised, in the winter period, less hydro is available and more power plants
would be required. Hence, thbalancing power plant cap&g is actually larger for the Connected system than

the Disconnected in the present study which is opposite to Rodriguez et al. 2014. This shows that the inclusion
of other renewable sources over geographical boundaries \d@astnission in the future might impact the
overall balancing energy.

l'Yy203KSNJ RAYSYyaarzy 27F GKS NAlfcgectignd So fa2 Fas beghiprduweddieagihfeS O (i 2 NJ
because of their trade effedts | YR y 2 RdzS (2 (K Qhdbdkbds Sensed 20/48s L2 6 S NJ
therefore not enough to only focus on the regulating benefits frioberconnectors in the future.

6.1.5 How might other technologies contrilite to 100% renewable systeris

In this report alimited number of solutions haveeen investigated in order to achieve a 100% renewable
energy system ithe Connected Scandinavi&stems and many other options could have been analysed. The
scope of the reprt is to investigate differenenergy system typethat defined the technologies that were
implemented, but other technologies are discussed qualitatively below.

In the future energy system other renewable energy sources could have implemented suclaragosadr,

solar thermal, wave, tidal, geothermal, possible expansion of hydropower or nuclear power and so on. These
energy sources have different characteristics that would impact the energy system aw af them are
discussed below.

Solar power can gudribute to producing electricity, but is characterised by a fluctuating production
distribution since electricity is only produced during the daytime, and the fluctuations are in many ways similar
to wind power. Solar power is in numerous studies expettelle part of a future renewable energy system,
which ha been shown to be beneficidlund 2006; Hoste, Dvorak, and Jacobson 2009; Jacobson and Delucchi
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2009; Delucchi and Jacobson 20&hd could also form part of the energy systems recommended in this
report by replacing some wind power. The methodology appiiethe study regarding the wind test analysis
however precluded solar power from the analysis of the future energy systems even though this seems
realistic in the future.

Solar thermal might also contribute to a conversion towards a renewable energsefoy producing heating

in individual buildingsor in a larger scale by producing heating for the district heating system which has been
shown to be beneficigiDelucchi and Jacobs@911) If solar thermal technology was integrated in the energy
systems in the report they might have replaced some individgalt pumps or thermal production such as
CHP plants, large boilers or large heat pumps.

Wave and tidal power might potentialplso contribute to producing electricity in a future energy system and
thereby replace some wind power, which has been shown to be beneficial where wave power could supply
30% of electricity demand when renewable energy supply is over 80% in Derfmardt 2006) These
technologies are however still under development and are not widespread yet, but miglfeadsible to
implement by 2050.

Geothermal power is another option to produce renewable electricity or heating in some of the areas in the
Connected Scandinaviagion. Geothermal production is however operated as baseload production and will
therefore counteract integration of more fluctuaty renewable sources because it reduties flexibility of

the system.

Furthermore, an expansion of hydropower might be feasible since this energy source contributes to act as
balancing power and thereby integrate more fluctuating sources. In additicdroppwer is relatively cheap

for production of electricity compared to other technologies. However, the Norwegian National Renewable
Energy Action Plan does not foresee changes in hydropower towards 2020 to meet the Norwegian 2020
targets(Ministry of Petroleum and Energy 2013he technologies with the largest increases are onshore wind
power and solid biomass. Similarly for Sweden the Governmental priorities are to implement more wind
(onshore) and biomass and biogas in order to ntbet European targets for 2020 meanwhile hydro remains
constant(Regeringskansliet 2010)

Regarding nuclear power the sensitivity analysis proved that the integration of nuclear power is working
against integrating more fluctuatingources as the nuclear power is acting as baseload production. An
expansion of nuclear power would therefore only make the situation worse and the system less flexible.

6.2 Methodology
The methodology and approaches applied in the report are discussed setttion.

6.2.1 Wind distribution

The wind distribution profile used in the study is the same distribution for Sweden and Norway. It has been
shown that wind distribution can vasignificantly within close proximity between wind farms (a few hundred
km) (Palutikof, Cook, and Davies 1990; Archer and Jacobson.200ién the different wind profiles are
combined to get a more accurate profile it is shown that the profile is less fluctuating and more consistent.
This is an area in the studlyat coud be investigated further and improved upon.

6.2.2 Denmark vs. Scandinavian focus

The point of departure in this report is the Danish society, but a large share of the analysis and results involved
neighbouring countries or the Scandinavian region. This wamsequence of the findings in the diamo#fd
analysis as the Danish energy system is not isolated and will inevitably be affected by other energy systems
and how they develop in the future.
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The methodology focusing on the Scandinavian countries contribiatediake it more unclear how the Danish
energy system is affected by the development in the region, i.e. no precise conclusions could be drawn about
how much more wind cabe integrated in Denmark wheronnected to the Scandinavian system or how much

the connection benefits Denmark in terms of costs and fuel demand. On the other hand the analysis of the
Scandinavian region proved that there are benefits to be achieved from combining the Scandsyestéans

by drawing on the strengths of each system. Funthere, the Scandinaviaexperiences also made it possible

to make conclusions for Norway and Sweden and whether these energy systems would benefit from the
connections to the Scandinavian system.

6.2.3 The two extreme Scandinavian systems

In the report two exteme situations were analysed for tHecandinaviarenergy system in respect to the
transmission capacity installed. The methodology allowed for clear comparisons between the two systems, but
in reality this would never be the situation. Instead, the capawibuld lie in between the two extremes with
some transmission capacity installed based on the advantages that could be achieved from installing the
transmission capacity and the associated costs. In this report the scope was not to investigate the optimal
transmission capacity in th&candinaviarregion, but it was analysed in the sensitivity analysis, how a
transmission capacity as of 2009 would impact the results for Denmark. This analysis indicated that the
increased transmission capacity would conttdio increasing the wind that can be integrated in Denmark
and supports the conclusion that the transmission lines contributes to improving the factors analysed in the
study regardless of which energy system type the developments will lead to.

6.2.4 Methodology for analysing energgystem types and technological solutions

In the report the technologies and energy system types are investigated by adding technologies on top of each
other, i.e. a new technology is installed in a system that already has the psetéchnology installed. This
means that the comparisons between the steps, to some degree, will be affected by the already installed
technologies in the system. An example might be step 6 that expands district heating which is affected by step
3 where allindividual heating is converted to individual heat pumps. The district heating benefits are reduced
significantly by replacing individual heat pumps instead of boilers.

An alternative methodology could have been to implement all the different technedodirectly into the
reference system and thereby only analyse the impacts of this technology in the existing system. This would
have made the comparisons between the technologies more clear as they could not be influenced by other
technologies. On the ottr hand this alternative methodology would not investigate the dynamics and system
impacts when more than one technology is installed in the system. In reality more than one technology would
be installed in order to convert to a 100% renewable societythrde system dynamics are ttefore crucial

to investigate.

Similarly, an alternative approach could have been applied for investigating the different energy system types
by installing all of them directly in the reference system. The comparisons bettheegnergy system types
would have been more clear using this approach. However, this would have implied that the number of steps
for each energy system typgould increase as for example the biomass conversion step in the electricity and
heat sectors woul be conducted anyhow in order to achieve a 100% renewable energy supply. Hence, a
number of the steps irnergy system typé and B would have been includedenergy system typ€ anyway

since parts of the smart grid is also part of the smart energyesyst

Additionally, it is not realistic that the future energy system will be clearly separated into one of these three
energy system types, but rather a combination of them. Hence, some of the features froenengy system

type will be combined with andter energy system typelue to the political agenda, interests from energy
companies, financial situation or other factors that might influence theettgpment of the energy system.
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6.2.5 Full life cycle thinking not considered

In this study most steps involve plementation of a new technology and the results for,@@nissions and

fuel demand reflect the influence on the energy system in which it is being integrated. However the embodied
impacts based on a life cycle thinking approach of the technology beingrimepted are not considered. For
example when modelling the integration of electric vehicles, the emboutgghacts of the millions of vehicles

are not considered. When adding the environmental cost from manufacturing the vehicles the impact on the
energy sgtem would increase and the extent of this impact would need to be researched further. Not only
would CQ and fuel demand need to be investigated but other environmental issues such as resource
depletion and biodiversity loss would need to be considered.

In the report it is assumed that biomass is,@@utral, but in reality this is not the full picture. Often biomass
Ad OAS6SR I a beCduddIihg garboh SmiiEsiNds tveredconsidered part of a natural cycle in which
growing forests over time would 4eapture the carbon emitted by wodalirning energy facilitigs(Walker et

al. 2010, P. 6)This caralso be seen in the national statistics that are published annually in Denmark asthe CO
content for various biomass basedefs such as straw, wood pelletsiodiesel, etc. is not accounted for any
CQ-emissions(Danish Energy Agency 201®owever, recent debate and research has adopted a more
scepticalapproach towards the carbon neutrality of biomass. Factors such as origin of the resource, carbon
debt and the delay of the mitigation potential is getting more acknowledged among resear@enssen

2014; McKechnie et al. 2011; Walker et al. 2010; Franck and SgrensenTitd 4tope of this report %ot to
investigate the biomass neutrality further, but to highlight that this assumption is critical for the achievement
of a carbon neutral society in the future as all the scenarios in this report rely on biomass as part of the fuel
sources. The conclusis should therefore be viewed upon with this assumption in mind.

6.2.6 Fuel demand impact

A main assumption in this report relates to the future demands for electricity, heat and transport that remains
constant compared to the existing demands. This is basethe assumption that the future lower energy
demanding technologies and appliances are replaced by additional demand (the rebfiaog and thereby
keeping a constant demand.

However, if the demands were changed it would influence the results of thaysitvith a higher demand the
need for electricity and heat capacity would increase thereby requiring more biomass for example for
transport and power plants. Hence, the ssiffficiency shares in the energy systems would be reduced while
sociceconomic cos would increase at the same time. On the opposite, a reduced electricity and heat
demand would mean a lower electricity and heat capacity and thereby reduced investments and fuel
demands. Also the fuel demand would be lower getting closer to or poténtiglow the amount of biomass

that can be produced within the countries. The amount of wind would similarly be decreased, but as the
electricity demand also decreases the share of electricity production of the total electricity demamd w
remain largelyunchanged.

The demands are therefore essential for reducing the biomass demand to meet the biomass production that
can be produced within the countries and conservation measures should be carried out in accordance with the
development of the future energsystem to improve both biomass danmd and socigconomic costs.

6.2.7 Transferability of the study results and methodology

The results of this study are highly specific to the countries assessed since the energy system of each country is

very different; Denth NJ, Q& St SOGNAOAGE Aa o6l aSR tFNBASt& 2y GAYR |
YR KERNRBLERZGESNI FyR b2NBIFeQa StSOGNAROAGE Aa oFaSR 2y
difficult to make any generalizations from this study thabhde used for other country groups. This conclusion

was also drawn during an interview with Dansk Energi where it was highlighted that the transmission capacity
dK2dzZ R 0S aO0ltSR FFOO2NRAYy3I G2 I OSNIIAY ntded dzysi NBE Qa S
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connected to(Segndergren 2014However the finthgs about the influence of specific technologies on the
overall energy systems could be used for other energy systems (for example by implementing EVs the fuel
demand decreases). But the understanding of the extent in which different energy systemdeoéndif
countries should be interconnected with each other is less certain, and would require further investigation.

It is likely that smart energy system and smart grid would be better at integrating renewable energy and
reducing fuel demand. However th@sts could be higher for smart energy system. €Thsts for supergrid
depend on the length of cables and aherefore differet from one country to another.

In saying this, the concepts tested in this study and the methodology that was developed cautitised in

other studies for other country combinations. Many researchers are discussing future energy systems being
based on high levels of renewable energy and the proposed option for this is a more interconnected grid, or a
supergrid. It is recommendetthat the concepts tested in this study, for example reducing fuel demand in the
heating and transport sector should be researched in context of the supergrid for other countries. It is not
recommended to only focus on the supergrid and hence the elegtragctor and avoid the problem that
heating and transport sectors face in the transition to a renewable future. If the ultimate target is to achieve a
100% renewable system it is therefore not suffitieo analyse a supergrid only.

6.3 Choice Awareness Thepr

This study takes point of departure from Choice Awareness Theory which has the thesis that all the choices
available are often not well understood or known when making technology transitions. Choices are often
hidden from view by the current regime, slat the current regimes can maintain their position. The research
guestion in this study focused on the future energy systems of Denmark, Sweden and Norway and what the
best options are for reducin@Q emissions, fuel demand and integrating more renewadergy. This was
investigated by integrating different tdnologies within a completelyo@nected Scandinavian system and a
Disconnected system. This analysis could have taken departure from the dominant discourse in literature
around energy system typesd how they should develop into the future, which would likely further progress
certain agendas and beliefs which control dominant discourse. This would be the easier option.

But this theory provides a useful justification for making new analyses whigjin bieom a different
perspective from the current discourse and ideology. The theory is based on analysing the energy systems
from a problem based perspective, rather than ideological perspective, where the analysis attempts to find a
solution to this prolem, this allows a more free and comprehensive analysis of choices which could be made.

Due to the nature of the choice awareness theory, which is about creating choices from new analysis, the
outcomes from these analyses could potentially be vulnerablscrutiny due to the limited understanding

and knowledge of the choices being investigated and promoted from the research. By creating new choices
based on pure problem analysis rather than based on dominant discourse and ideology means that the choices
need to gain support and become popularised quickly before the dominant regime strengthens its position.
The way to strengthen and solidify the new choices is through public policy making which assumes that
government is able to make this happen. Since tiheory has often been tested in Denmark, which has a
history of relatively progressive government, it is more appropriate that public policy can be used to help
solidify the choices analysed in Denmark. However if this theory was applied in other ceunttieless
progressive governments, then the recommendation to promote choices through policy making may not be
very productive.

An alternative to this dilemma is to provide a strategy for empowering the public to demand these choices.
This part of the Ghice Awareness Theory is not fully developed at the moment.
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6.4 Data collection

The majority of the data collection was carried out in connection with the technical data that was gathered
from various sources in order to firstly create reference energy systamso carry out analysis of the future
energy systems.

The technical data was collected from a limited number of sources with the primary sources being the
LYGSNYyFGAz2ylt 9ySNHe& ! 3Sy0é oL 9! lintheySBanding&iBoountriags A 2 y I £ S
The reason for selecting these references were that the data should be collected and presented in a similar
manner across countries to ensure that for example demands agld fvere presented similarly.

However, it was necessary to supplemdBA data with more data as these were not detailed enough
regarding for example CHP production and efficiencies as well as distributions for hydropower and wind power
production. During the analyses it was clear that the IEA data were useful when cglldetia regarding
demands and to some degree fuel distributions while other data was not possible to extract from here and
should be collected elsewhere.

Another data collection method included in the report was interviews that did not play a cruciabptre
report, but rather provided information about the context in which the energy system in Denmark may
develop. The interviews were useful in terms of getting a deeper understanding of théeabnical part of

the energy system such as the politicahénsions, interplay between various actors and what seems realistic
in terms of future developments.
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7 Recommendations and shotterm outlook
This chapter presents the recommendations and stierin outlook based on the results and the discussion
the report The chapter is structured as follows:

A. Recommendations for a 2050 Danish energy system, including electricity, heating and transport
sectas as well as interconnections.

B. Recommendations for sheterm investmentsér a 2020 Danish energystem.

The recommendations focus on the Danish energy system, but include the Scandinavian system when it affects
the Danish system.

The recommendations can be used to prioritise between investments for technologies and energy system
types for a future aergy system. Howevethey cannot be used for constructing a complete future energy
system as this was out of the scope of the reptot,example the analysis did not includaergy conservation
measures.

The recommendationare not ranked according tionportance.

7.1 Recommendations for a renewabl2050Danish energy system

The general conclusion is that technological fixes on their own will not be sufficient to convert the energy
system in 2050 into a 100% renewable energy system. Instead measures sflatddo all three approaches

for transforming the energy system, i.e. energy conservation technologies, renewable energy sources and
improved efficiency of supply systems. It was found in the study that even when improved efficiency of supply
systems andenewable energy sources were integrated, the domestic biomass potential would not meet the
demand without carrying out conservation measures.

7.1.1 Biomassdemand

I The biomass demand exceeds available biomass potentials and therefore it is necessary totcarry ou
conservation measurefor examplein the electricity, heating or transport sector

7.1.2 Electricity sector
The recommendations for the electricity sector are:
1 Promote technologies (e.g. highly flexible thermal power plants or potentially wind power) tHat wil
allow grid stabilisation to be deliveretoh other ways than in the existing system so that more wind
can be integrated to reduce biomass demand

1 Replace electricity technologies based on biomass with technologies depending on other energy
carriers,for examplewind.

91 Shift towards electricity production from sustainable biomass in the short to medium term in order to
lower CQ emissions

7.1.3 Heating sector
The recommendations for the heating sector are:
1 Convert individual boilers to individual heat pumpsdastrict heating to improve the efficiency of the
energysystem

1 Convert electric heating tanore efficienttechnologies in Norway and Sweden, e.g. heat pumps or
district heating
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7.1.4 Transport sector
The recommendations for the transport sector are:
1 Convet transport to more direct electrification (e.glectriccars and light vans)

1 Promote production of less biomass demanding transport fuels (e.g. synfuels for heavy transport)

1 Avoid bigetrol and biodiesel production due to high biomass demand

7.1.5 Interconnections
The recommendations regarding interconnections are:
1 The Scandinavian countries should be connected, to a certain degree, in order to improve wind
integration and reduce biomass demand.

1 Future energy strategies must take into account that nuclpawer in Sweden impacts the
Scandinavian wind integration potential

9 Future energy strategies must take into account that if the Norwegian electricity demand decreases
below its hydropower production, hydropower will be exported decreasing the windgraten
potential in the entire region

7.1.6 Energy system types
The recommendations for future energy system types are:
1 Inthe long term, progression towards a smart energy system should be promoted while ensuring that
other types of energy systems do not phade this

1 A supergrid systershouldbe a stepping stone towards more complex energy systems such as smart
grid and smart energy system

7.1.7 Further research activities towards a renewable 2050 energy system
Recommendations for further research activities:are
1 Further research should be focused on int@untry electricity exchangand to which extent the
Scandinavian countries should be connected.

1 Research should be focused on developing and lowering costs for less developed technologies that
might be requied in a 2050 renewable energy system (e.g. EVs, synfuels, gasification of biomass,
etc.).

1 Further research should be focused ensuringa level playing field between the different energy
system types

7.2 Recommendations for shofterm outlook in 2020

In oder to achieve the recommendations for 2Q5hortterm investments focusing on 2020 are presented
below. These recommendatiorfscus onavoiding undesirable loek situations thatlater will be difficult or
impossible tochange

1 Reduce biomass dependgndy investing in energy systentsat do not only relyon biomass
consuming technologies
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1 Promote conservation in the electricity, heat and transport sectors to keep demands within
sustainable limits

1 Accelerate theenergy systenctonversion towards 100%emewable energy sources (e.g. biomass,
wind, solar)

1 Replace fossil fuels with sustainable biomasghia electricity and heating sector in thghort to
medium term

91 Accelerate the conversion of the transport sector away from fossil fuels towards meggiftation
to reduce fuel demand (e.g. promote uptake of electric vehicles or synfuels)

1 Individual heating should be supplied by less energy demanding technologies than boilers, such as
individual heat pumps or district heating

1 Before large energgystem investmentare takenstudies should be carried out in terms of their leng
term impacsk on a future energy systemrhis isto avoid infeasible technologies or systetnsing
implemented that preventhe renewable energy targets to be met (areas oftjgalar interest with
long lifetimes could be for exampleuclear power in Scandinavia, transport infrastructure, district
heating systems, building stock)
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8 Conclusion

In this study some conclusions about the future development of the energy systenie dcandinavian
countries in their ambition to achieve a 100% renewable energy futake been madeThe main conclusions
from this study are presented below.

Research question
1 How is a2050 100% renewable Danish energytsys in the context of an intemnnected and
disconnectedScandinaviarenergy system affected when applyisgper grid, smart grid and smart
energy system technologieB terms ofenergy system flexibility, energy efficiency, see@mnomic
costs and Cgemissions?

Connected vs. Disconected Scandinavian energy system
1 A onnected Scandinavian system has lower fuel demand, and improved wind integration ability
compared to the disconnected Scandinavian system in all steps. In the srithetngr smart energy
system the @nnected system ha®wer socieeconomic costshan the Dsconnected system and the
optimum interconnection capacity is at a level in between these two extreme situatioassmission
line costs were not consided in this study, and thedBnected system may be more experesivhen
including transmissions costs.

1 Hydropower in Norway and Sweden ieogl for balancing power in theo@nected Scandinavian
system and can contribute to integrate more wind. Howevkthe electricity demand is lower than
the hydropower production ifNorway, through energy conservation or new technologies, then no
wind can be integrated and hydro power may be exported which might also impact neighbouring
countries

1 The Danish electricity demand the Scandinavian contexs lowand has a small infence on the
future renewable energy production profiles in a Scandinavian system. How@eemark is able to
integrate a high share of winaf the total electricity demandompared with the other countries.

Integration of wind
1 Ingeneral, as the demandrfelectricity gets higher for the three independent countries and
the Scandinavian systems the ability to integrate wind increases.

1 The integration of wind improves in smart energy systems and smart grids compared to a
supergrid with the smart energy sysm integrating the largest share of wind.

Socio-economic costs
1 The socieeconomic costdor converting to 100% renewable ener@crease for Denmark and the
Scandinavian systentompared withthe reference system in each energy system type. The largest
increasein costsis for the smart energy systemwnhich is largely caused by EV integratiaich has
high operation and maintenance costsd the synfuel production costs.

1 TheEV operation and maintenance casnsitivityis significant for thesociceconomic costs. When
operation and maintenanceosts are decreased by 50%a®2 & G f SGSt & A Yefledt, NJ (G2 {2
the energy system type costs decreaespecially the smart energy system.

1 The sensitivityof the interest rate, wind investment cosind biomass costs do not change the main
findings.
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Super grid, smart gr id and smart energy systems
1 Supergrid on its ownwithout integration of smart grid and smart energy systéuhnologiesdoes
not lead to much fuel reductions, improved wind intedgoat or socieeconomic cost savings. A
combination of the three energy systems is the ideal situation. The smart energy system allows the
greatest integration of wind and fuel savings but with a slightly highertbast the smart grid

1 Supergrid should dy be integrated to the extent that it allows the smart grid and smart energy
systems to achieve their purposelowever, i might be possible to implement the three energy
system typedollowing each otheover a period of time.

100% renewable target
1 All energy system types will be able to meet the future renewable energy policy targets, but with
large differences in terms of fuelemand especially for biomass. It was found that there are no
technological fixes that alone would allow a conversion toward€0@% renewable society in the
future. Carbon dioxide emissions are reduced to 0 but only if the biomass is sustainable. Life cycle
emissions were not assessed and this needs to be investigated further.

1 In allenergy systemsnalysed in this study the hisass demand is higher than available biomass
potentials in the region. Energy conservation is therefore necessary for biomass demand to stay
within sustainable limits.

Technological solutions
9 Electric vehicles increase the demand for electricity and imptioe ability for integrating wind for all
energy systems, as well as leading to fuel reductions. When the electric vehicles are charged with a
smart charge strategy the improvements are larger than with a dump charge strategy. The socio
economic costs lated to electric vehicles are closely linked te thperation and maintenanceosts
(i.e. battery costs)

91 Biofuelsdo not improve wind integratiomnd they increase fuel demand significantly.

1 Synfuels improvduel demand and wind integrationompared b biofuelsand for these key factors
synfuelsare more feasible for heavy transportation

1 Introducing individual heat pumps lowers the electricity demand in Sweden and Norway since they
depend heavily on electric heatingrhich causes wind integration tfall, however the overall fuel
demand and soci@conomic costs decrease.

1 Replacing individual boilers with heat pumps decreases the fuel demand andesociomic costs,
but forces Norway to export hydropower due a lower electricity demand.

1 Large sca& heat pumpglo not influence the systems in this assessmehen it is replacing individual
heat pumps

1 Gasification of biomass allows more efficient gas power plants to be installed leading to lower fuel
demands. This is especially important for Denmahere fuel demands from power plants are high.
Due to the improved electricity efficiency for CHP plants the electricity produced in cogeneration
operation reduceshe wind integration ability.
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Key factors for different countries
1 Partof the benefitsfor wind integration and fuel savingsom having a @nnected Scandinavian
system might be allocated to Denmark, but the size of the benefits is incalculable in this assessment.

1 In Denmark the socieconomic cost for 100% renewable energy systems using grigesmart grid
and smart energy system is higher than the reference from 2009. The increase ranges from 7% to

21% with the smart energy system having the highest costs.

1 The ninimum grid stabilisation regulation of thermal plants in Denmark prohibtisgiration of more
wind. Whenthe grid stabilisation responsibility imoved from the existing power plantsr grid
stability is deliveredby other technologies in Denmark the winigtegration increases significantly

whilst maintaining grid stability

1 Nuclear power in Swedereducesintegration of more wind and may increase costs, fuel demand and
reduce the flexibility of the energy system in both Sweden and the Scandinavian energy systems.
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10 Appendices

10.1

Appendix A¢ DiamondE

Table20: The DiamondE analysis results for prioritising key factors in the analysis

DiamondEanalysis

Consequences for the content of study

Natural and socioeconomic environment

= = = =A =4 =4 E ]

High GHG emission

Energy security is at risk in the future
(less seksufficient in the future)

Global warming and climate change
High unemployment in europe
Renewable eergy is creating new job
opportunities in Europe

Liberalisation of energy systems within
Europe and Scandinavia

Possible switch between the left and
right every four years

UN Kyoto / EU directives guide
renewable energy and carbon reduction
measures

Denmak rely on import and export of
electricity

Analyses of the natural and socioeconomic environment conditions sug

that:

1
f
1
f
1

==

A future energy system should reduce GHGs

The future system should reinforce national energy security
Mitigation of global warming ahclimate change impacts

The energy system should contribute to job creation (possibly
from RE)

Changes to the energy system structure should be analysed
terms of their robustness/resilience within the liberalisation
process that is ongoing

Policies/andyses should be considered as a balance between
longterm goals and shoiterm optimisation

The future energy system should be in accordance with
international guidelines

The Danish energy system should be open and interconnectg
larger markets/energyystems

Organisational goals

il

= =4

=a =

That the Danisli€Q emission is reduced
by 40% in 2020 compared with 1990

That the energy and transport sector is
100% renewable by 2050

That by 2020 50% of the electricity
consumption is sourced from wind

That a transition towards a renewable
energy system should create more jobs
than is lost

in 2030 no more coal in power plants

in 2035 electricity and heat is covered b
RE

Improve competitiveness for Danish
companies

The organisational goals tell that:

= = =4 -8

CQ emission should beeduced in a future energy system

The future energy system should accommodate an integratio
more RE

Development of the energy system should contribute to job
creation

The flexibility should be increased to accommodate more win
power

Competitiveness foDanish companies is essential for the
energy system development

Organisational resources

1

=

= =

A population which can participate
actively in political processes

A population which can participate
actively in the energy system

Changing demographic structunagre
old)

Around 150,000 without employment
Many SMEs

Analyses of the organisational resources tells that:

1

= —a -9

The energy system development should allow for public
participation (Intelligent technology is being developed to allo
the population to participatenore easily)

Old people consequence?
The energy system should contribute to job creation

Focus on decentralised systems in the analysis as they fit wit
the industrial structure

Financial resources

1
f

high level of foreign and private debt
there is potental that taxes could pay
subsidies and projects within energy
development

Stable economy where consumers can
pay their bills

Subsidies (feeth tariffs) for energy
production (in particular wind)

Analyses of the financial resources tell that:

il

f
f
f

The energy syem should contribute to reduce foreign and
private debt

The Government can contribute to finance for energy system
projects. (Public/private projects.)

Attractive to investors for the energy system

Good, stable economic conditions for integrating reneleab
energy production

Aalborg University Copenhagemppendices
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Priorities

Key factordor analysis:

1

1
f
1
f

Socieeconomy (costs)
Climate- CQ
Flexibility and integration with other energy systernsysed
electricityimport), integration of RE
Energy efficiency (fuel and energy consumption (biomass))
long term vs. short term
0 international guidelines (review and follow them in
scenarios)
Open to international markets and energy systef@sr{nected
Scandinaviapproach)
0  Allow for public participation (or private dominance)
0 Economic conditions (taxes foER

Other factors

= =4 -8 -8 _a_a_9_92_-2

competitiveness for dk companies

Job creation (ongager about literature review)
National energy security

Mitigation of global warming and climate change
Demographic changes

Decentralised system compared to industrial structure
Privateand foreign debt discussion

Government financing option (PPP)

Attractive for investors
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10.2 Appendix B¢ Methodology

10.2.1 Methodology procedure
The text below describes the study approach presenteeigurel?7in chaper 4 Methodology.

The first phase is to define the research area and narrow it down to a research question. In the report this is
conducted through the literature rewe and DiamoneE analysis that highlighted certain challenges and
visions and these were following prioritised and formulated as a question, which guides the work carried out in
the remaining phases in the report.

After defining the research question théh@se of data collection is initiated to collect the relevant data for
investigating the research question. In this report three types of data collection was gathered, i.e. technical
data for modelling, data from literature reviews and knowledge about tlami€h energy system through
interviews. These data can easily become immeasurable and hence the third phase was about organising and
systematising the data into various country and technology categories. After organising the data they were
prepared for moelling as input data intthe modelling tool in phase 4.

The data was input as demand and production data for respectively the electricity, heating, cooling and
transport system to form a full energy system. These input data were then modelled to creiptet in phase

5. The output data were organised for analysihg individual countries, the Disconnected and tren@ected
Scandinavian energy systems. The output data was in phase 6 analysed in terms of impacts on the key factors
for each step in each emgy system and presented by drafting graphs, tables and other rdlevan
documentation of the output.

This presentation and analysis were following used to interpret the results and compare the different energy
systems in phase 7. The comparisons then fmxirthe basis for drafting recommendations about the feasibility

of each technological solutionenergy system typeand the different types of interconnections irhe
Scandinavian energy system.

It is important to notice that the phases are illustrated aadinear process, but the process of making energy
system analysis is never carried out like that. During the process many iterations, adjustments and new
methods were integrated as the knowledge about the methodology and results grew. This means tleat ther
ought to be many more links between the phases of the report, which are not includéidunel?. A typical
example could be during the output phase where it was realised that the output data were not complete
because of missing input data. This links back to the data collection process as new data had to be collected,
organised and input to the model in order to create new apdated versions of the output.
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10.2.2 EnergyPLAN

The EnergyPLAN tool is a deterministisnputer based model using an input/output format to perform
energy system analysis. The tool uses hourly simulation during one year to create outputs and has been
continuously developed since its creation in 1999 (Lund, 2010). The tool can be used anah cawmnputer

and performs calculations and outputs in a short period of time, often around a few seconds. The tool is
programmed in Delphi Pascal where the user is responsible for inserting inputs in various input tab sheets
linked to e.g. electricity denral, transport or renewable energy, séégure59. The model encompasses all

energy system sectors such as electricity, heating, cooling and transports in terms of both damnd
production distributions.

EnergyPLAN 11.3: Startdata
File Edit Tools Help

W e MO

Frortpage | Input | Cost | Riegulstion | Output | Seltings

ElectrichyDemand | DistictHeating | RenswableEnergy | ElecStorage | Cooling | Individual | Industiy | Transport | %/asts | Biomass Conversion | Synthetic Fuel | Desalination

Electricity Demand and Fixed Import/Export

Electicity demand 0 Twhéyear | Change distribution| Hovr_slecticity. tet
Electiic heating (F included) Twhiyear  Subbiact slectic heating Lsing distribution from ‘individual windam ':‘ P°‘;’
Xpo

Electic cooling IF included] Twhiyear  Subbiact electic codling using distrbution from ‘cooling’ window fixed and

Ele. for Biomass Conversian 000 Twhivear  (Transtered from Biomass Conversion TabShes!] variable

Elec. for Transpartation 000 Twhivear (Transtered from Transpart TabSheet) a 9

Electricity

Sum [Demand svcl. slec. heating) 2000 Twhyear | demand |

Electiic heating (individual) 000 Twhivear

Electicily for heat pumps (individuall 0,00 Twhiear

Elechic conling 000 Twhivear

Flexble demand (1 day) n Twhivear Maxeffect 1000 |y

Flesible demand (1 wesk) a Twhiyear Maweffect 1000 M

Flexible demand (4 wesks) 0 Twhivear Maweffect 1000 g
0

Fived Import/E xport Twhiyear Change distibution| Howr_Tysklandsesport bt

Total electricity demand® 20,00 TWhivear

*) Demand does not include possible electicity needed for reguiating electiic bilers (Regulation Tab)

Figure59: Tre outlay of the EnergyPLAN tool

The inputs for the model vary from demands and fuel sources to capacities and efficiencies as well as costs.
Some of the outputs from the model includes energy balances in the form of fuahdel production,
import/export and total energy system costs. For costs the input data are investment costs for various
technologies along with their accompanied operation and maintenance costs and lifetimes. Furthermore, fuel
and CQ costs are includedsawell as potential electricity exchange costs.

A complete overview of the inptdutput structure for the tool can be seen igure60.
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INPUT EnergyPLAN OuUTPUT
Demands Distribution data Results
Electricity - — - {Annual, monthly,
e | Eecriydemana | oiictheaing H wina H bywo H wawe H wase | e
District heating M
Individual heating [ S H , . H H idual heating ] Electricity production
Fuel for industry L Electricity importexport
Fusel for transpart Electricity excess production
| Industrial CHP H Transportation H Market prices |
Import expenditures,
RES EXport revenyUes
Wind 2
Solar Thermal - Fuel consumption
Photo Voltaic M Regulation .
Geotharmal Technical limitations S = CO; emissions
Hydro Power Choice of strategy =~ e
Wave CEEP strategies Share of RES
iSsion cap. o
External
Capacilies & elaciricity market
Efficiencies -
Power Plant -
Baoilars -
CHP
Heat Pumps
Electric Boilers
Micro CHP | Either:
1 Balancing heat demand ™
2 Balancing both heat and eleciricity demand
Storage Fuel Cost 3 Balancing both heat and electricity demand (reducing CHF even
Heat storage L when partially needed for grid stabilization)
Hydrogen storage EpEmir] 4 Balancing heat demand using tiple tarill
Electricity storage C0, emission factor
CAES CO; emission costs .
o Or: Electricity market strategy )
Market simulation of plant optimization based on business economic ]
Transp : marginal production costs. e e
PetroliDiesel Vehiclke .
Gas Vehiclkes Cost am
Electric Vehicle — Variable Operation And: Critical Excess Electricity Production L Erm
v2G Fixed Operation Reducing wind e
Hydrogen Vehicle T Replacing CHP with bailer or heat pump :
Biofuel Vehicke Interest rata Electric heating andior bypass 'I‘» - _"'"I i ,. e

Figure60: Input output structure of the Energ{/AN model

The tool is publicly available online free of charge and has been used in a continuously increasing number of
analysis priects and articlegLund and Mathiesen 2009; Connolly et al. 2011; Lund and Mathiesen12008)

The EnergyPLAN tool differs from other energstem analysis models with respect to the temporal scale as it
models the energy system hobiy-hour in opposition to aggregated monthly or annual models. Furthermore,
other differences relate to the energy system scale as some models are designed toregiaies, projects or
individual plants while the EnergyPLAN tool can model both international, nadti@naregional energy
systems.

10.2.3 The concept behind EnergyPLAN
The overall aim of EnergyPLAN is to aid in the design and analysis of alternative estegs syased on
renewable energy system technologies in terms of technical or economic analysis.

The following quote fronfLund 2010¥escribes the principal objective of the tool:

GThe model should be able to make a consistent and comparative analysis of all alternatives in question as well
as a referenc® gHenrik Lund 2010, P. 51)

The tool is designed so all alternatives are calculated and analysed equally in order to create the basis for
comparisons. It is possible within the tool to explore an almost infinite range of future options in order to
comparethe various alternatives.

Additionally, the objective of the tool is to be able to model both the existing system as well as systems with
radical technological changes and hence the model has been designed so it is not too affected by the design of
the existing energy system. Furthermore, the objective is that the tool should be transparent and consistent in
order to make replicable analyses of energgtems.

For more information on how the tool works s@@epartment of Development and Planning 2014)

! Note: A version of EnergyPLAN was used in this report that is not yet publicly available with improvements of
hydropower malelling
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10.3 AppendixCc¢ Technobgy catalogue

In this technology catalogue is a description of some of the technologies applied in the different steps in the
report. This serves as background information and for creating a better understanding of the various
technologies.

The technologis that are presented are related to biofuels, individual and large heat pumps, flexible demand,
synfuels and gasification.

10.3.1 Step 2- Biofuels

In this report biofuels are replacing fossil fuel consumption to redb@eemissions. The types of biofuels are
biodiesel, biopetrol (bioethanol) and bio jetfuel. The biofuels can be categorised as either 1st or 2nd
generation biofuels depending on the source for the biomass, but this has not been taken into consideration in
the report. The assumption in this repos that the biomass demand for the entire energy system should stay
within the domestic limits for sustainable biomass resources.

The production of biopetrol is often based on wheat, straw or sugar cane and create diffeqenotdoicts such
as lignin and mlassegDanish Energy Agency and COWI 2013a)

The biodiesel is typically based on rapeseed, but all typesgdtable and animal fat or oils can be used for

the production. The fuel is produced through a chemical process that changes the chemical structure of the
product so that it achieves characteristics similar to diesel. It is done in practice by crestagian between

the oils or fat and methanol thereby creating Fatty Acid Methyl Ester (FAME). This type of technology is the
most widespread type in Europe for biofuels.

When biodiesel is consumed in a clean version with no additional fossil fuels sewdgre technology
conversionsare required, hence the additional transport infrastructure costs in the regbenish Energy
Agency and COWI 2013b)

10.3.2 Individual and large heat pumps
Individual heat pumps are implemented in step 3 while large heat pumps are implemented in step 7. They are
both explained below.

The individual heat pumps are used for space heatinigorseholds and other buildings and can potentially
deliver all of the heating demand depending on the type of heat pump.

An individual heat pump is a technology that moves heat from one location to another by drawing heat from
the ambience and convertinig to higher temperatures. There are different types based ort@iair, airto-

water, brineto-water, etc. that takes advantage of different ambient heating sources. The heat pumps have
different efficiencies in terms of heat delivery compared to thectieity consumption. This ratio is defined as

the COP (Coefficient of performance) and is in this report assumed to be 3.2, but might change according to
the type of heat pump. If the COP is three, one third will come from electricity while the remamintpirds

will be collected through the heat exchand@&anish Energy Agency and Energinet.dk 2012a)

The large heat pumps that are implemented in step 7 are all compressor heat pumps using electricity unlike
absorption heat pumps that are based on heating from sources agateam, flue gas, etc. The heat pumps in

this report are used for district heating purposes with a COP of 3.5. The heat pumps are delivering heat for the
district heating network along with other sources to ensure the appropriate temperatures. Thisalegyrcan
contribute to creating a more flexible energy system by converting electricity to heating at high efficiencies
when there is surplus electricity production. The heat pumps can regulate continuously going from cold to full
load production, oftenn less than five minute@®anish Energy Agency and Energinet.dk 2012b)
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10.3.3 Flexible demand

The flexible electricity demand may consist of a range of technologies that changes consumption patterns, but
has not been fully implemented meality yet and is therefore still rather unproven. Its effect is however often
highlighted in literature and consists as one of the key components of a future smart grid system.

Examples of the flexible demand can be heating pumps that stops becauseggstion in the electricity grid

or electric vehicles that charges in a smart fashion according to the fluctuating electricity production. The
flexible demand can hence contribute to integrating more renewable energy, but also reduce and delay
investmentsfor distribution companies in grid expansions and ensure stability in the electricity grid. The
flexible demand can be divided into two types based on pricing mechanisms that creates an economic
incentive for consumers or based on flexibility productstttielivers a certain service to e.g. reduce the peak
demand in return for a reduced price. Products such as smart meters and intelligent appliances are part of a
future flexible demandDansk Energi and Energinet.dX13)

10.3.4 Synfuels
Synfuels in the way it has been carried out in this report is similar tanigithanol. The chemical reactions are
as below:

C6(H20)5+ 5.75 H2 --> %C12H23+ 5H20
The creation of synfuels contains four steps that@aeh briely described below.

Table21: Steps involved in synfuel production

1. Electrolysis of water 2. Gasification of biomass

3. Hydrogenation ofyasification gas 4. Chemical synthesis of liquid fuels

1. Electrolysis of water
a Rctrolysis is a process, where electricity is used to electrochemically reduce or oxidise a reactant into fuel.

The water decomposition via electrolysis takes place in two partial reactions at both electrodes, which are
separated by an iogonducting eletolyte. At the negative electrode (cathode) hydrogen is produced and on
the positive electrode (anode) oxygen is produced. To keep the product gases separated the two reaction
compartments are separated. Depending on the type of electrolyser, separatgitherachieved by means of

a solid electrolyte (SOEC, PEMEC) or a nmmorous diaphragm (alkalinejDanish Energy Agency and
Energinet.dk 2012b, P. 1)9

2. Gasification of biomass

G! 3IFAAFASNI LINPRdAzOS&a | O2 Yo dza i A o ttenpeliabusé gasifedi k i©®eadyl & 6 ae
to use high alkaline containing fuels, as the gasifier operates below the melting point of those. This
encompadSa 26 3INIRS oO0A2YFaazr &dzZOK & F3ANKOMzZ GdzNIF £ NB3
(Danish Energy Agency and Energinet.dk 2012b, P. 198)

3. Hydrogenation of biogas

G{bD 0aeyiKSGAO ylIGdz2N¥*t 3AF&a0 OFy 06S LINRRdzOSR { KNER dz3aK
are methane andCQ. The content ofCQ may vary between about 350 vol. % depending on the actual

biogas production techmlogy. Through methanation of th€Q contained in biogas, it is possible to upgrade

GKS o0A23la (2 (EvalddeMl2013,P178) ljdzl £ Al & dé
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Biogas (B5% methans) 1040 /

SNG by methanation af biogas

Electricity 92
Process heat loss RS )

(Evald et al. 2013, P. 75)

4. Chemical synthesis of liquid fuels

GaStiKlFry2f Oly 0SS aeyikSaAl SR o0& dzAy3 oAverotathar a adl
lignocellulosic materials. Biomass is first{m@ated (drying, grinding, etc.) and gasified in a gasifier which is

usually specially designed for the specific biomass type. The gas from the gasification step is subsequently
converted to syngs through a thermal reforming process. The produced syngas is then cleaned and converted

to methanol through a catalytic synthesis process. The final methanol product is produced after a final
purification step. An integrated unit for power and heat gestésn supplies the whole production process for

power and steam or heafEvald et al. 2013, P. 23)

10.3.5 Gasification
Gasification technology is implemented as the final step in the analysis in the report. It contains three steps
that are explained below.

The first step in the gasifidan technology is the actual gasification that converts solid biomass into gas that

can be used in gas engines or boilers. The gasification itself contains a number of processes that will not be
further elaborated upon here. The gas that leaves the gastiealled producer gas until it has been cleaned in

the next step. The cleaning is carried out when the biogas is upgraded in order to inject it into the natural gas
grid. Alternatively, the upgraded biogas can be used in vehicles that are driven leg.gafier the cleaning

the gas is called a synthetic gas, or in short syngas. The syngas is then used in CHP plants or power plants using
combined cycle gas turbine technology that compared to traditional technologies based on internal
combustion technolgy have lower overall efficiencies, but much higher electricity efficiencies. Combined with
other technologies such as heat pumps for heating production the gasification technologies should be able to
increase the efficiency of the systgidanish Energy Agency and Energinet.dk 2012c)
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10.4 AppendixD ¢ Technical background information
Comparison of input data for reference energy systems

Table22: Comparison of EnergyPLAN data with national statistics and |E#fefoeference systems

Sweden Norway Denmark

Nat. Energy Difference Difference |Nat. Energy Difference Difference Energy Difference

Stat. IEA PLAN nat. Stat. IEA Stat. IEA PLAN nat stat IEA Nat. Stat. IEA  PLAN nat stat Difference IEA
Fuel total, incl.
Electr. export |TWh | 5515 548,3 538,73 -2,37% -1,78% [299,3 298,85 293,19 -2,08% -1,93% 22555 221 220,78 -2,16% -0,10%
- coal TWh 18 22,4 18,36 1,96% -22,00% | 5,8 6,55 5,31 -9,23% -23,35% 46,02 46,6 45,94 -0,17% -1,44%
- oil TWh 174 165,8 166,77 -4,34% 0,58% 78 84,7 84,72 7,93% 0,02% 87,44 86,9 88,93 1,68% 2,28%
- haturalgas |TWh 12,7 12,8 12,04 -5,48% -6,31% 71,7 63,8 58,47 -22,63% -9,12% 45,89 45,4 43,29 -6,01% -4,87%
- biomass TWh 125 120,7 118,55 -5,44% -1,81% 16,8 16,6 15,86 -5,93% -4,67% 36,41 35,1 35,79 -1,73% 1,93%
-renewables |TWh | 68,5 68,5 68,59 0,13% 0,13% 127 127,2 128,83 1,42% 1,27% 7,04 7 6,83 -3,07% -2,49%
- nuclear TWh 149 158,1 154,42 3,51% -2,38% 0 0 0 0 0 0
CO2 Mton | 55,895 54,01 -3,49% N/A 36,32 48,965 48,24 -1,50%
Adjusted CO, |Mton - 54,01 N/A 36,32 49,416 48,23 -2,46%
Net export TWh 4,7 0 N/A 0 0 0
Electricity
demand TWh | 138,4 136,6 138,46 0,04% 1,34% N/A  131,9 131,95 0,04% 34,78 36,36 36,49 -0,36%
District
heating
demand TWh | 55,6 59,26 6,18% 3,64 2,18 -67,07% 36,00 37,22 3,29%
Individual
heating TWh N/A 38,3 N/A 50,31
Industry TWh | 1315 94,6 -39,01% N/A 82,98 25,48 27,07 5,88%
Transport TWh 123 118,9 -3,45% N/A 62,64 58,1 65,45 11,23%
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Table23: Comparison of EnergyPLAN data with national statistics and IEA for the reference systems

Disconnected Scandinavia Connected Scandinavia Difference (%)
Fuel total, incl. Electricity @ TWh 1052,7 1052,2 -0,05%
export
- coal TWh 69,61 61,06 -14,00%
- oil TWh 340,42 341,5 0,32%
- natural gas TWh 113,8 117,73 3,34%
- biomass TWh 170,2 171,87 0,97%
- renewables TWh 204,25 205,62 0,67%
- nuclear TWh 154,42 154,42 0,00%
CO, Mton 138,57 135,89 -1,97%
Adjusted CO, Mton 138,56 135,89 -1,96%
Electricity demand TWh 306,9 306,82 -0,03%
District heating demand TWh 98,66 98,68 0,02%
Individual heating TWh
Industry TWh 204,65 212,92 3,88%
Transport TWh 246,99 241,63 -2,22%
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Table24: Technology data for energy system analf@ighe Danish, Swedish, Norwegian and Scandinavian energy systems

Technology Denmark  Sweden Norway Connected Disconnected
Scandinavian ~ Scandinavian
Power plants Capacity (M\Ag) 7000 6903 740 14643 14643
Efficiency (%) 40
CHP plants Capacity (M\Ag) -1625 -500 -0 -2125 -2125
- Decentral - 5836 - 3000 - 100 - 8936 - 8936
- Certralised
Efficiency (heat/electricity) -37/46
(%) -31/53
DHP Capacity (MWth) 608 6039 94 6741 6729
Large heat pumps Capacity (M\Ag) -50 -150 -0 -200 -200
- Decentral -0 -380 -50 -430 -430
- Centralised
Efficiency (%) 35
Boilers Capacity (M\Ath) - 3667 - 1500 -0 -5167 -5167
- Decentral -7978 -2000 -50 -10028 -10028
- Centralised
Efficiency (%) 93
Ind. boilers Capady (MW-th) 6822 7171 3105 17098 17098
- oil
- natural gas
- biomass
Efficiency (%) -85
-90
-80
Elec. heat Capacity (M\Ag) 379 5800 11758 17937 17938
Efficiency (%) 100
Hydropower Capacity (M\Ag) - 16544 28188 44732 44732
Efficiency (%) - 100 90 0,93 0,93
Storage (GWh) - 33700 84300 118000 118000
Pump capacity (MWe) - 0 1351 1351 1351
efficiency (%) - - 90 90 90
Nuclear power Capacity (M\Ag) - 9036 - 9036 9036
Efficiency (%) - 33 - 33 33
Waste incineration Capacity N/A
Efficiency (heat/electricity) -75/19

(%)

Cost database for energy systems analysis

Table25: Fuel pricegDanish Energy Agency 2011)

2009

€ KDW

Raw oil (USD/bbl) 107,4
Coal 3,1
Fuel ol 11,9
Gas oll 15,0
Diesel 15,0
Petrol 15,2
JP1 16,1
Natural gas 9,1
LPG 17,0
Biomass 7,3
Energy wilow (Dry Biomass) 4,7
Nuclear 1,50
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Table26: Fuel handling cost@®anish Energy Agency 2011)

2009-¢ Kk DW Centralised Power Decentralised Power Consumer
Plants Plants & Industry

Fuel

Natural Gas 0,412 2,050 3,146

Coal - - -

Fuel Oil 0,262 - -

Diesel/Petrol 0,262 1,905 2,084

Jet Fuel - - 0,482

Straw 1,754 1,216 2,713

Wood Chips 1,493 1,49

Wood Pellets - 0,543 3,256

Energy Crops 1,493 1,493

Average Biomas 1,580 1,186 2,985

Table27: CQ price (Danish Energy Agency 2011)

2009¢ kK ¢ CQ Price
15,2

Table28: CQ emission factorgDanish Energy Agency 2011)

Fuel Coal/Peat Oil Natural Gas Waste LPG
Emission Factor (kg/G 95 74 56,7 0 59,64

Table29: Vehicle priceg¢Danish Energy Agency and COWI 2013b)

Vehicle Investment (euro/vehicle)  Annual O&M (% of Invest)
Cars

ICE Diesel 12,822 7.21
ICE Petrb 11,480 8.19
Battery electric vehicles 12,971 11.16
ICE Bianethanol 14,104 6.55
Busses

ICE Diesel 161,074 1.23
ICE Bianethanol 163,960 1.20
Trucks

ICE Diesel 161,074 1.23
ICE Bianethanol 163,960 1.2
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Table30: Erergy technology investment prices

Production Type  Unit  Invest Life- Fixed O&M Source for Costs
ment time (% of
0 a € K dz (Years) Investment)
Solar Thermal TWh/ 440 20 0.1 (Danish Energy Agenc
year and Energinet.dk
2012c)

Small CHPSingle MWe 1.35 25 1.12 (Danish Energy Agenc

cycle gas turbine and Energinet.dk

medium 2012c)

Small CHP MWe 2.6 30 1.12 (Danish Energy Agenc

Medium steam and Energinet.dk

turbine woodchips 2012c)

HeatPump Group MWe 2.7 20 0.2 (B. V. Mathiesen et al.

2 2011)

Heat Storage CHP GWh 3 20 0.70 (Danish Energy Agency
and Energinet.dk
2012c)

Large CHPGas MWe 0.65 25 1.12 (Danish Energy Agenc

turbine single and Energinet.dk

cycle large 2012c)

Large CHP MWe 2.6 30 1.12 (Danish Energy Agenc

Medium steam and Energinet.dk

turbine woodchips 2012c)

Large CHPSteam MWe 2.04 40 1.12 (Danish Energy Agenc

turbine, pulverised and Energinet.dk

coal fired 2012c)

Heat Pump Group MWe 2.7 20 0.2 (B. V. Mathiesen et al.

3 2011)

Heat Storage Solar GWh 3 20 0.70 (Danish Energy Agenc
and Energinet.dk
2012c)

Boilers Group 2 & MWt 0.32 30 1.86 (Danish Energy Agenc

3 h and Energinet.dk
2012c)

Large Power Plantt MWe 2.03 40 3.03 (Danish Energy Agenc

- coal (406700 and Energinet.dk

MW) 2012c)

Large Power plants MWe 2.03 40 3.03 (Danish Energy Agenc

- biomass (pellets) and Energinet.dk

(250400 MW) 2012c)

Large power plants MWe 0.82 25 3.66 (Danish Energy Agenc

- Combined Cycle and Energinet.dk

Gas Turbines 2012c¢)

Wind Onshore MWe 1.25 20 3 (Danish Energy Agenc
and Energinet.dk
2012c)

Wind Offshore MWe 2.3 20 2.9 (Danish Energy Agenc
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Hydro Power
Hydro Pump
Nuclear

Alkaline
Electrolyser

SOEC Electrolyser

Hydrogen Storage

Pump

Turbine

Individual Boilers-
biomass

Individual Boilers-
natural gas

Individual Boilers-
oil

Individual Heat
Pump

Individual Electric
Heat

Biogas Upgrade

Gasification Gas
Upgrade

DHP Boiler Group
1

Waste CHP

Biogas Plant

MWe

MWe

MWe

MWe

MWe

GWh

MWe

MWe

MWt

MWt

MWt

MWe

MWe

MW
Gas
Out
MW
Gas
Out
MWt
h

TWh/
year

TWh/
year

1.9

0.6

2,54

0,57

10

0.6

0.6

0.58

0.58

0.48

1.188
0.303

0.278

0.278

0.32

250.45

376.5

50
50
25

27,5

20

30

50

50

20

23

20

15
20

15

15

30

20

20

2.7

1.50

3.74

2.46

0.5

15

15

1.35

3.7

3.7

0.6

0.9

1.94

1.94

1.86

1.82

11.25

and Energinet.dk
2012c)

(European Commissiol
2011b)

Assuming thesame as
PHES Pump
(European Commissiol
2011b)

(B. V. Mathiesen,
Ridjan, and Connolly
2013)

(B. V. Mathiesen,
Ridjan, and Connolly
2013)

(Danish Energy Agenc
and Energinet.dk
2012c)

(Danish Energy Agenc
and Energinet.dk
2012c)

Assuming the same as
PHES Pump

(Danish Energy Agenc
and Energinet.dk
2012c)

(Danish Energy Agenc
and merginet.dk
2012c)

(Danish Energy Agenc
and Energinet.dk
2012c)

(Lund et al. 2010)

(Lund et al. 2010)

(Evald, Hu, and Hanse
2013)

(Evald, Hu, and Hanse
2013)

(Danish Energy Agenc
and Energinet.dk
2012c)

(Danish Energy Agenc
and Energinet.dk
2012c)

(Danish Energy Agenc
and Energiet.dk
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2012c)

Gasification Plant MW  0.649 20 9.77 (Danish Energy Agenc
Syng and Energinet.dk
as 2012c)

Biodiesel Plant MW- 0.74 20 2.95 (Evald, Hu, and Hanse
bio 2013)

Biopetrol Plant MW- 1.92 20 3.32 (Evald, Hu, and Hanse
Bio 2013)

Biojetpetrol Plant MW- 1.92 20 3.32 (Evald, Hu, and Hanse
Bio 2013)

Chemical Synthesiit MW-  0.49 20 3.96 (Danish Energy Agenc

MeOH Fuel and COWI 2013b)
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10.5 Appendix Ez Supplementary results

10.5.1 Reference system input data
This section describes the input data used in the study for each reference energy system which includes the
electricity setor, the heat sector as well as the cooling and transport demand.

Table31 presents a breakdown of the electricity demands for each energy sector in each country. All data in
this table is the data used in Energy®N; some is directly added based on external data sources and some is
calculated by the EnergyPLAN tool. The electricity production data for power plants and CHP plants is
calculated for example. For a comparison of the accuracy of the calculated détgheitactual data from
national statistics and IEA refer &ppendixD ¢ Technical background information

Table31: Electricity demand and production for the reference energy systems

Categay - Denmark Norway Sweden| Disconnected Connected
Energy Scandinavia Scandinavia
Electricity 36.4 132 136.6 304.9 304.9
demand (TWh)
Fixed demand 34.6 91.6 114.6 240.9 240.9
Heating 1.26 38.8 20.3 60.3 60.3
Transport 0.4 0.7 24 35 35
Cooling 0.5 15 1.7 3.7 3.7
Biomass 0.35 0.4 0.19 0.91 0.91
conversion
Electricity 36.4 132 136.6 304.9 304.9
production (TWh)
Combined heat 15.8 0.2 115 27.5 28.5
& power
Power plant 10 0.9 0.5 11.4 10.4
Wind electricity 6.7 1 2.5 10.2 10.2
Hydropowe 0 127.8 66.1 193.9 193.5
Waste and 4 2.1 7.5 13.6 13.6
industry
Nuclear 0 0 50.9 50.9 50.9

The electricity generation capacities of the different technologies in each country are describEuein
electricity production capacities of the different countries and Scandinayatems are shown below.

Table32below. These capacities are all taken from literature.

10.5.1.1 Electricity production capacities
The electricity production capacities of the different countries and Scandinay&ems are shown below.
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Table32: Electricity production capacities for the different energy systems in Denmark, Sweden, Norway and Scandinavia
(Swedish Energy Agency 2012; Svensk Energi 2009; Norwegian Water Resources and Energy Dirgtidratel 20 al.
2011)

Electric capacity (M) Denmark Norway Sweden Disconnected Connected
Scandinavia Scandinavia
Power plants 1,164 640 3,903 5,707 5,707
Combined heat and 7,461 100 3,500 11,061 11,061
power
Wind 3,241 431 1,437 4,448 4,448
Hydropwer - 28,188 16,544 44,732 44,732
Nuclear - - 9,036 9,036 9,036
Industry* unknown unknown 1,199 unknown unknown
Total 11,205 29,359 34,420 74,984 74,984

* Industry capacity is not included for some countries due to data gaps
The unique characterisic | 6 2 dzi SIF OK O2dzyiNBQa SySNBHe aeadisSvya | NB
data presented below is the data entered into EnergyPLAN ane siata calculated by EnergyPLAN

Denmark
The electricity demand in Denmark is the lowest of the three count3dé TWH, with the primary part being

fixed demand. The fixed demand is defined as demand from households, services and industry, and which is
not for heating, cooling or transport. Transport, electric heating and cooling demand are reported separately
and are much smaller amounts.

In 2009 the electricity production is mostly from thermal production, including Combined Heat and Power
(CHP) plants (15.8 TWh from 7461 MW) and central power plants (10 TWh from 1164 MW), and some
production from waste incingtion plants and industries (4 TWh from an unknown capacity). The large power
production plants use a large share of coal (47 TWh) followed by natural gas (17 TWh).

Beyond the thermal production wind turbines produce a smaller amount of electricity {1 ifi 2009 from
3241 MW), which is a 24% capacity factor.

Sweden
The electricity demand for the Swedish 2009 reference system is the highest of the three countries (138.4

TWh). This includes a net import of 4.7 TWh. Excluding this imported electri@tyational production is
133.7 TWh. Transmission losses account for around 10 TWh. In this study the total demand is used including
the imported amount.

The electricity in Sweden is primarily produced from hydro and nuclear power, supplemented with sorgden
power and CHP, and wind. In 2009 the hydro and nuclear power plants produced the largest amount of
electricity (65.3 TWh and 50.9 TWh from 16544 and 9036 MW, respectively). The nuclear power has an
efficiency of 33% meaning that the 50.9TWh of eledtyi consumes 154.4 TWh of primary energy. In this
study the hydropower is assumed to be produced 100% by reservoir hydro. Wind power produces a small
amount of electricity (2.5 TWh from 1560 MW of capacity), which is a capacity factor of 18%.

In 2009 dktrict heating CHP plants accounted for a small amount of electricity production (10.2 TwWh). Cold
condensing plants and gas turbines account avery small amount (0.7 TWh). And some electricity was produced
from industrial CHP (bagkessure) (5.6 TWh from 22 MW).

Norway
The total electricity demand for thBlorwegian reference system for 2009 is slightly lower than Sweden (132

TWh). In 2009 Norway exported 9 TWh of electricity.
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The electricity in Norway is primarily producefdom hydropower (127.8 TWh fron28,188 MW))
supplemented by small amounts of power plants (3.2 TWh from 740 MW). Wind power produced a small
amount (1 Wh from 431 MW).

An hourly wind production profile for Norway was unavailable therefore the Swedish wind profile was used for
Norway.

Disconnected Scandinavia system
In the Disconnected Scandinavia reference system the electricity demand and production of the system is

based on combining the demand from the individual countries by adding them as if they are separate and have
no interconnetion. Consequently, the majority of the demand is from fixed demand while the electric heating
is around 20% of the total demand. The transport and cooling electricity demand are relatively small.

The electricity produced in the Disconnected Scandinayg&em is primarily hydropower from Norway and
Sweden, producing around 63% of the total demand while nuclear is producing 17% and CHP 9 %. Only small
shares of wind, condensing power plants and waste and industrial production are part Gistennected
Scandinavian system. The thermal production is relatively limited while baseload production is produced from
nuclear power, waste and industry as well as hydropower.

Connected Scandinavia system
The electricity demand for the Connected Scandinavia refaresystem is based on modelling the three

countries as one single country. This means that the production of electricity changes slightly since the system
is one whole system so Norwegian hydro can supplement Danish CHP electricity production for example.
While all production capacities remain the same the production amounts change slightly. In general the whole
system remains largely the same as isconnected system when all countries are combined together. Only
power plant and Combined heat and powdrange by 12 TWh.

10.5.1.2 Heating
The heating demands and production for each country and the Scandinavian systems are presdiatiele in
33.

Table33: Heating demand and production for the engrgystems in Denmarweden, Norway and Scandinavia

Category - Denmark Norway Sweden Disconnected Connected

Energy Scandinavia Scandinavia

Heat demand 60.9 513 104.4 216.6 216.6
District heat 37.2 2.2 59.4 98.8 98.8
Individual heat 23.7 491 45 117.8 117.8

Heat produc- 61.7 51.6 104.2 2175 218.51

tion

District heating DHP 2.2 0.36 26.91 29.47 29.1
CHP 26.5 0.3 19 45.8 47.1
Waste and 9.3 19 13.3 24.5 24.5
industry

Ind. Heating Ind. boilers 22.48 10.2 23.61 56.29 56.31
Ind. Heatpump 0 0.1 23 24 2.4
Electric heating 12 38.7 19.1 59 59.1
Difference 0.8 0.3 0.2 1.3 1.9

The heating capacitig presented for each country and Scandinavian systerigabie34 below.

Table34: Heating capacity for Denmandprway, Sweden and Scandinavia

Heating capacity (MW- Denmark Norway Sweden Disconnected Connected
th) Scandinavia Scandinavia
Total 31.493 15.241 29.018 75.752 73.286
CHP 11.989 171 5.748 17.908 17.907
DHP 608 94 6.039 6741 4272
Boilers, large 11.645 50 3.500 15.195 15.195
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Boilers, ind. 6.822 3.105 7.171 17.098 17.098
HP 50 50 530 630 630
Ind. Electric heat 379 11.758 5.800 17.937 17.938
Ind. HP - 13 230 243 246

* Industry and waste capacity is not included dualtda gaps

Denmark

Denmark is characterised by a large share of district heating with more than 60% of the Danish population
connected to the district heating syste(@anish District Heating Association 2Q14aving CHP allows for a

high conversion efficiencyfahe fuels as both heat and electricity is generated from the fuels thereby
improving the efficiencies compared to solely producing electricity.

The district heating demand in 2009 is 37.2 TWh. The district heating is produced from large CHP plants (26.5
TWh), waste incineration and industrial excess heat (9.3 TWh) and district heating only technologies such as
large heat pumps, boilers and district heating plants (2.2 TWh).

The demand for individual heating is 23.7 TWh in areas where it is not possitidé¢ economically feasible to
connect to the district heating networkand this is mostly supplied by individual boilers (22.5 TWh). A small
share is provided by electric heating (1.2 TWh).

Sweden
Sweden has a relatively high proportion of electrical trep of more than 19 TWh in total. Electric heating

accounts for around 30% of all heating energy used in the residential sector, primarily infaingjehomes
(Svensk Energi 2009ndividual boilers also account for a high proportion of heating (24 TWh).

The heating system in Sweden also consists of district heating. THentdtanal district heating demand is
59.4 TWh.

Not all buildings are connected to the district heating for various reasons such as distance to closest district
heating system or high installation costs, etc., and these buildings rely on individual healtitigns in the
forms of individual boilers, electric heating, heat pumps or solar thermal.

Norway
Norway is also characterised by a large share of electric heating in the individual buildings in 2009 (39 TWh).

This was supplemented by a minor distrigiating supply (2.2 TWh). Electric heating equals around 64% of the
total electricity demand in residential houses in NorW&yNTEF 2012)

For district heating, the private and public services have the higemands (68%) followed by households
(22%) and industry (9%).

The district heating is produced from few CHP plants using primarily biomass and from waste incineration
plants.

Individual boilers supply a small amount of heating (10 TWh) from biomass iafmbilers. Only a small
amount of heat pumps were installed as of 2009.

DisconnectedScandinavia
The heating demand and production for the Disconnected Scandinavia reference system is based on combining

the demand from the individual countries by addirein. Consequently, the majority of the demand is from
individual heating demand which is met by electric heaters and individual boilers.

Connected Scandinavia
The heating demand for the Connected Scandinavia reference system is based on modelling ¢he thre

countries as one single country. All production capacities remain the same and the production amounts
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remain the same. Consequently, the majority of the demand is from individual heating demand which is met
by electric leaters and individual boilers.

10.5.1.3 Cooling
The cooling demand for each country and Scandinavian systems are presemtduldB5 below.

Table35: Cooling demands for Denmark, Sweden, Norway and Scandinavia

Denmark Norway Sweden | Disconnected Scandinavia Connected Scandinavia
Cooling demand (TWh) 0.5 1.5 17 3.7 3.7

Denmark, Sweden Norway
The cooling demand in all three countries is low. In Denmark the cooling demand is 0.5 TWh and is supplied

solely from electricity. The lgest demand is from services that require cooling for their facilities. In Sweden in
2009 the cooling demand is 0.83 TWh and the main consumers of cooling are services. In Norway the cooling
demand is 1.5 TWh and the majority is supplied for servicesrahutries.

Connected & Disconnected Scandinavia
The cooling demand and production in tlennected andDisconnected Scandinavia systems are exactly the

same as each other since they are the combined total for the three countries.

10.5.1.4 Transport
The total trarsport fuel demand for the three countries and the Scandinavian systems in 2009 are presented in

Table36.

Table36: Transport duel demand for Denmark, Sweden, Norway and Scandinavia referenc

Transport fuel Category - Denmark Norway Sweden Disconnected Connected
demand (TWh) Energy Scandinavia Scandinavia
Diesel 29.8 31.4 38.9 100.1 100.1
Petrol 19.7 15.2 40.6 75.5 75.6
Jet fuel 9.4 8.2 10 27.6 27.6
Fuel oil 6.4 6.8 25.2 38.4 38.4
Biofuels 0.11 11 4.2 5.4 5.4
Electricity 0.4 0.7 2.4 3.5 3.5
LPG/NG - 0.6 - 0.6 0.6
TOTAL 65.8 64 121.3 251.1 251.1
Denmark

The transport sector in Denmark in 2009 consumes a high amount of energy (66 TWh) of which petrol and
diesel is accountof the majority of this (50 TWh), followed by jet fuel and fuel oil (9.4 and 6.4 TWh,
respectively) and electricity and biofuels are low (0.4 TWh and 0.1 TWh, respectively).

The transport sector is dominated by individual transport modes such as capadsenger transport and
trucks and vans for freight transport. These modes are all road transport, which consume more than 75% of
the total fuel consumption for transportation. The second largest fuel consumer is aviation that consumes
around 16% of the tial fuel consumption followed by a minor amount of fuel for rail and sea transport.

Sweden
The transport sector in Sweden consumed a high amount of energy in 2009 (121 TWh). The majority of fuels

are petrol and diesel followed by a relatively high fudl ahount (41, 39 and 25 TWh, respectively). The
transport sector is dominated by individual transport modes such as cars for passenger transport and trucks
and vans for freight transport. In 2009 there were 4,300,752 passenger cars in use in Sweden ¢ut26f09
population of around 9.5 millio(Statistics Sweden 2014)

Sweden has the highest amount of biofuels and electric vehicles than the other coudt@eand 2.4 TWh,
respectively).
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Norway
The totd energy demand for transportation in Norway is also high (64 TWh). There are almost three million

cars in Norway (incl. vanénstitute of Transport economics 2013Jhe population in Norway is around 5.1
million people and the car ownership per citizen is higher thamast other countries in EuropéStatistics
Norway).

The majority of transport fuels are diesel and petrol (31 and 15 TWh, respectively) followed by jet petrol (8.2
TWh).

The road transport is responsible for more than 87% of the Norwegian passenger transport work with air
transport the second largestrgup followed by rail and sea.

Connected & Disconnected Scandinavia
The transport demand in th€onnected andDisconnected Scandinavia systems are exactly the same since

they consist of the three countries combined. Consequently the Scandinavian sysiemkigh diesel, petrol,
jet fuel and fuel oil consumption.

The fuel consumed in industry in each country and the Scandinavian systems is preserabteBv below.
The waste utilised for energy recovery is adbown in the table.

Table37: Industrial and waste sector fuel consumption in Denmarled&n, Norway and Scandinavia

Fuel mix (TWh) Denmark Norway Sweden Disconnected Connected
Scandinavia Scandinavia
Industry  Coal 15 5.2 3.7 104 104
Oil 15.3 18.4 34 67.7 67.7
Natural gas (flared natural 8.3 (6.9) 75(48) 6.4 22.2(77.1) 22.2 (77.1)
gas)
Biomass 2 3.8 50.5 56.3 56.3
Waste 10.3 2.4 12.7 25.4 25.4

10.5.1.5 Total fuel consumption for entire energy system

Overall the energy systenm each country and the Scandinavian systems consume fuels in the electricity,
heating, transport, industry and waste sectors. The total amount of fuel according to fuel type is shown below
in Table38.

Table38: Energy system fuel mixes for Denmark, Sweden, Norway and Scandinavia

Fuel mix (TWh) Denmark Norway  Sweden Disconnected Connected Scandinavia
Scandinavia

Coal 45.9 5.3 18.4 69.6 69.6

Oil 88.9 84.7 166.8 340.4 340.4

Natural gas 43.2 58.5 12 113.7 113.7

Biomass 35.8 15.9 118.6 170.3 170.3

Nuclear - - 154.4 154.4 154.4

Renewable energy 6.8 128.8 68.6 204.4 204.4

TOTAL 220.6 293.2 538,8 1052.6 1052.6

Denmark

The total fuel demand in the Danish reference systsmround 220 TWHThe fuel mix in the reference system
is dominated by a large share of fossil fuels. More than 8D&te fuel demand is fossil fuels with a large share
of oil for transport and coal and natural gas for heat and electricity production. The biomass désrenodnd

36 TWh and is used primarily in CHP plantsjvitihalboilers and waste incineration.

Norway
The fuel mix for Norway is dominated by hydro which generates electricity for the electricity and heating

sector. The transport sector is supplied wih which is the second highest fuel, which has an amount similar
to Denmark. Natural gas fuel is high due to a high natural gas flaring from extraction in Norway (48 TWh).
Norway has the lowest biomass demand of the three countries.
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Sweden
Sweden has theighest biomass demand of the countries (119 TWh). This is due to high use in industries such

as pulp and paper. Sweden has a high nuclear fuel use (154 TwWh) which is due to the nuclear power
production with efficiency of 33%. Sweden has the highestamisemption of 167 TWh due to its population

size that impacts the transport sector consumption and because of large consumption in shipping. Sweden has
the lowest natural gas consumption of the three countries since it does not extract natural gas.

Conneted & Disconnected Scandinavia
The two Scandinavian systems have a slightly different distribution of fuels compared with the individual

countries since they are the combined totals from the countries. QOil is the highest fuel consumed (340 TWh)
but this isfollowed by hydro power (204 TWh) and biomass (170 TWh). Nuclear power also has high energy
consumption (154 TWh). The lowest fuel consumption is for coal (70 TWh).

10.5.2 Inputs for future energy system steps

In this section the input data for all the steps fihie different energy system types are described. Following
this the results when wind is increased froml00% is pesented for eachenergy system typdor the
Connected and Bconnected Scandinavian systems.

In each step in the energy system types, tiogal electricity demand, power plant capacities and secio
economic costs change due to the technological change. For each step in each eaengytgge the data are
shownin Table53, Table54 and Table55.

10.5.3 Energy system type A

Energy systemtype Ay Of dzRSa &aiGSLJA MI HX FYR HO0X @gKAOK | NB
inspired by a supergrid system. The first two steps involve conversion of allenewable torenewable
energy such as biomass in order to red@®@ emissions to zero. This also includes the conversion of nuclear

to power plants based on biomass in Sweden. The third step, 2b, involves converting all light vehicles to
electric vehicles. Each stepdescribed in more detail below.

Table39: The steps included in energy system type A

Step Tagline Description

Step1 Biomass All fossil fuel energy consumed in power plants, CHP plants, industry, and individual
conversion heating is converted to biomass

Step 2 Biofuel All transport is converted to biofuels
conversion

Step Dump charge All light vehicles including cars and light vans are converted to EVs

2b EVs

10.5.3.1 Step 1- Biomass conversion

In step 1 all fossil fuels, excluditige transport sector, is replaced by biomass resources. The purpose of this is
to convert into a 100% renewable energy system in a short term perspective. No new technologies are hence
required for this step as the only factor affecting the system is tied ¢onversion.

In addition to the biomass conversion two other changes are conducted in the various reference systems.
Firstly, the natural gas flaring is removed from the energy systems as it is assumed that there is no need for
natural gas in this steps the energy systems are converted to 100% renewable energy. Hence, the fuel
consumption is reduced for natural gas for all the reference systems. In the Danish system the natural gas
flaring isreduced by 6.9 TWh, in the Norwegian system it is reduged®TWh as Norway is a large producer

of natural gas. In the Swedish system there is no natural gas reduction as Sweden is not a producer of natural
gas. The total reduction of natural gas in the Scandinavian system is 54.9 TWh

Secondly, the nuclear paw production is out phased from the Swedish energy system in this step as it is
assumed to be a prerequisite to become 100% renewable. If nuclear is included, the energy system would only
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become carbon neutral, but not renewable in the definition of ttisdy. Hence, the nuclear power is replaced
by other production technologies and this also affects the Scandinavian system.

Finally, the waste sector was also affected by the conversion as it is assumed that only the organic fraction of
the waste is usedbr incineration to make it 100% renewable. It was assumed that 60% of the original waste is
organic(CTR, Kgbenhavns Energi, and VEKS.2009)

All the biomass conversions were made on a 1:1 energy basis, for example 1 TWh coal was converted into 1
TWh biomass. The biomass demantloiwing the conversion for each country and energy sector is shown in
Table40.

Table40: Biomass demand for step 1 after conversion

Biomass demand CHP DH PP Biomass Residential Industry Waste Total
after Step 1 only for biomass

(TWhlyear) biofuels demand

Denmark 55,1 2,2 27,0 1,6 26,3 27,1 6,2 145,4
Sweden 59,6 16,7 78,1 8,7 28,0 94,6 7,6 293,4
Norway 1,0 0,3 2,6 15 12,5 35,0 15 54,3
Disconnected 115,7 19,3 107,7 11,8 66,8 156,6 15,3 493,1
Scandinavia

Connected 116,8 18,6 100,2 11,8 67,0 156,6 15,3 486,2
Scandinavia

In Sweden the nuclear power is removed in step 1 since it is assumed that thistisnswvable. The amount
of electricity generated by nuclear in 2009 was 50.95 TWhe. fluclear capacity is replaced with thermal
power plant capacity.

There are no additional technology costs in this step but the fuel costs of the energy systems change due to
the biomass transition. For more details on the costs for fuels AppendixD ¢ Technical background
information.

The change in electricity demand and modified power plant capacities from this step are presented at the end
of this section inTable53 and Table54.

10.5.3.2 Step 2- Biofuel conversion
This section describes the input data for step 2 which converts fossil fuels in the transport sector to biofuels
based on biodiesel, biopetrol and bjetfuel.

The assumptiorfor fuel conversion for varigs transport modes is that fuels for ships (fuel oil) is converted
directly to biodiesel. Jetfuel consumption in the reference scenario is converted {fethiel while petrol in
the reference scenario is converted to biopetrol.

The biomass source for tee fuels is not relevant in this study since land use is not considered but the
conversion efficiencies are relevant. The conversion efficiencies are generic efficiencies from EnergyPLAN.

The conversion efficiencies are:

- Biodiesel production: 1.04 TWhdohass per 1 TWh biodiesel
- Biopetrol production:2.77 TWh biomass per 1 TWh biopetrol
- Biojetfuel production:2.77 TWh biomass per 1 TWh biojefuel

All the fuels have been converted by using a 1:1 relationship, which means that 1 TWh of fossikflated
by 1 TWh of biofuel.
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After this step is carried out there are no more fossil fuels used in the energy system and the transport system
is therefore 100% renewable, but relying on very large biomass demands.

The demand for biofuel and biomass fmch country and the Scandinavian systems after the conversion are
presented inTable4l There are additional costs in this step, assuming that the new vehicles that consume
biofuels have slightly higher investnteoosts. There are additional costs for the biofuel production as well.
These additional costs are also showTable4l. For more details on the costs for biofuels gggendixD ¢
Technical background information

Table41: Biofuel demand in step 2 after conversion

Biofuel demand (TWh) Denmark Sweden Norway | Disconnected Connected
Scandinavia Scandinavia

Biopetrol 19.8 42.5 15.8 78.1 78.1

Biodiesel 36.2 66.4 39.2 141.8 141.8

Bio-jetfuel 9.4 10 8.2 27.6 27.6

Total biofuel demand 65.5 118.9 63.2 247.5 247.5

Total biomass demand from 108 191.7 98.9 398.6 398.6

transport (TWh)

New biofuel production annual 1.8 2.2 2.7 6.7 6.7

cost(Billion EURO)

Original vehicle fleet annual costs 6.1 11.7 7.3 25.1 25.1

(Billion EURO)

New vehicle fleet annual investment 6.4 12,2 7.6 26.2 26.2

(Billion EURO)

Other considerations such as land requirement for producing feedstock for the biomass for the bio&uels ar
not considered in this study.

10.5.3.3 Step 2b
Step 2b is the last step in the biomass converginargy system typéor the supergridenergy system typef
technologies. Step 2b involves the conversion of all light vehicles, including cars and light vanstenoat i

combustion engine (ICE) vehicles to electric vehicles in each country. This is based on a dump charge system.

Heavy transport remains using biofuels similar to the previous step. These changes are reversed in step 3 in
the smart gridenergy systentype of technologies since thisnergy system typntegrates EVs in its last step
5b.

The electricity demand for the EVs was calculated based on calculating the number of charges required per
annum for all the vehicles and the total battery capacity baihgrged. The number of charges was calculated

by using the total distance travelled by cars and light vans and an average range of 160 km for electric cars and
120 km for electric vans. The total electricity demand was calculated using a battery cagaditykWh for

cars and 34 kWh for vans. The electricity demand includes 10% efficiency loss. The technologies are mostly

olaSR 2y {(2RlIé&Qa GSOKy2t23A0Ft adlddzda NYGKSN GKIy

assumptions rather conservativen@ to focus more on the impact from implementing electric vehicles rather
than on which exact tegtology should be used in 2050.

Some of the key data used in this step is showhahle42. The socieeconomic cosfrom having a fleet of EVs
for light vehicles increases the annual investment and this is shown for each country and Scandinavian system
in Table42.
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Table42: Electricity demand and hangé@uvestment costs after conversion to electric vehicles

Denmark  Sweden Norway Disconnected Connected
Scandinavia Scandinavia

Total EVs (cars and vans) 2,580,977 4,924,259 2,628,280 | 10,133,516 10,133,516
Total distance travelled (Billion km)  42.9 61.8 39.6 144.3 144.3
Electricity demand (TWh) 8.3 11.2 7.5 27 27
New biofuel production annual 0.7 1.0 0.7 24 24
investment (Billion EURO)
Original vehicle fleet annual 6.4 12,2 7.6 26.2 26.2
investment (Billion EURO)
New vehicle fleet annual 8.4 16.1 9.9 34.5 34.5
investment (Billion EURO)
10.5.4 Energy system type B- Electrification
Energy systemtype Ay Of dzZRS& adGSLJA oX nX p FYyR poZ 6KAOK |

inspired by a smart grid systeffihe steps are described Trable18 below.

Table43: The steps included in energy system type B

Step Tagline Description

Step 3 Individual heat Conversion from individual boilers and electric heating into individual heat pumps
pumps with a similar heat demand before and after this conversion.

Step 4 Electrification In this step 40% of the industrial fuel demand is converted into electricity
of industry

Step 5 Flexible demand Flexible demand means that 20% of the electricity demand is made flexible within

24 hours.
Step 5b Electric vehicles - All light vehicles, including cars and vans, are converted into electric vehicles.

smart charge

10.5.4.1 Step 3- Individual heat pumps

In step 3 all electric heating and individual boilewr® converted to heat pumps in individual houses and
services. The purpose of this step is to convert less efficient, or fuel intensive heating into more efficient
heating such as heat pumps. The conversion was carried out by taking the heat demandadiddual

boilers and electric heating and converting the heat demand to be supplied by heat pumps. The heat pumps
have an electric efficiencydm electricity to heat of 3.2Danish Energy Agency and Energinet.dk 2012b)

The heat pump demand for each country and the Scandinavian energy systems after thesiwmeee
presented inTable 44. The additional investment costs for the heat pumps for each country and the
Scandinavian systems are also showmable44.

Table44: Changing heat pump demands after conversion in step 3

(TWh) Denmark Sweden Norway | Disconnected Connected
Scandinavia  Scandinavia

Original boiler heat demand (fuel demand) 21.2 (26.5) 22.4 (28) 9.9 53.5 (67) 53.5 (67)
(12.5)

Original electric heating demand 1.2 19.1 38.7 59.1 59.1

Original heat pump demand (electricity 0.01 2.3(1.1) 0.1 2.4 (1.2) 2.4 (1.2)

demand) (0.005) (0.07)

New heat pump heat demand (electricity 22.4(7) 43.8 48.8 115 (36) 115 (36)

demand) (13.7) (15.3)

Original heat pump annual cost (Billion Euro) 0,000 0,007 0,000 0,008 0.008

New heat pump annual cost (Billion Euro) 0,1 0.3 0.3 0.8 0.8

As shown inTable44 by replacing these technologies with heat pumps, the fuehded decreases and is
replaced with electricity.

10.5.4.2 Step 4- Electrification of industry
This section describes the input data for step 4 which converts 40% of the industrial fuel demand to electricity.

It is assumed that 40% of the energy in industry cadlibectly replaced with electricity since the energy is not
being used for industrial processes but only for the heat content in the form of s{Eaerginet.dk and Dansk
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Energi 2011)The remaining 60% of the fuel is assumed to serve other purposes, other than heat, such as for
chemical reactions in steel production for example.

The demand for biomass for eadwountry and the Disconneetl Scandinavia and Connected Scandinavia
energy systems after the conversion are presente@able45.

Table45: Biomass demand after electrification of industry

Energy (TWh) Denmark Sweden Norway Disconnected Connected
Scandinavia Scandinavia

Original industrial fuel demand 27.1 95 35 157 157

(biomass)

New industrial fuel demand 16.2 57 21 94 94

(biomass)

New industrial electricity demand 11 38 14 63 63

There are no additional industrinvestments included in the socEconomic analysis for converting to
electricity from biofuels. The cost may be internalised by industry and may lead to higher costs for the
products but this is not included.

10.5.4.3 Step 5- Flexible demand

Step 5 involves stiihg 20% of the electricity demand from being inflexible to flexible within a 24 hour period.
This could be achieved in rdike by installing smart meters in homes and businesses and smart appliances for
example. The amount that could be shifted is asednio be 20% which is based on the Danish Smart Grid
Strategy calculations for DenmaRanish Ministry of Climate 2013)

The changes in this step only relate to the amount of fixed electricity and the share that is converted into
flexible demand and this is showm Table46. The cost for creating flexible demand is also shownhaible46
and this cost includes smart meters and other communication technologies.

Table46: Flexible and fixed electricity demand for step 5

Electricity demand (TWh) Denmark Sweden Norway Disconnected Connected
Scandinavia Scandinavia

Flexible demand 11.1 34.2 24.8 70.1 70

Fixed demand 42.6 134.9 98.2 275.7 275.4

Total 53.7 169.1 123 345.8 345.4

New flexible demand annual costs 0,1 0.3 0.2 0.6 0.7

(Billion EURQO)

10.5.4.4 Step 5b - Electric vehicles (smart charge)

Step 5b is the last step in the electricity transfer steps designed for the smart grid system technologies. Step 5b
involves tke conversion of all light vehicles, including cars and light vans, from ICE vehicles to electric vehicles
in each country. These changes are reversed in step 6 in the smart energy sygéeaf technologies since

this energy system typantegrates EVs iatep 8.

The electricity demand was calculated based on the same method as for step 2b. The costs for EVs and the
biofuel production are also the same as for step 2b.

The conversion to electrizehicles increases the electricity demand of each country aondné€cted
Scandinavia system and the iease in electricity is the same as in step 2 able42. In this step the EVs are
operated using smart charge rather than receiving electricity from a dump charge. TheEwsadepend on

an intelligent grid that charges EVs with the aim of decreasing unused electricity production and the overall
amount of condensing power in the energy syst@émnd 2013)
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10.5.5 Energy system type C- Integration of energy sectors
Energy system typ€ includes steps 6, 7, 8, andwich are called thé A y i S 3 NI (i A 8teps addFared SOl 2 NA
inspired by a smart energy systefhe steps are described in the table below.

Table47: The steps included in energy system type C

Step Tagline Description

Step 6  District heating Expansion of district heating in each country
expansion

Step 7 Large-scale heat Increasing large-scale heat pump capacity to utilise more electricity in the district
pumps heating production

Step 8 EVs and synfuels All light vehicles, including cars and vans, are converted into electric vehicles. All non-
electric vehicles run on synfuels
Step 9  Biomass All biomass used for electricity and heat production is converted into gas
gasification

10.5.5.1 Step 6- District heating expansion
In step 6 a propdion of individual heat pumps are converted into district heating, in order to test whether
district heat expansion is able to create a more flexible system and thereby integrate more wind electricity.

The district heating conversion is carried out adiog to estimates for the individual countries about the
feasibility of district heat expansion from relevant sources.

The conversion was made by taking the heat demands from individual heat pumps and converting the heat
demand to be suppliedybdistrictheating. As shown iftable48 by replacing these technologies with district
heating, the electricity demand decreasesifpared with step 5).

In Denmark district heating increases from 62% of the total heat dentarD% based oifDyrelund et al.
2010; Wittrup 2014)In Norway the district heat demand increases the most of all countries #%nto 22%
based on(Havskjold and Lislebg 2010) Sweden the district heating increases from 54% to 64% of the total
heat demand, which is an estimate.

The district heating demand increases for each country whereas the individual heat pump demand decreases
for eachcountry and the Disconnected Scandinavia and Connected Scandinavia systeys. The demands
after conversion ar@resented inTable48as well as the additional soe&onomic costs.

Table48: District heating and heat pump after expansion of district heating in step 6

(Twh) Denmark Sweden Norway Disconnected Connected
Scandinavia Scandinavia
Original individual heat pump 22.4 44 49 1154 115.4
demand
New individual heat pump demand 17.8 37.1 40 94.9 95
Original district heat demand 36.9 59 2.2 98.1 98.1
New district heat demand 415 65.9 11 118.4 118.4
New additional district heating 0.3 0.4 0.3 1.0 1.0
annual costs (Billion Euro)

10.5.5.2 Step 7- Large-scale heat pumps

This section describes the input data for step 7 which increases the capacity otdatgeheat pumps for
district heating productionLargescale heat pumps function the same way as individual heat pumpsaireut
larger, seanoreinformationin Appendix B; Methodology

The electricity demand does not change when lasgale heat pumps are utilised since they are used in the
system to coasume electricity that is in excess and that would otherwise be unused. This occurs when more
wind is added and unused electricity is created for example. When they are utilised they replace other forms
of heat producers such as boilers and can potent@diytribute to fuel savings.
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The heat pump capacity for Norway increased the most in decentralised district heating areas rather than
centralised areas while it is opposite for Denmark and Sweden. This is because the structure of the district
heating netwaks is different between the countries.

The increases in larggcale heat pump capacity for eacountry and the Disconnected Scandinavia and
Connected Scandinavia@mgy systems are presented Tiable49. The adé@ional socieeconomic costs are also
presented inTable49.

Table49: Large heat pump capacity after conversion in step 7

MW-e Denmark Sweden Norway | Disconnected Connected
Scandinavia Scandinavia

Original large-scale heat pump capacity 50/0 150/380  0/50 200/430 200/430

decentralised/centralised

New large-scale heat pump capacity 300/600 500/600 500/50 | 1300/1250 1300/1250

decentralised/centralised

New additional large scale heat pump 0.2 0.2 0.1 0.5 0.5

annual investment (Billion EURO)

10.5.5.3 Step 8- EVs and synfuels

Step 8 involves the conversion of all light vehicles from ICE vehicles to smart charging electric vehicles in each
country. This includes all cars and small vans. The heavy tranisadso converted from biofuels to synfuels in

the form of biomethanol. Further information about the production of biomethanol is presentépjrendix B

¢ Methodology.

The efficiency foelectrolysers is set at #8 for every countryB. V. Mathiesen, Ridjan, and Connolly 2013)
The production efficiency for the chemical synthesis of synfuels was set 80% from syngas.

The electricity demand for EVs was calculated based on the same method as in step 2b andtbé and
electricity demand is the same as in step 20 @ble42. The socieeconomic costs are also the same as for step
2b.

In this step the EVs are operated on a smart charge system similar to EVs in step 5b.

The poduction of synfuels and biomass and electricity demand for electrolysers for the synfuels is presented
in Table50 below for eachcountry and Disconnected Scandinavia and Connected Scandinavia. The additional
socb-economic costs are also presentedTiable50.

Table50: Synfuel production and changing costs after conversion in step 8

Energy (TWh) Denmark Norway Sweden | Disconnected Connected
Scandinavia Scandinavia

Synfuel demand Syndiesel 17.4 28 54.1 99.5 99.5
Synpetrol 0 0 0 0 0
Synjetfuel 9.4 8.2 10 27.6 27.6

Total biomass demand for 26,36 36.47 65.56 128.4 128.4

synfuels

Electricity demand by 16.4 22.7 40.7 79.8 79.8

electrolysers for hydrogen

Electrolyser capacity (MW) 4000 3200 5000 12000 11000

Electrolyser hydrogen storage 500 400 600 1500 1300

New additional electrolyser 0.5 0.6 0.4 15 1.4

and hydrogen storage annual

costs (Billion EURO)

New additional synthetic fuel 0.6 15 0.9 3 3

production annual costs

(Billion EURO)

10.5.5.4 Step 9- Gasification of biomass
In step 9 all the biomass used in CHP and power plants is converted into gas via a gasification process. This gas
is then upgraded to the appropriate quality to be abtelie stored in the natural gas grid. When the gas is
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required it is combusted in a combined cycle power station based on steam extraction and combined cycle
backpressure CHP plants. The new technologies that combust the gas have higher efficiencies tudid f
biomass technologies. Further details about the technologies are providépgdandix B; Methodology.

The biomass to biogas conversion is different for different amounts of wind integration. This is because when
wind increases, the amount of ekeicity produced by power plants andHPdecreases therefore the amount
of biomass required for biogas decreases as well.

The biomass and biogas data for the wind input frort00% is presented iffable51 below. The socie
economic costs are also presentedTiable51.

Table51: Biomass demand and changing costs after gasification in step 9

(TWh) Denmark Norway Sweden Disconnected Connected
Scandinavia Scandinavia

New total biomass for biogas 0-100% 219-105 85-61 312-177 617-343 639-314

wind

New total biogas for CHP and PP 135-42 20-1 131-21 286-64 307-44

Biogas storage capacity (GWh) 11000- 1000-3000  6000- 21000-30000 19000-
14000 14000 29000

New additional biomass gasification & 0.8-2.3 04-1.0 0.9-4.8 21-8.1 1.9.-6.7

gas upgrade annual costs (Billion

EURO)

The efficiencies of the power plants change in this step since they are powered by gas rather than combustion,
and the new efficiencigare shown iTable52 below.

The efficiencies for the power plants and CHP plants are presented below.

Table52: Changing efficiencies after gasification and new thermal plants in step 9

(TWh) Denmark Norway Sweden Disconnected Connected
Scandinavia Scandinavia
Original thermal Power plant 40% 40% 40% 40% 40%
efficiencies with solid
biomass
CHP 37%/46% 37%/46% 37%/46% | 37%/46% 37%/46%
decentralised
elec./heat
CHP centralised 31.5/53% 31.5/53% 31.5/53% | 31.5/53% 31.5/53%
elec./heat
New thermal PP 56.5% 56.5% 56.5% 56.5% 56.5%
efficiencies with
biogas
CHP 48/37,5% 48/37,5% 48/37,5% | 48/37,5% 48/37,5%
decentralised
elec./heat
CHP centralised 48/37,5% 48/37,5% 48/37,5% | 48/37,5% 48/37,5%
elec./heat

10.5.6 Total electricity demands
The electricity demands for each energy system in each step are presented below.
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Table53: Electricity demand for each step in Denmark, Sweden, Norway and Scandinavia

Electricity demand Denmark  Sweden Norway Disconnected Connected
(TWh) Scandinavia Scandinavia
Reference 36.4 137 132 304.9 304.9

Step 1 36.4 137 132 304.9 304.9

Step 2 37.1 137.9 132.6 307.5 307.5

Step 2b 45 148 139.7 332.7 332.7

Step 3 42.9 131 109 283 283

Step 4 53.7 169 123 345.9 345.9

Step 5 53.7 169 123 345.9 345.9

Step 5b 61.5 179.3 130.2 371 371

Step 6 52.2 167 120.3 339.5 339.5

Step 7 52.2 167 120.3 339.5 339.5

Step 8 52.2 167 120.3 339.5 339.5

Step 9 76.5 218 150 445 445

It can be seen that the electricigemand in all coutnies and Scandinavian system@ntinue to increase with
energy system typ€ having the highest electricity demands.

10.5.7 Change in power plant capacity for each step
The power plant capacities are adjusted according to the maximum eléctiemand in one hour of the year
and therefore increase when the electricity demand is increasing.

Table54: Power plant capacity for each step in Denmark, Sweden, Norway and Scandinavia

Power plant capacity (MW-  Denmark Sweden Norway Disonnected Connected
e) Scandinavia Scandinavia
Reference 7000 6903 740 13,833 14,643
Step 1 7000 17,750 740 25,490 34,000
Step 2 7000 17,750 740 25,490 35,000
Step 2b 7000 19,200 6500 32,700 37,600
Step 3 7000 16,400 740 24,140 29,000
Step 4 11,750 24,100 740 36,590 43,200
Step 5 10,500 21,500 740 32,740 38,000
Step 5b 12,500 24,000 2000 38,500 43,200
Step 6 7000 20,500 740 28,240 34,000
Step 7 7000 20,600 740 28,340 34,000
Step 8 13,500 28,000 6900 48,400 50,000
Step 9 13,000 29,000 7000 49,000 49,000

10.5.8 Total socio-economic cost for each step
The socieeconomic costs for each step are presenieble55 below.

Table55: Socieeconomic costs for each stép Denmark, Swezh, Norway and Scandinavia

Socioeconomic cost (Billion Denmark Sweden Norway Disconnected Connected
Euro) Scandinavia Scandinavia
Reference 17,7 35,1 19,9 72,6 72,5

Step 1 18 34,5 17,6 70,1 71

Step 2 19,5 37,1 18,8 75,3 76.0

Step 2b 18,8 35,9 19,7 74,5 74,9

Step 3 18,7 35,1 17,8 71,5 70,5

Step 4 19,9 37,5 17,3 74,7 74,2

Step 5 19,8 37,4 17,6 74,7 74,1

Step 5b 19,4 36,3 17,9 73,6 69,2

Step 6 19,7 37,6 18,3 75,6 75,3

Step 7 19,9 37,7 18,4 75,9 75,3

Step 8 21.4 40.9 20.6 82.9 81.6

Step 9 21.3 40.2 20.3 81.8 80.6

iZ% Appendiceg Aalborg University Copenhagen



100% RENEMBLE ENERGY SYSTEMBHE SCANDINAVIREGIONEIleR- a0y e:

10.6 Appendix F z Individual country graphs
10.6.1 Energy system typ&

10.6.1.1 Wind integration

Group A: Sweden unused electricity
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Group A: Norway unused electricity
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10.6.1.2 Fossil fuebnd biomass demand

Group A: Sweden fossil fuel / biomass demand
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10.6.1.3 Socieeconomic costs

Group A: Sweden socio-economic costs
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Group A: Denmark socio-economic costs
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10.6.1.4 CQ-emissions

Group A: Sweden CO,
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Group A: Norway CO,
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10.6.2 Energy system typ8

10.6.2.1 Wind integration

Group B: Sweden unused electricity
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Group B: Denmark unused electricity
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Group B: Norway unused electricity
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10.6.2.2 Biomass demand

Group B: Sweden biomass demand
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Group B: Denmark biomass demand
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10.6.2.3 Socieeconomic costs

Group B: Sweden socio-economic costs
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10.6.3 Energy system typ€

10.6.3.1 Wind integration

Group C: Sweden unused electricity
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10.6.3.2 Biomass demand

Group C: Sweden biomass demand
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Group C: Norway biomass demand
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10.6.3.3 Socieeconomic costs

Group C: Sweden socio-economic costs
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