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Abstract

In this Master’s thesis, it is investigated how different scenarios with variations in the
electric car share can affect the Danish energy system and the transition it is currently going
through to become 100% fossil free in the year 2050. The methods applied in the thesis
include scenario planning together with the energy system analysis tool EnergyPLAN.
The methodology is applied in the first part of the analysis, which is carried out through
a technical approach. The second part of the analysis has its point of departure in the
theoretical framework of the thesis. This analysis investigates how external conditions
influence on technological change and large technical systems. An approximation model for
large technical systems is applied together with technological change theory, resulting in an
institutional analysis of qualitative matter. Lastly, the findings from the two analyses are
combined and discussed in relation to each other. In relation to the thesis scenarios, it can
be concluded that the future transport sector should consist of a minimum of 50% electric
cars for the biomass consumption not to exceed the critical limit, and that an increase
in electric cars not requires an increase in wind capacity, but that the costs will increase
in step with the electric car share and hydrogen usage. The thesis also concludes, that
external conditions can affect technological change in different directions. Additionally,
it is possible to perform adjustments within these conditions to influence technological
change and to promote the desired scenario for the future energy system.
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Referat

I dette afsluttende speciale er det undersggt, hvordan variationer i andelen af elbiler kan
pavirke det danske energisystem, som pa nuveerende tidspunkt undergar en omstilling fra
et energisystem baseret pa fossile braendsler, til et energisystem baseret udelukkende pa
vedvarende energi. Det danske folketing har vedtaget et energipolitisk mal, som omhandler
en total omstilling af energisystemet, sa det i ar 2050 er fri for fossile breendsler. Dette
betyder derfor, at energiforbruget i den danske transportsektor, som star for en betydelig
andel i forbruget af fossile breendsler, ligeledes skal omstilles til vedvarende energi. Til dette
vil elektricitet blive prioriteret hgjt pa grund af den hgje effektivitet forbundet med elbiler,
samt de lave priser pa denne form for energi. P& nuveerende tidspunkt har udviklingen
i elbiler i Danmark ikke veeret som gnsket, og det er derfor bade relevant og aktuelt at
opstille scenarier, der illustrerer, hvordan forskellige andele i elbiler kan pavirke det danske
energisystem.

Med udgangspunkt i IDAs energivision er tre forskellige scenarier med tilhgrende
underscenarier udformet for at belyse den usikkerhed, der er forbundet med elbiler i
Danmark. Scenarierne er udformet pa baggrund af en metode for scenarieplanlaegning, og
den praktiske udfgrsel er foretaget i EnergyPLAN, som er et simuleringsprogram anvendt
til udfgrsel af energisystemanalyse. 1 specialet er der ydermere anvendt en overordnet
forstaelse for begrebet ’smart energisystem’, som er denne form for energisystem der
gnskes opnaet i ar 2050. Den teoretiske ramme for specialet omhandler teknologisk
forandring, og her er der anvendt en model for, hvordan store tekniske systemer kan tilgas.
Derudover er teori omhandlende teknologisk forandring anvendt for at give en forstéelse
for, hvordan ydre pavirkninger kan resultere i denne forandring. Denne del af analysen har
en institutionel tilgang, og de to forskellige analyser er til sidst forbundet og diskuteret i
relation til hinanden.

Det fgrste scenarie i analysen indeholder lineser vaekst, hvilket betyder, at den vaekst som
har gjort sig geeldende for elbiler indtil i dag, er viderefgrt til ar 2050, hvilket giver en
mindre andel i elbiler. Til dette scenarie er der udformet tre underscenarier, hvor den
resterende del af bilfladen er erstattet med enten fossile breendsler, biobraendsel eller en
kombination af biobreendsel og brint. Scenariet indeholdende fossile braendsler er ugnsket
i det fremtidige energisystem, da malet er at eliminere denne energiform. I det andet
scenarie bestar bilfladen af 50% elbiler, og her indeholder den resterende del af bilfladen
enten biobrzendsel eller en kombination af biobraendsel og brint fordelt pa to underscenarier.
I det sidste scenarie er der anvendt en andel i elbiler pa 90% af bilfladen, og her er den sidste
andel biler erstattet af enten biobraendsel eller brint, ligeledes fordelt p& to underscenarier.

Resultaterne af analysen indikerer, at den fremtidige transportsektor som absolut minimum
skal besté af 50% elbiler for ikke at overskride den kritiske biomassegreense. Derudover viser
scenarierne, at en ggning i antallet af elbiler ikke er ensbetydende med at vindkapaciteten
skal udbygges tilsvarende, men at omkostningerne stiger i takt med andelen af elbiler




og brintforbruget. Derudover viser resultaterne, at teknologisk forandring skyldes ydre
pavirkninger, og at det er muligt at justere disse betingelser, sa de pavirker teknologien
i den gnskede retning. Det kan konkluderes, at det iseer er politisk regulering, der kan
have en effekt pa udviklingen af elbiler, da det med disse initiativer er muligt at pavirke
adfeerden i samfundet. Ved hjalp af reguleringer er det derfor muligt at ggre elbiler mere
attraktive og derved pavirke elbilsudviklingen i den gnskede retning.
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Preface

This Master’s thesis is the culmination of the two years Master’s programme in Sustainable
Energy Planning and Management at Aalborg University. The thesis was completed during
the global COVID-19 pandemic, forcing Aalborg University to deny students campus access
due to a society lock-down. Even though this thesis was composed by a single student,
did the university lock-down affect the work intensity during a period of time, because
of the work spaces at Aalborg University being unavailable. Though, the supervision
meetings were still possible to attend online, which makes the consequences of the COVID-
19 pandemic less significant seen in relation to the preparation of this thesis.

Reading Guide

The reference method used in the thesis is the Harvard method denounced as [author,
publication year|. A nomenclature is placed in the beginning, including abbreviations,
units and chemical formulas mentioned in the thesis. The thesis includes seven different
chapters, which should be read chronologically. The thesis is initiated with an introduction
functioning as a problem analysis and followed by a chapter with a presentation of the
research question. Chapter 3 and 4, respectively, deal with the theories and methods
applied in the thesis. Naturally, this leads to the analysis, which is divided into two
chapters; one with a technical approach and one with an institutional approach. Chapter
7 consists of a discussion of the analysis results, which leads to the conclusion of the thesis.
Appendices are attached in the end of the thesis and are mentioned with letters in the
order that they are applied throughout the thesis.

Thanks...

Lastly, a great 'thank you’ is directed at Jakob Zinck Thellufsen for being helpful during
a semester under unusual conditions, and for providing great supervision throughout the
process of writing this thesis.
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Nomenclature

Abbreviations
EC Electric Car
EV Electric Vehicle
BEV Battery Electric Vehicle
PHEV | Plug-in Hybrid Electric Vehicle
CEEP | Critical Excess Electricity Production
ICE Internal Combustion Engine
RE Renewable Energy
RES Renewable Energy System
SES Smart Energy System
CHP Combined Heat and Power
BTL Biomass-to-liquid
IDA The Danish Society of Engineers
DEA The Danish Energy Agency
BAU Business As Usual
MEUR | Million Euros
Units
GJ Gigajoule
PJ Petajoule
MJ Megajoule
MW Megawatt
MWh | Megawatt hour
TWh | Terawatt hour
Mpkm | Million passenger-kilometer
Mt Megaton

Chemical formulas

COq
H,O

Carbon dioxide
Dihydrogen monoxide
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Introduction

The Danish government has composed a goal with the aim to make Denmark independent
of fossil fuels in the year 2050. The goal emerges from the fact that a new energy policy era
has begun, which means that the so far accessible and cheap fossil fuels have to be replaced
by other energy sources. An increase in the world’s energy consumption has resulted in a
pressure on the fossil fuel resources creating an energy race which the Danish government
does not wish to be a part of. This is due to the fact, that the fuel prices rises and that the
fossil fuel reserves often are located in countries that are political unstable, which makes
the future of these energy sources uncertain. In an energy perspective, Denmark will
obtain independence by eliminating fossil fuels. Political energy goals have therefore been
composed with the purpose for Denmark to undergo a transition to renewable energy, which
will also be the Danish contribution to reduce climate change [The Danish Government,
2011]. The Danish goal thereby also includes the transport sector, which is perceived a
challenge in the green transition. The transport sector accounts for a large oil dependence
and for that reason, renewable energy solutions and new technologies have to be integrated
in the Danish energy system [Mathiesen et al., 2008|.
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Figure 1.1: CO2-emissions distributed on sectors in Denmark [Energistyrelsen, 2019]
The transport sector is not only one of the sectors with the highest energy demand, but

it is also the sector that currently, and in the future, emits the largest share of COq
[figure 1.1]. With electricity being an efficient and cheap energy resource, the majority
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1. Introduction

of the transport sector is expected to be electrified [Mathiesen et al., 2015b|. This thesis
investigates the consequences that occur, if the expected development within electric cars
is not to be achieved. The effect on the energy system will be examined and alternative
solutions that will ensure a fossil free society will be presented. Furthermore, is an analysis
of technological change being conducted to achieve an understanding of how institutions
can affect technological development.

1.1 Energy & Transport Demand

The current expectations for the global transport demand is that significant growth will
be experienced in the years to come, which is due to many factors such as population and
economic growth [International Transport Forum, 2019|. This is the case for Denmark
as well, where recent projections show that the energy consumption for road transport
will increase by approximately 0,1% annually towards 2030. In the same year, vans and
passenger cars will constitute of 47% of the total energy consumption in the transport
sector. Though, improved car technology efficiencies result in the energy consumption not
increasing further [Energistyrelsen, 2019, even though the number in newly registered cars
is growing [figure 1.2] due to private vehicles being the preferred travel mode on a world
wide basis [International Transport Forum, 2019].
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Figure 1.2: The distribution of newly registered passenger cars in Denmark from 1992-2019
[Danmarks Statistik, 2020a]

Figure 1.2 shows the purchasing number of new cars. The graph illustrates the development
within newly registered passenger cars, which especially has been increasing over the past
decade. This increase has thereby also resulted in a larger car fleet in Denmark, where
more than 2,6 million passenger cars are to find on the Danish roads [figure 1.3].
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Figure 1.3: Number of passenger cars in Denmark from 2001-2019 [Danmarks Statistik,
2020Db]

The increasing energy consumption used for transportation, together with an increase in
the number of passenger cars, is making it more challenging to convert this sector to
renewable energy. To convert the transport sector to renewable energy, there is no obvious
solution, but studies show that electricity should have high priority in the equation, as
this energy form is the cheapest and most efficient solution [Connolly et al., 2014b|. Other
alternatives of renewable energy that can be used in the transport sector includes biomass,
hydrogen, gas and electrofuels [Simonsen, 2016]. Though, challenges occur in the use of
some energy sources. Biomass is a limited source [Lund, 2014b], because of the utilization
of land in order to grow the plants for biomass. For this energy source, discussions about
sustainability and emissions follow because of biomass only being considered COs-neutral
if new plants are being planted to take up the emitted CO5. Though, biomass is also
a manageable source, meaning that it is not fluctuating and it is easy to store. This
also means, that the biomass characteristics are similar to fossil fuels, which makes it
the obvious alternative [Dansk Energi, n.d]. For cars that run on gas, the efficiency is
lower than for ECs, which gives this technology a lower priority. Besides that, hydrogen is
being converted from HoO by an electrolysis process, which makes it a necessity to produce
electricity for this process to happen. Storage of hydrogen can also be considered as storage
of fluctuating energy, making the energy system more flexible!. But, transportation of
hydrogen is also an expensive and complicated procedure, and safety issues are linked
to the handling of the source |[Energistyrelsen and Energinet, 2018|. These arguments
are contributing to give electricity first priority in the transport sector, but it might also
be necessary to include several different technologies as they can weigh up each other’s
weaknesses [Klimaradet, 2018|.

!Flexibility in an energy system describes the system’s ability to handle uncertainty and variability on
both the demand and production side. It also includes that the system’s reliability maintain a satisfactory
level and with reasonable costs [Ma et al., 2013].




1. Introduction

1.2 Electric Cars in the Danish Energy System

Several studies point at ECs being an important part of the solution in the process of
making the transport sector fossil free. But today, ECs cannot be considered a zero-
emission technology, both in relation to the fuel that is used and in a life cycle perspective,
which is because of the emissions related to the production of the car. Currently, the
resources used for production can derive from fossil fuels instead of renewable energy,
which is also the case for the production of the electricity used as EC fuel. Though, this
is expected to change in the future, where renewable energy replaces fossil fuels making
both the production process and the technology zero-emitters.

Car Diesel Gas  Electric
Driving costs (euro/km) 0,193 0,188 0,145
Energy consumption (MJd/km) 1,91 1,98 0,53
Energy consumption (km/l gas-equiv) 17,2 16,6 62,2
Propellant cost total (euro/GJd) 22,12 23,08 22,89
Fuel cost (euro/km) 0,04 0,05 0,01
Vehicle efficiency 20,7% 19,5% 78,6%

Table 1.1: Comparison of technology characteristics [Energistyrelsen, 2016]

Today, ECs are in competition with fossil fuel driven cars, and it is thereby uncertain
if people find ECs attractive with other alternatives available. ECs come with some
advantages in comparison to fossil fuel driven cars in relation to efficiency, economy and
environment [table 1.1], but cars running on fossil fuels do have other advantages such as
lower cost prices and better range |[Klimaradet, 2018]. In 2019, the sales of ECs made up
5,500 cars or 3,9% of the total car sale in Denmark [figure 1.4]. Currently, ECs account
for approximately 15,500 cars or 1% of the Danish car fleet [Danmarks Statistik, 2019].
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Figure 1.4: Newly registered electric cars in Denmark from 2011-2019 [Danmarks Statistik,
2020¢]
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The Danish Council on Climate Change suggests, on the background of socio-economic
costs and the technology’s potential to promote the green transition, that the number of
ECs reaches 500,000 or 17% of the car fleet by 2030 [Klimaradet, 2018|. This means, that
nearly 50,000 ECs will have to be sold every year for the next decade. Though, according
to the DEA projections, the expected number of ECs in 2030 will only reach 300.000
[Energistyrelsen, 2019], which means that almost 30.000 ECs have to be sold every year.

1.3 Scenarios for the future Danish Energy System

Several scenarios have been composed to illustrate possible solutions to a fossil free energy
system in 2050. The Danish Energy Agency has composed four different scenarios for a
fossil free energy system in 2050:

o Wind scenario - This scenario contains a bioenergy consumption equal to what
Denmark can deliver. Besides that, electrification of the transport sector is crucial
and requires expansion of the offshore wind turbine capacity. There is a wish to keep
the bioenergy consumption to a minimum, which is managed by using hydrogen for
upgrading biogas and biomass

e Biomass scenario - This scenario does not contain hydrogen, but a higher bioenergy
consumption that requires import of biomass

e Bio+ scenario - This scenario is similar to the energy system of today, as it is based
on combustion. But, instead of fossil fuels, the energy source will be bioenergy. The
scenario contains no use of hydrogen

e Hydrogen scenario - A small use of bioenergy is used in this scenario. Instead,
hydrogen is the primarily energy source, and the wind capacity therefore has to be
significantly expanded |Energistyrelsen, 2013|

In a report commissioned by IDA, composed by Aalborg University, another example of a
renewable energy system is illustrated and compared to the DEA Wind scenario. In the
IDA vision, the importance of cross-sectoral interaction is underlined. This means, that
focus should be on the energy system as a whole instead of operating with the sectors
individually [Mathiesen et al., 2015b].

Generally, the scenarios show, that a renewable energy system is a technical and economical
possibility, but they are also an invitation to debate on how to reach a renewable energy
system, because several possible scenarios can function as solutions [Mathiesen et al.,
2015b).

In several of the 2050 scenarios there is widespread consensus about electrification of the
transport sector being the most optimal solution |[Energistyrelsen, 2013; Mathiesen et al.,
2015b; Lund et al., 2011]. In the IDA vision, the passenger transport demand is 9% lower
than for the DEA Wind scenario, though both scenarios operate with a higher demand for
transport and an increase in the number of personal vehicles [Mathiesen et al., 2015b|.
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Figure 1.5: The past and future passenger demand (Mpkm) in different scenarios [Mathiesen
et al., 2015b]

Figure 1.5 shows a difference in the transport demand for the two scenarios. Both scenarios
agree on an increase in the demand for passenger transportation, but a great difference can
be seen in the demand for ’cars and vans <2t’ and ’rail’, where the IDA vision operates
with a lower demand in private vehicles because a large part of the passenger demand is
relocated to public transportation [Mathiesen et al., 2015b].

In the IDA vision it is prioritized to use a minimum of biomass for fuel because of the
limitation of the resource. Electrification has first priority, and the remaining demand is
covered by electrofuels based on conversion from electricity. Besides that, does the IDA
vision not contain gaseous fuels for the transport sector because a lower fuel demand from
vehicles with higher efficiencies is prioritized. By using processes with higher efficiencies,
the IDA vision has a lower energy demand in the transport sector than the DEA scenario
[Mathiesen et al., 2015b|. In the DEA scenario, electric vehicles have first priority as well
[Energistyrelsen, 2013, but the remaining demand is covered by BTL and hydrogen. This
results in the biomass demand in the DEA scenario crossing the line for available biomass,
which is 300 PJ [Mathiesen et al., 2015b].

The IDA vision operates with 75% of the transport demand for private cars being covered
by BEVs, resulting in an electricity consumption of 21,7 PJ for ’cars and vans <2t’. In the
same category, the electricity demand in the DEA scenario is 26,7 PJ due to the higher
share of EVs in the scenario [Mathiesen et al., 2015b] where ECs account for 80% of the
transport demand [Klimaradet, 2018|.




Research Question

2.1 Problem Definition

The core problem of this thesis is identified by examining historical data of the EC
development. It is given, that a prediction of the future number in ECs is difficult to
determine, which is why there is reason to believe that the estimated number in ECs in
2050 comes with great uncertainty as well. Based on the thesis introduction, the transport
sector accounts for a significant part of fossil fuel usage, and it can thereby be argued that
this uncertainty might affect the Danish goal of a fossil free energy system. Therefore,
it is considered important to investigate different solutions to how given quantities of
ECs can constitute potential risks or opportunities in the future Danish energy system.
Furthermore, the problem is considered to be of relevance today and in the future, as the
actions of today are affecting the structure of the future energy system.

Based on the findings in the thesis introduction together with the problem definition, the

following research question is established;

"How will different scenarios with variations in the electric car share, affect the transition
of the Danish fossil fuel based energy system into a renewable energy system, and how can
a technological understanding affect this development?"

The purpose of the research questions is to narrow down the problem definition in order
for the thesis to be focused around what is desired to investigate. To be able to answer
the research question, a set of sub-questions work as a division of the research question,
which should bring structure to the thesis analysis. The formulations of the sub-questions

are;

1. What are the potential environmental and economic effects of different shares in
electric cars based on scenario preparation?

2. How can different perspectives affect the outcome of the future Danish energy
system?

3. How are institutional settings preventing or promoting the future share in electric
cars when analysed in a technological change perspective?

In addition to the sub-questions, a thesis scope is defined for the analysis to be focused as
the desired investigation.




2. Research Question

2.2 Scope

In this thesis, only one part of the transport sector is being touched upon. The thesis has
a focus on passenger cars with a weight below two tonnes, which excludes other parts of
the transport sector such as public transportation, sea and air. This division of the sector
is natural and commonly used, which also is the case in the reference scenarios applied
in the analysis. Besides that, only cars that run solely on electricity will be included in
the analysis. This is chosen with the argument, that hybrid cars, which run on electricity
in combination with another renewable energy source, have not been introduced to the
market yet. In addition to that, it is assumed that hybrid cars in the future will run partly
on biomass, which is an energy source that should be reduced to a minimum in the future
because of it being a limited resource also used for food demands, biodiversity and different
materials. This is also why it is not possible to cover the energy demand for transportation
solely by using biomass [Lund, 2014b|. Besides that, it is difficult to estimate to which
degree hybrid cars run on electricity or the supplementary energy source, which also is an
argument to why ECs are in focus. Furthermore, analyses determining whether or not an
expansion of the electricity grid is a necessity for some of the thesis scenarios to become
a reality is not included. This means, that the thesis is based on the assumption that the
Danish electricity grid does not require an expansion.

The purpose of the scope is to ensure that the focus of the thesis is maintained, and because
of the limited space and time frame making it necessary to arrange a thesis delimitation.
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2.3 Thesis Structure

The structure of the thesis is illustrated in figure 2.1 below. The figure shows the research
question, the related sub-questions and the methods and theories that apply to each of
these sub-questions.

. ™
" How will different scenarios with variations in the electric car share,
RESEARCH  _5 |  affectthe transition of the Danish fossil fuel based energy system into a
QUESTION renewable energy system, and how can a technological understanding
affect this development?
h _ _ _ A
SUB- 'I/- What are the -‘\ I/r -‘\I How are institutional
—_— potential Haow can different ) . .
QUESTIONS . Derspectives settings preventing or
environmental and frect 1 promating the future
economic effects of attect the share in electric cars
different shares in outcome o E.the when analysed ina
electric cars based future DaMShq technological change
o1 SCENEriO ENergy system? perspective?
I\“- preparation? ___/" \\‘_ _',/’ \\- _/)
TERM —_— Smart Energy System Concept
i i i
METHODS ——» | LiteratureStudy
i - -
—_— | Planning Approach |
| W

—> | EnergyPLAN

THEORIES Technological Change
i
Large Technical Systems

Conclusion ]

Figure 2.1: Overview of the thesis structure including questions, methods and theory, and
how these lead to the conclusion

An overall understanding of a smart energy system is used throughout the entire thesis.
This means, that the smart energy system might not be often mentioned, but the smart
energy system concept is what the thesis aims to obtain in the future. The simulation tool
EnergyPLAN is used to carry out the technical part of the analysis which is preparation
of scenarios. For this analysis, the planning approach is used as an overall understanding
of what scenario planning include and what risk and alternatives assessment comprise.

For the second part of the analysis, where the understanding of technology is analysed, it is
the theoretical framework of the thesis that is applied. Theories dealing with technological
change and large technical systems are used to identify the external factors influencing on
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the technological development.

In continuation of the analysis is a discussion where the findings from the two analyses are
discussed in relation to each other. This means, that the findings only are partly discussed
in the analysis, and that a more holistic view is applied in the discussion where both the
technical and institutional findings are combined.
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The theoretical framework of this thesis includes theoretical approaches and concepts.
These have the purpose to give a better understanding of individual technology and
technological systems in relation to change, as well as the influencing factors that can
have an impact on the ability to carry out given scenarios. Additionally, the theoretical
framework is applied for analysing how external factors in form of institutions, can affect
technological change and thereby also the realization of the thesis scenario.

3.1 The Smart Energy System Concept

The term ’smart energy system!’ is of great importance in this thesis, as this approach
to an energy system is the foundation of the analysis. In a SES, it is a necessity for the
different sectors in the energy system to be connected in order to be able to make use of
fluctuating energy sources. In this thesis, an understanding of a SES is important because
ECs are one part of such a system. This theoretical approach thereby allows the results
of the analysis to involve other parts of the energy system, because the transport sector
being part of sector-coupling when using a SES approach. The scope of the thesis, which
only includes ECs of the transport sector, should therefore only be seen in the light of the
input of the analysis, as the holistic view in a SES requires the output to include the entire
transport sector.

"[...] the Smart Energy System concept, [...] is a cross-sectoral approach that makes use
of synergies between the various energy sub-sectors by identifying suitable and
cost-effective renewable energy solutions for the future" [Mathiesen et al., 2015b] [p. 11].

The above definition and figure 3.1 are the ones applied in the IDA vision, which provide
a natural argument for using the same definition in this thesis.

! A SES consists of bioenergy and fluctuating renewable energy sources as the primary energy forms.
When using fluctuating energy sources, the production of energy can be unstable, which means that other
intermittent energy sources have to accommodate for the missing production. For that reason, considerable
expansions of fluctuating energy sources have to happen along with the possibility of storage or conversion
of energy [Mathiesen et al., 2015b]
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Figure 3.1: Overview of a Smart Energy System [Mathiesen et al., 2015b]

An approach that operates with the understanding that the different sub-sectors influence
on one another is to be used in this thesis [Lund, 2014b]. This means, that even though
this thesis revolves around the EC technology and one part of the transport sector, it is
important to comprehend, that changes in one sector can affect other parts of the energy
system as well. This is thereby also the overall understanding and approach that is used in
the analysis, where it is analysed how changes in one sector can affect the energy system
as a whole.

3.2 Technology & Change

The SES definition gives clarity about how one part of an energy system is able to affect
other parts of the same system, which also can be understood as the energy system
consisting of several sub-systems. The theoretical approach of this thesis is therefore
extended with an understanding of these sub-systems as individual technologies in a
larger technological system. One definition of technology is composed by Miiller, who
illustrates how technology consists of the four elements; knowledge, organisation, technique
and product |Miiller, 2011|. For every technology it applies, that the four elements are
inseparable, and by describing the elements, it is possible to obtain knowledge about
the technology structure. Besides that, an understanding of how the elements interact
is important if technological change is desired as in this thesis, where the energy system
and the EC technology can be conceived as technologies that undergo changes. If changes
happen in one element, changes should also occur within the other elements, but if the
other elements are not affected by the change, the initiative that was applied can be
conceived as unsuccessful.

The main purpose of this perception is to approach technology through a holistic view,
which makes it possible to determine the purpose of the technology, what problems or
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needs it is intended to solve and to understand that technology interacts with different
societal processes [Miiller, 2011].

social . labour social
infra- social ™ rela- division
structure ™| capital tions of labour
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Figure 3.2: Figure showing the four elements of technology and the conditions that can
result in changes [Miiller, 2011]

Figure 3.2 shows some of the societal processes that interacts with technology. Whether
technological change occurs is depending on the local conditions, which include the external
economic, cultural and socio-political setting. As was the case for the four elements in
technology, changes in one of the external elements [figure 3.2] will affect the other elements
as well, and thereby also the technological setting [Miiller, 2011].

"Technology does not drive choice; choice drives technology" [[Dicken, 2015], p. 75].

Technological change can be perceived as a learning form meaning that by using, doing
and observing, it is possible to solve problems that are situated in environments that
are highly changeable. Technological change is not exclusively inventions of new things,
it is also depending on inventions transforming into innovations that are both usable
and adoptable. Where technological change in an economic perspective works as an
entrepreneurial process, it should on a long term basis work as an evolutionairy process
[Dicken, 2015].

The elaboration of technology and how it changes is applied in the second part of the
analysis. In relation to ECs as the technology and the Danish energy system as a
technological system, it will be analysed how the external conditions can either promote
or prevent the future development in ECs. The purpose of such an analysis is to be able
to discuss possible solutions and to be able to be aware of how to ensure technological
change, which can be used as a tool for reaching the desired number of ECs in 2050.

3.2.1 Approximation Models for Large Technical Systems

Besides an elaboration of the term ’technology’, an understanding of a large technical
system (LTS) is considered important to this thesis as well. In here, the Danish energy
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system is defined as an LTS, and it is a sector in such a system that the thesis revolves
around. The term LTS is therefore being explained along with the factors that might
affect the composition of it. Besides that, the definition of technological change will be
touched upon, as an understanding of this term makes it possible to analyse which factors
can affect technological change and thereby also future scenarios.

A characterization of an LTS, is that its scope and structure are of a global nature. The
meaning of a global scope is that some of the time, most people are affected by LTSs. A
global structure means, that the dynamics and structures of a given situation or process
is shaped by several factors. The two types of globalness are being combined in an LTS,
which also can be identified through its four different phases:

The initial phase

~7

The accelerated development phass

7

The stabilization phase

7

The dedine phasze

Figure 3.3: The four phases of a large technical system

The initial phase is characterized by being a phase with no overall plan for the development
of the LTS, and a phase with debate of how the LTS can benefit the society in comparison
with the existing LTS. In the accelerated development phase, the LTS is recognized
because of it being superior and useful, and this phase also includes the LTS developing
in compliance to a plan. Furthermore, the period can contain sub-periods that follow
economic and political events. In the stabilization phase, the development rate of the LTS
will decrease, which also results in a stagnation of the economic activities in relation to the
LTS. The fourth phase is the decline phase, where the importance of an extension of the
LTS diminishes along with its activity involvement. The last phase can also be determined
by an LTS being replaced by a new LTS. In the two last phases, there is a chance that the
old LTS is adopting some of the new LTS’s characteristics, when this is going through the
initial phase. However, this is not a revitalization of the old LTS as it is an affirmation of
the new LTS. It also works as a sign that the new LTS is beginning it’s domination over
the old LTS, and thereby is using the old system as testing ground [Gokalp, 1992].

What is typical for an LTS, is that often there is a correlation between the industrial
society development and the LTS. In addition, another characteristic feature is that there
exists a close correlation between political and ideological views and the LTS.

The developer of the American radio technology, Hugh Aitken, argues that the rate

and direction that the system will develop at, are determined by the socioeconomic?

2The socioeconomic position of an individual or group refers to the given society’s economic ranking
in relation to resource access such as wealth, income and education [Ball and Crawford, 2010]
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context that the technology operates in. In addition to that, he composed three different
approximation models to a technological system, where the one relevant to this thesis
is presented. He considered science, economics and technology as the spheres of human
action, and with approximations he was able to identify different types of interactions
between the three spheres and thereby also how changes in one sphere affects the two
others [Gokalp, 1992].

One of the approximation models accounts for the three spheres as not being unidirectional,
and that there can be several kinds of interaction between these. The model presents, that
there are two kinds of interaction, which happens between science and technology, and
between technology and economy.

Technology

Science | I Economy

Figure 3.4: The interaction between the three spheres in one approximation model

As figure 3.4 shows, the spheres overlap and in these two areas the interactions that are
most productive take place. In this model, feedback between the spheres exists in form of
reverse flows, which could consist of information [Gokalp, 1992]. In the thesis analysis, the
three spheres are discussed in relation to the technology jigsaw [section 3.2| together with
the possibility of identifying a connection between the two spheres of science and economy.

In this thesis, the understanding of technological change and L'T'Ss is applied in the second
part of the analysis. The role of these terms is to be able to comprehend that ECs both
function as a technology themselves, but also that they are part of an undergoing process in
a larger system. ECs are therefore perceived individually together with how they operate
in a system. The purpose is to give an understanding of the phase that the current system
is going through and also to identify how external factors can affect the desired progress.
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4.1 Data Collection

The data that is used for the analysis in this thesis, is solely collected through literature
studies. In the introduction, knowledge about ECs was acquired through scientific articles
and official statistics. This part of the thesis led to an overall problem definition and
thereby also a question to answer through an analysis. The first part of the analysis has
a technical approach with data collected mainly from the governmental administration
DEA and the IDA vision. Here, the collected data, and the results of the analysis, is of
quantitative matter because of the measurable numbers that form the input and output
of the modelling tool. The theoretical framework of the thesis is used for the second part
of the analysis, where the literature study has been the main method for establishing the
framework. This part of the analysis is qualitative, because of the difficulty of quantifying
the results of the applied theories.

4.2 Planning Approach, Risks & Alternatives

Different approaches to planning can be employed, but in this thesis scenario planning is
preferred. Scenario planning differs from strategic planning by instead of predicting the
future, it is possible to arrange multiple potential outcomes and with that knowledge, to
select a preferred path for the future. It is problematic to make use of forecasting when
wanting to predict something with a long-term time frame, so instead of relying on a guess
on what is the most likely outcome, scenario planning can be used to construct many
possible outcomes [Enzmann et al., 2011].

"Scenarios are not intended to be exactly predictive of the future, but rather, it creates
plausible futures that offer a diverse scope to better capture eventual reality” [[Enzmann
et al., 2011/, p. 176.]

In this thesis, scenario planning can also be defined as a probabilistic prediction process,
meaning that the prepared scenarios do not contain worst or best case scenarios, but
instead different alternatives to an uncertain future [Enzmann et al., 2011]. Uncertainty
is a key word in this relation, because several different forces influence on how the EC
fleet and the future energy system will be structured which makes it hard to predict. This
also means, that the scenarios presented in this thesis are not definitive results, but only
a few out of several possible solutions. Scenarios are therefore not a consensus view, but
forces that are expected to affect the outcome of the future can be known and the most
uncertain and important forces can be in focus [Enzmann et al., 2011]. In this thesis, it is
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evaluated that the most important forces in relation to the EC development are politics,
technology development and climate focus. How the different forces can affect the future,
will be presented in the analysis. Following the scenario building, it is natural to analyse
the outcome of these. In relation to the research question of the thesis, it is of interest to
determine some of the risks that occur if the EC fleet develops differently, but also which
alternatives are present in order to reach the political goal of a fossil free society in 2050.
To do so, an understanding of the terms risk and alternative assessment have been applied.

For many years, risk assessment has been widely used by governments for instance. The
purpose of risk assessment can, in an energy context, be to analyse possible damages to
the environment in a given scenario [O’Brien, 2000]. In this thesis, the risks following
different numbers in ECs are presented. Besides a presentation of the risks, the method
of alternative assessment is applied as well. Alternative assessment is an extension of
risk assessment, which includes to present alternatives of how damage can be minimized
or avoided when wanting to achieve a given societal goal [O’Brien, 2000|. Alternative
assessment is considered to be relevant in this thesis, because alternative solutions to the
existing 2050-scenarios in relation to ECs can become a necessity in the future. It is still
of interest to reach the national goal of a fossil free society in 2050, even though the EC
development will move at another pace than what has been presented in the IDA vision.
The analysis will therefore be approached with the purpose to be able to present advantages
and disadvantages of the scenarios. Though, it should be noted that an advantage can
vary depending on the perspective that the scenarios are seen from, meaning that if a
scenario contains an economic advantage it does not necessarily mean that it comes with

environmental advantages as well.

4.3 Emnergy System Analysis

For the purpose of the analysis in this thesis, an energy system modelling tool is considered
to be an optimal method, because a simulation of the Danish energy system is necessary to
answer the research question properly. To be able to decide on the most optimal modelling
tool for this purpose, the overall objectives of the thesis are established. The objectives

are;

e To identify how a given share in electric cars in 2050 will affect the Danish energy
system

e To identify what the most optimal solutions in an energy system, with a given share
in electric cars, are in relation to different parameters

By identifying the objectives, it makes it easier to determine which modelling tools that
are able to fulfill these objectives [Connolly, 2015]. For this thesis, the purpose of using
a modelling tool is to create scenarios and solutions for a Danish energy system with a
different EC share than what is currently proposed. The changes will occur in the transport
sector, but because of the need of a SES with cross-sectoral interactions in the future,
focusing on an individual sector is not considered an optimal approach. It is assumed,
that changes in the transport sector affect other sections of the energy system, and when
wanting to consider the energy system as a whole, it is a criteria that the modelling tool
makes use of the same approach.
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The modelling tool that has is considered to contain the needed characteristics, is the
EnergyPLAN tool. The arguments for using the EnergyPLAN tool, are that the tool is
used in a simulation for a Danish 100% renewable energy system before [Connolly, 2015].
This also means, that the tool is able to simulate energy systems on a national level, which
is a requirement in this thesis. In 2050, a major part of the energy system consists of
fluctuating energy sources, why it is important to create a flexible energy system. This
flexibility can be obtained by using technologies such as electric vehicles, hydrogen and
heat pumps in the integration of the heat, electricity and transport sector, which is a
possibility when modelling in EnergyPLAN. To make sure, that EnergyPLAN is able to
model the application of the thesis, a historical year can be used as a reference model
[Connolly, 2015|. In this report, the reference model is already existing as the IDA 2050
scenario. For this scenario, the EnergyPLAN tool is used for the simulation, which also is
an argument for choosing this tool for the thesis.

4.3.1 What is EnergyPLAN?

For the energy system analysis of this thesis, the modelling tool EnergyPLAN is applied,
and this section contains an elaboration of the tool’s attributes that are needed in order
for the thesis analysis to be carried out.

EnergyPLAN has a focus on evaluating and designing renewable energy systems with a
high level of fluctuating energy sources and energy storage alternatives to improve the
flexibility of the system. The model makes it possible to design energy strategies that are
based on economic and technical consequence analyses of the implementation of certain
investments or energy systems. EnergyPLAN is an input/output simulation tool, that can
model both regional and national energy systems over a one year time period by the use
of hourly simulations. The user of the model is defining the inputs that can both be of
technical and economic matter |figure 4.1] [Lund, 2014b|. For the purpose of this thesis,
the user input definitions are an important attribute, because changes within the technical
and cost related parameters are a necessity to be able to establish scenarios for a different
number in ECs.

19



4. Methodology

EnergyPLAN
INPUT OUTPUT
Demands Distribution data Results
s [ Electricity Demand H Distrct Heating H Wind H Hyaro H wave | waste | el
District Heating
Individual Heating [ solarthermal H Pn ic H G H individual Heating | Electricity Production
pashey - Secriey mporsSion
electricity E: Producti
= | Industrial CHP ]—[ Transportation ]—| Market Prices ] #eass Production
Import Expenditures

RES Export Revenues
Wind
Saolar Thermal lati Fuel Consumption
Fhotovoltai — Regulation - = -
Gem: Technical Limitations Y ] E E CO, Emissions
Hydro Fower Choice of Strategy e 1 ] o ) |
Wave CEEP Strategies > T T T 1 Share of RES

Transmission Cap. 5 5 A=

External Electricity == s =]
Capacities & o= | el ] =
efficiencies - - e -
Power Plant |
Bailers _] 2
CHP 2 |
Heat Pumps H r-*' E
Electric Boilers
Micro GHP Either: Technical regulation strateg

1) Balancing heat demand
Storage 2) Balancing both heat and electricity demand
Heat Storage Fuel Cost 3) Balancing both heat and electricity demand (reducing CHF even
Hydrogen Storage — Types of fuel when partially needed for grid stabilisation
3:5—@, Storage ggz 3:2:: E:z:;r 4) Balancing heat demand using triple tariff
== Or: Electricity market strategy
Fuel Pri —
= Market si ion of plant optimization based on

Transport economic marginal production costs.
PetrolDiesel Viehicles —
Gas Vehicles 0 .
e - Variable Operation :Er;d .Crltl.l::l Excess Electricity Production
W2G Electric Viehicl: Fixed Operation ucing win:
Hydrogen \;hiuesE Investment Replacing CHF with boiler or heat pump
BiofuelVehicles Interest Rate Electric heating and/or bypass

Figure 4.1: Overview of the inputs and outputs in the EnergyPLAN model [Lund, 2014b]

Furthermore, the tool operates on a cross-sectoral basis with the purpose to create synergy
between these. Besides modelling the hourly balance of sub-sectors such as cooling,
electricity and district heating, the tool also includes technologies such as CHP-plants
and heat pumps, but also ECs [Lund, 2014b|, which is the primary technology in this
thesis.

4.3.2 EnergyPLAN and the Transport Sector

In EnergyPLAN, the transport sector is handled by allowing one to determine the energy
consumption in relation to the different forms of energy that are used within the sector
[figure 4.2].

oil ﬂ Cumbustion cars ~ Transport demand
Ngas ﬂ Cumbustion cars M Transport demand
Biomass ﬂ Cumbustion cars M Transport demand

Electricity - Electric vehicle H Transport demand

- Vehicle to grid ~ Transport demand

Figure 4.2: Overview of particular parts of the transport sector

In EnergyPLAN, it is possible to determine the efficiencies for given car types, and the part
of the transport sector that runs on electricity has specific parameters to operate with, as
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seen in figure 4.3. In this thesis, it is mainly the parameters within electric vehicles that are
adjusted to fit the scenarios in the analysis. Some values are provided by EnergyPLAN,
but these are considered and changed in cases where they do not match the data applied
to the thesis analysis. Besides the possibility to change the electricity consumption for
the transport sector, it is also possible to define the grid to battery capacity, which is a
definition for the charging stations needed for a given amount of ECs [figure 4.3].

Electric ¥ehicle Specifications

Smart Charge Yehicles:
Max. share of cars during peak demand: (0.2

Capacity of grd to battery connection: 16336 b

Share of parked cars grid connected: 07
Efficiency [grid to battery) 04
Battery storage capacity 14.2 Gk
Additional Specifications far Yehicle-to-Grid W2G]:
Capacity of battery to grid connection 820 bt
03

Efficiency [battery to grid)

Figure 4.3: Input parameters for the electrified part of the transport sector with values from
the IDA vision

The parameter which concerns charging stations is considered to be important in an
economy perspective, but also for being able to meet the electricity demand, which is
divided into smart charge and dump charge. The smart charge parameter is used as a way
to bring down the business-economic costs in relation to electricity purchasing for being
able to meet the demand. This means, that smart charge improves the flexibility of the
energy system and makes it possible to achieve the lowest prices on the market [Lund,
2014a]. In this thesis, wind energy is given first priority, and since this is a fluctuating
energy source, it is important to have a flexible system, where it is possible to cover the
demand during low production periods. In the IDA vision, this is partly performed by
using smart charge for the EC fleet, and this method is also used in this thesis. This
means, that the total EC fleet is specified as smart charge.

Besides electricity, it is also possible to handle energy sources such as electrofuels, biofuels,
gases and fossil fuels in the EnergyPLAN transport tab sheet [Lund, 2014a]. Changes
within other fuel types are important to consider as alternatives to electricity or fossil
fuel, to be able to compose scenarios for the entire car fleet. The scenarios composed in
this thesis, contain alternatives that include biomass and hydrogen for fuel use. Here,
biopetrol is chosen over biodiesel in spite of biodiesel being more commonly used in
Denmark today. Biodiesel used in Denmark is mostly based on oils, but EnergyPLAN only
allows a specification of biodiesel output from dry biomass. Besides that, biopetrol has a
higher efficiency than biodiesel from dry biomass [Energistyrelsen and Energinet, 2020a],
and for that reason biopetrol is prioritized to give a more representative illustration of the
energy system, together with a lower biomass consumption. By making use of biopetrol,
the bi-product distillers’ dried grains (DDG) is produced and can be used as animal food or
for export and is mentioned as food income in EnergyPLAN. Furthermore, the efficiencies
and costs, in relation to biopetrol, are updated from the values used in the IDA vision to
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match recent data from the DEA. This change makes the efficiency slightly higher in this
thesis, but the DDG production lower.

In order to carry out a true comparison of the IDA vision and the scenarios composed in
this thesis, the investments and efficiencies, in relation to the passenger transport sector,
are changed if more recent data is available. The parameters subjected to changes are
shown in table 4.1 below, and the results from the EnergyPLAN simulation can be seen
in section B.1 in appendix B.

Parameter IDAvision  Thesis Unit
EC efficiency 5 5.1 km/kWwh
EC investment 18,1 28 MEUR pr. 1000 vehicles
Charsing station lifetime 10 30 Years
Charging station investment cost 745 1242 Euro
Grid to battery efficiency 0.9 0,82 Percentage
BioPetrol plant investnent 0,44 0,66 MEUR pr. MW-bio
BioPetrol plant lifetime 20 25 Years
BioPetrol plant 0&M 7.68 9.2 9% of investment
BioPetrol efficiency 0,4 0,47 Percentage
Food bi-product efficiency 0.5 0,25 Percentage
Investment cost biofuel cars - 22,8 MEUR pr. 1000
Electrolyser investment 0,28 0,4 MEUR pr. MW-e
Electrolyser lifetime 15 30 Years
Hydrogen efficiency 73 7% Percentage
Hydrogen storage investment 20 21 MEUR pr. GWh
Hydrogen storage 05M 0,5 06 % of investment
[wwestment cost hydrogen cars = 28,1 MEUR pr. 1000 vehicles

Table 4.1: Parameters changed in EnergyPLAN based on updated data for the year 2050
[Energistyrelsen and Energinet, 2020a], [Energistyrelsen and Energinet, 2020b]

The changes include updated cost and efficiency data for the different vehicle types and
technologies. This also include the production of biopetrol, electrolysers and hydrogen
storage. The electrolysers used in this thesis are similar to the ones used in the IDA
vision. The technology used is the solid oxide electrolyser cells (SOED), which have a
higher efficiency than other types of electrolyser [Mathiesen et al., 2015b|. For the sake
of simplicity, the above mentioned parameters are mentioned here because of them being
applied in every scenario of the analysis.

4.4 Reference Scenario

For the analysis in this thesis, IDA’s Energy Vision 2050 is used as a reference scenario.
The IDA vision is one of several 2050 scenarios, but this particular scenario is chosen to
function as point of departure for the analysis. The IDA vision is an addition to two
previous plans composed by IDA, and is based on inputs and contributions from IDA’s
networks and researchers in energy system analysis from Aalborg University |[Mathiesen
et al., 2015b]. The scenario is chosen as reference because of the focus on a minimal
biomass use, and because the scenario already being modeled in EnergyPLAN [Mathiesen
et al., 2015b|. Some of the outputs from the IDA vision can be seen in table 4.2.

22



4.4. Reference Scenario Aalborg University

IDA Energy Vision 2050 Result (TWh)

Onshore electricity 15,2
Offshore electricity 63.76

CEEP 2,99

Biomass consumption 47,91
Smart transport electricity 6,46
Electrolysers 40,93

Table 4.2: Selected results from the IDA vision [Mathiesen et al., 2015b]

With the reference scenario already modeled, it is not a necessity to do so in this thesis.
The main changes in the reference scenario appear in the transport sector, because of the
thesis’ focus on ECs. The IDA vision operates with 75% of the passenger car demand
running solely or partly on electricity by 2050, which is a result of different criteria to the
transport sector:

. A minimal use of biomass for fuel
. Electrification has first priority - remaining demand is covered by electrofuels
. Prioritization of low fuel demand from high efficiency vehicles

N

. No gaseous fuels for transportation

[Mathiesen et al., 2015b|

Besides the above-mentioned criteria, the results of the IDA vision are due to the technical
optimisation used for modeling the scenario.

4.4.1 Optimisation

The two kinds of optimisations that the EnergyPLAN tool is able to carry out, are a
technical optimisation and a market economic optimisation. When using the technical
optimisation, the consumption of fossil fuels is minimised, and with a market economic
optimisation, the operation costs of the system are minimised. The components of
the energy system, and the technical abilities of these are the basis of the technical
optimisation. This means, that only in situations where the demand cannot be met by the
power producing units, power will be imported from external markets, and if production
of excess energy is present, this energy is exported. The demand is thereby met by the
power producing units as long as these are capable of doing so. The design of the market
economic optimisation is not to prioritize a minimum fuel consumption, but to meet the
demand and supply at the lowest cost [Connolly, 2010]. With this optimisation, energy
might be imported if the cost of this functions as the cheapest solution. The risk of the
market optimisation therefore is, that energy produced by fossil fuels can be given first
priority because of a low cost. In this thesis, the main priority is to avoid the use of fossil
fuels and thereby obtain a COs-neutral society, which is why the technical optimisation is
chosen for the energy system analysis.
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4.4.2 Scenario Input & Energy System Criteria

For the scenario analysis in this thesis, different arguments are used as foundation for
establishing the scenario criteria. The criteria are primarily based on the criteria applied in
the IDA vision, which means that the use of biomass continuously is limited to a minimum.
A biomass level higher than the projected might be available in 2050, but because of the
uncertainty in regards to this, a low level of biomass is applied. The scenario results are
considered to be unusable if the available biomass resources becomes lower than expected
for the future. The biomass level used in this thesis, is the level applied in the IDA vision.
This level is based on the assumption, that the food production and agricultural structure
match the one that is seen today. This means, that the biomass level is a maximum of 250
PJ, but a level close to or below 200 PJ is preferable due to environmental and economic
risks [Mathiesen et al., 2015b|, and a biomass level at maximum 200 PJ is therefore also
the aim in this thesis.

Besides that, wind energy is being prioritized in situations where a scenario requires more or
less renewable energy in the system. In a report composed by Energinet, the socioeconomic
potential of expanding onshore wind turbines is compared to a corresponding offshore wind
turbine expansion. The potential for onshore wind was thereby found to be 12000 MW,
because of this being a cheaper solution than an expansion of offshore wind turbines.
The reason for this, is that compensation to neighbors, together with a purchase of the
adjacent properties for an amount that is 50% higher than the value of the property is
more profitable. The analysis in the report has its point of departure in the support tool
from the Danish Nature Agency, which is a tool also applied by municipalities in the
planning of wind turbines [Energinet, 2015]. In the IDA vision, a capacity of 5000 MW
onshore wind is applied, but it is assumed that scenarios operating with a higher number
of electric vehicles might require an expansion in renewable energy production. Potential
expansion of renewable energy will in this thesis be obtained by expansion of both onshore
and offshore wind turbines, where an expansion of onshore wind is considered to be possible
based on Energinet’s report.

In an renewable energy based system, there is a high probability of experiencing CEEP!.
In the analysis of this thesis, the aim is not to exceed a CEEP level higher than the one
from the IDA vision results of 2,99 TWh/year [Mathiesen et al., 2015al. A CEEP level
of 2,99 TWh/year deviates from the level of 0,1 that is used in the official IDA vision
report. The reason for this is, that the scenario in the IDA report is simulated with a
market optimisation, but the scenario with a technical optimisation has a CEEP level
of 2)99 TWh/year in EnergyPLAN. Since the technical optimisation is the one used in
this thesis, a CEEP level of 2,99 TWh/year will therefore be applied here as well. The
lowest possible quantity of CEEP is desired to avoid the energy from being dumped or
for the electricity grid being to be unbalanced. A SES with a combination of different
renewable sources together with storage of energy, can help to correct the CEEP level,
but as more fluctuating energy sources come into the system, it is more difficult to control
[Lund, 2014b].

!The term CEEP is used when the produced electricity exceeds the demand, but also the capacity
that can be exported by transmission lines to external markets. CEEP should therefore be low to avoid a
collapse of the electricity system [Lund, 2014b]
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5.1 Introduction

The purpose with this analysis is to identify how different shares in ECs in 2050 can affect
the Danish energy system. The first part of the analysis has a technical approach, and it is
thereby in this part that the thesis planning approach is carried out through the modelling
tool EnergyPLAN. In the technical part of the analysis, the potential environmental and
economic risks or benefits are emphasized through an energy system analysis. Besides
that, it is presented how alternative energy system solutions can be constructed if the EC
share deviates from the expected. The technical analysis consists of three scenarios with
different EC developments |[figure 5.1| than what is projected in the IDA vision as the

reference scenario.

Energy System Analysis

Scenario 1: Linear Growth Scenario 2: 50% EC Share Scenario 2: 90% EC Share
Risk assessment 100% renewable 100% renewable
Environmental EMENGY YELEm EMENGY YELEm
impact Economic impact Economic impact
Economic impact Alternative Alternative
Alrernative GEsEssment GEsEssment
assessment

Figure 5.1: Scenario overview with the applied methods used for analysis

The first scenario which is analysed, is a scenario containing linear growth. A linear growth
scenario has its point of departure in the existing knowledge about the EC development and
with the presumption that the development continues along the same path. This scenario
has the purpose to present the possible environmental risks that the current development
has on the future energy system. This scenario is therefore also the only scenario where the
energy consumption for the remaining part of the car fleet is replaced by fossil fuels. For the
two remaining scenarios, which consist of the EC share being 50% and 90% respectively,
the IDA vision is used as point of departure. The IDA vision already contains a suggestion
of electricity based cars having a share of 75% of the passenger car fleet, but this share
consists of both ICE hybrid vehicles, ICE PHEVs and ECs. Because of the scope [section
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2.2] in this thesis, the BEV technology included in the analysis are cars that run solely on
electricity. Exact numbers for the future car fleet are not to be found in the IDA vision,
and the numbers that are applied from this derive from an appendix figure [Mathiesen
et al., 2015a]. When reading from a figure, it can result in the numbers being imprecise
to some extent. In this thesis, the imprecision is acceptable because scenario planning
[section 4.2] is one of the overall approaches to the analysis, and imprecision is therefore
not considered a barrier for composing relevant scenarios.

Based on a car fleet of 2,200,000 cars in 2050, ECs will account for 61,4% or 1,300,000 cars
according to the IDA vision. The scenarios in this thesis operates with different shares in
ECs, because it is considered of interest to investigate how these affect the energy system
[table 5.1].

Scenario Cars (M) EC fleet

IDA Vision 22 61.4%
Scenario 1 2,2 8.3%
Scenario 2 2.2 50%
Scenario 3 22 90%

Table 5.1: Total number in cars and EC shares for the scenarios

So far, the EC fleet has not increased as desired [Klimaradet, 2018], which means that
there might be a potential risk that this continues in the future. Deviations that are both
lower and higher than what is projected in the IDA vision, makes the analysis operate with
outcomes that fall on both sides of the IDA vision. Common to all three of the scenarios, is
that the same approach for calculating the energy consumption is used with the following
points in mind:

1. The average kilometer number for Danish people is determined

2. The average of the EC efficiency for the years up until 2050 is determined

3. The number in kilometers is converted to energy consumption with the efficiency
taken into account

4. The number in charging points is considered in relation to the EC number

5. The capacity in wind turbines is considered in relation to the given scenario

Several of the above mentioned parameters vary depending on the year that they are
applied to [Energistyrelsen, 2016]. This means, that prices and efficiencies are variables
when operating with a long-term time frame, why the average of the parameters is used
in the calculations. In appendix A, vehicle specifications are shown in relation to a given
year.

Common to all of the scenarios, is that the calculations are based on values relevant to
a given year from a data sheet composed by the DEA regarding vehicles and alternative
fuels. In this thesis, the analysis has a focus on ECs, but as one scenario examines the risks
of a car fleet with a share of fossil fuel driven cars, these values are shown in the appendix
as well. Additionally, do the alternatives assessments contain shares of cars driven by
biofuel or hydrogen why these are shown in appendix as well A.
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The DEA data sheet operates with different values for the years 2020, 2035 and 2050
[Energistyrelsen, 2016], but since the lifetime for each of the car types are stated to be
16 years, the cars in 2050 will be from 2034 at the earliest. This means, that the car
fleet in 2050 only operates with consumption and efficiency values valid to the period from
2034-2050. It is expected, that the production years of the cars affect the outcome of the
scenarios, because the efficiency of the car influences on the consumption. The average
energy consumption for cars with different fuel types is illustrated in table 5.2 below.

Car type MWh/year
Electric 39
Diesel 12,5
Gasoline 13
Biofuel 12,5
Hydrogen 8.2

Table 5.2: Table showing the consumption for different fuel types

Besides the electricity consumption for ECs, the consumption for other fuel types are also
shown, and the same method is used for calculating the average consumption for these
as well. According to the IDA vision, the transport demand for passenger cars in 2050 is
estimated to be 27,680 pkm /year, and this number is thereby also part of the consumption
calculations in table 5.2. The values seen in the table are the ones applied to every scenario
in the analysis.

It should be noted, that the same amount of electricity consumption per vehicle is applied
in the IDA vision and in the DEA scenarios. But, when the IDA vision was composed, it
was not possible to determine how the DEA differentiated between ECs and hybrid plug-in
cars, and thereby also how large of an amount of electricity was used for the two types of
cars. This means, that the IDA vision operates with all of the EVs as BEVs [Mathiesen
et al., 2015b|, which in this thesis are denoted as ECs. The electricity consumption will
therefore not differ depending on the different types of BEVs, which also is an argument
for not differentiate between these in this thesis.

In addition to that, a part of the electricity consumption in the transportation sector in the
IDA vision is left for the scenarios in this thesis. This is because a part of the electricity
for transportation is used in other vehicle categories than cars and vans < 2 t, which is
the group focused on in this thesis. This is also the case for electrofuels, which means that
electrofuels used for cars and vans < 2 t in the IDA vision will be subtracted in such a way
that the remaining demand only covers the parts of the transport sector that are not a
part of the scope in this thesis. By using this method, it is possible to model the relevant
part of the sector from scratch, but with the whole transport sector still being included in
the scenarios. The demand remaining is determined as shown in table 5.3.
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Electricity (TWh) IDA vision Thesis scenarios
Total for transportation 8.83
Carsandvans< 2t 6,03
Fixed demand for scenarios 2.8
Electrofuels (TWh) IDA vision Thesis scenarios
Total for transportation 20.86
Carsandvans< 2t 311
Fixed demand for scenarios 17,75

Table 5.3: Table showing the demand divided into total demand and cars and vans < 2 t in
the IDA vision together with the remaining demand used in this thesis

As the above indicates, 2,8 TWh electricity and 17,75 TWh electrofuels are used as fixed
numbers in the transport sector, as this amount of energy is used in the part of the
transport sector that is delimited from in this thesis. This method has the purpose to give
a more realistic view on the energy system, because the whole transport sector is a part
of the result in spite of the whole sector not being adjusted in the scenarios.

The share of cars that are parked and driving during peak hours constitute a fixed share
for all the forthcoming scenarios. The maximum share of cars during peak demand is set
to be 20%, which means that the remaining 80% of the cars are parked with the possibility
to be connected to the grid [Lund and Kempton, 2008]. This division of the car fleet was
relevant in the year 2008 and is used in the IDA vision as well. An argument for using
the same shares for 2050, is that the demand for passenger transport in the future shifts
from private to public transportation. This also means, that the car fleet is decreasing,
reaching a lower share of cars in 2050 than what is seen today [Mathiesen et al., 2015b].
Lastly, the number of charging stations is determined on background of the method used
in the IDA vision, where the number is defined by calculating with two charging stations
per EC vehicle [Mathiesen et al., 2015b].
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5.2 Scenario 1: Linear Growth

The initiating scenario in the analysis is based on the principle of frozen policy® in relation
to ECs, which is why this scenario contains a linear EC growth. In 2019, 15,500 ECs were to
be found in Denmark and 5,500 of these were newly registered. For the linear development,
2019 will therefore be used as the reference year, as this year has experienced the highest
increase in ECs so far. In figure 5.2, the linear development is shown.

LINEAR DEVELOPMENT IN ELECTRIC CARS
200000
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20000 =
0
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Figure 5.2: Graph showing a linear development in electric cars

The linear development is based on the premise that owners of ECs continuously will
procure an EC, meaning that when the car’s life time of 16 years [Energistyrelsen, 2016]
has passed, the car owner will acquire an EC again. If a linear development occurs, 186,000
ECs are to be found in Denmark by 2050. In the IDA vision, the Danish car fleet will in
2050 consist of approximately 2,2 million passenger cars [Mathiesen et al., 2015a|, which
will result in ECs accounting for 8,3 % of the car fleet if a linear development takes place.
In projections from the DEA, ECs are expected to account for 9 % of the Danish car fleet
in 2030 |[Energistyrelsen, 2019], so if the transport sector has to be fossil free by 2050, a
linear development is not to be preferred. The consequences of a linear growth rate are
assumed to both be of environmental and economic matter. This is because it is expected
to be necessary to make use of either fossil fuels or other more expensive renewable energy
technologies than wind to cover the demand. Based on these assumptions, the scenario
with a linear development is structured as seen in figure 5.3.

'Frozen policy is a term used for scenarios, where there is no introduction of new policies. The policies
of today that are present throughout the entire time frame of the scenario [Energistyrelsen, n.dal.
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Scenario 1: Linear Growth

T~

Use of fossil fuels 100 % fossil free
o Risk assessment o Alternative assessment
o Environmental impact o Economic impact
o Economic impact o Most optimal renewable
energy souUrces

Figure 5.3: Focus points in scenario 1: Linear growth

As the figure shows, the linear growth scenario results in a compilation of several different
sub-scenarios, which function as risk and alternative assessments of a linear growth rate.
These assessments are carried out because it is assumed that a scenario with a notably
lower EC fleet both can result in the remaining transport demand to be covered by fossil
fuels or renewable energy.

In this scenario, the EC fleet in 2050 will consist of 186,000 cars, but because of the
uncertainty about the distribution of car sizes and efficiencies in the future, a mean of the
consumption is used. The same method is used when determining the consumption of fossil
fuel driven cars, which only occur in this scenario. This method is used to produce, what
is assumed to be, the most exact results in relation to energy consumption and economy,
because of the difficulty in relation to determining when the ECs are being procured.

5.2.1 Risk Assessment

The first scenario prepared based on a linear growth functions as a BAU-scenario, where
the rest of the transport sector is covered by fossil fuels. It is thereby this part of the
scenario that contains a risk assessment of this development’s environmental impact. In
this scenario, the year 2050 has 1,114,000 fewer ECs than what is suggested in the IDA
vision. With a determination of the energy consumption for one EC of 3,9 MWh/year,
it is possible to calculate the overall consumption for the EC fleet in 2050, which will be
of 0,718 TWh/year. Fossil fuel driven cars constitute the remaining car fleet, which is
2,014,000 cars. Based on data from the IDA 2035 scenario, where fossil fuels are still part
of the energy system, diesel cars account for 60,5%, while gasoline cars account for 39,5%
[Mathiesen et al., 2015b|. Because fossil fuels are not part of the IDA vision, numbers
from the year 2035 is used, and the share of the two fuel types is transferred to 2050. The
individual and total consumption of fossil fuel driven cars can be seen in the table 5.4.

Year/fuel type Gasoline Diesel Unit

2035 48,7 46,8 G]/year
2050 446 42,9 G]/year
Mean [one car] 46,6 448 G]/fvear
Total [TWh/vear) 10,3 15,2 TWh/vear

Table 5.4: Table showing the consumption of fossil fuel driven cars divided into fuel type,
with a total consumption based on the car fleet share
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As hybrid cars are not a part of the analysis in this thesis [2.2], the risk assessment of a
linear growth scenario is based on a car fleet with a given EC share together with a share
of gasoline cars and diesel cars. Though, the number of hybrid cars in the car fleet is not
subtracted from the total number of cars but eliminated instead, meaning that the total
car fleet consists of the same amount of passenger cars as in the IDA vision. This means,
that the electricity demand for cars is modelled, but the additional fossil fuel consumption
is added to the consumption from the IDA vision.

For ECs, the average efficiency is 78,5%, while the average efficiency for fossil fuel driven
cars is 21,9%, making the efficiency for ECs approximately 3,6 times higher, why this will
be corrected in EnergyPLAN.

Parameters IDA vision Linear growth Unit
Electricity demand 6.03 0,72 TwWh/year
Diesel 0 15,2 | TwWh/year
Gasoline 0 10,3 TwWh/year
Conventicnal cars (total] 0 48322 MEUR
Dump charge 2,64 262 TwWh/year
Smart charge 6,46 0,72 | TwWh/year
Electric cars (total) &1600 5208 MEUR
Charsing stations (total) 4347 462 MEUR
Capacity of grid to battery connection 16395 2300 MW
Capacity of battery to grid connection 820 105 MW
Battery storage capacity 14,2 1.8 GWh
Biofuel cars [total) 0 45919 MEUR
Hydrogen cars (total) 0 34113 MEUR

Table 5.5: Table showing the parameters that are changed in EnergyPLAN, from the values
in the IDA vision to the values relevant to the linear growth scenario

As table 5.5 shows, the demand for electricity is lowered, but the demand for fossil fuels
has increased in comparison to the IDA vision. Furthermore, the biomass consumption is
lowered because of the eliminated share of hybrid cars. The biomass demand decreases
with 5 TWh based on data from the IDA vision showing how different shares of EVs are
affecting the biomass supply [Mathiesen et al., 2015b].

As expected, the scenario with a linear growth rate results in higher emissions of CO9 and
a lower RES share due to a lower EC share and a fossil fuel replacement for the remaining
car fleet. As seen in table 5.6, the scenario composition results in slightly higher annual
costs and a noticeably amount of COs emission costs, which are non-existing in the IDA
vision.
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Results - Scenario 1: Linear Growth

Parameter IDA vision Linear growth = Unit

Annual imvestment costs 20268 19143 MEUR
Total annual costs 29642 29793 MEUR
CEEP 2,99 2,97 | TWh/year
0il usage 0 25,5 | TwWh/year
Offshore wind capacity 14000 13150 MW
RES share 100 B5,2 05
CO2 emission ] 6,25 Mt
Total CO2 emission costs ] 263 MEUR

Table 5.6: Results from the linear growth scenario in comparison with the IDA vision

The scenario has a slightly lower CEEP level than the IDA vision, which is because of a
lower share of fluctuating energy in the system due to the reduced number in ECs. The
offshore wind capacity is reduced because of the higher investment costs that are related
to offshore wind in comparison to onshore wind [Energistyrelsen and Energinet, 2020c].
However, a scenario containing use of fossil fuels does increase the costs related to COq
emissions and prevents Denmark from producing energy that covers the Danish demand if
there is a need to important fossil fuels [Energistyrelsen, n.db]. Overall, it is an indication
that a frozen politics scenario has a negative effect on the growth in EC share and thereby
also on the possibility of reaching the 2050 goal. The scenario gives an understanding of
the importance of changes in politics that are in favour of ECs if the national goal should
be reached. Furthermore, does the scenario contain climatic risks, and such a scenario is
therefore not preferable in relation to the national goal of a fossil free Denmark in 2050.
The results from the EnergyPLAN simulation can be seen in section B.1 in appendix B.

5.2.2 Alternatives Assessment

The risks of a linear growth rate with a replacement of renewable energy with fossil fuels
are determined, but if a linear growth is to happen, alternative solutions for the car fleet
are necessary if the 2050 goal should be reached. In this thesis, an alternative solution
consists of a similar EC share as in the risk assessment, but with the remaining car fleet
consisting of renewable energy sources instead of fossil fuels. It is expected that this
scenario influences the economy, because of the potential need of expensive technologies or
a increase in import in order to maintain the costs at a level similar to what can be seen
in the IDA vision.

For the alternatives assessment, it is investigated if it is possible to replace the fossil fuels
from the risk assessment with renewable energy sources, so that it is possible to reach
the 2050 goal despite of a lower EC share. Additionally, it is investigated if it is possible
to make use of biomass as an substitute in relation to the preference of keeping biomass
at an acceptable level. Previously, an acceptable biomass consumption was noted to not
exceed 250 PJ, but that a consumption close to 200 PJ or below is preferable 4.4.2. In the
IDA vision, the annual biomass consumption equals 47,91 TWh /year or 172,48 PJ, leaving
little room for an increase in biomass in the thesis scenarios. The fossil fuel consumption
stands for 25,5 TWh/year. If this share is replaced by biofuel, the result is as seen in the
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table 5.7 below.

Results - Scenario 1: Linear Growth (bicfuel)

Parameter IDA vision Linear growth Linear growth Unit

[risk ass.) [alternative ass.)
Annual investment costs 20268 19143 19156 MEUR
Total annual costs 29642 29793 15501 MEUR
CEEF 2,99 2,97 0,87 | TWh/year
0il usage (1] 25.5 0 TwWh/fyear
Offshore wind capacity 12000 13150 11400 MW
Biomass consumption 47,91 432 87 81,36 | TWh/year
RES share 100 85.2 100 O
COZ emission o 6,25 i} Mt
Total COZ emission costs o 2563 o MEUR

Table 5.7: Results from the alternative assessment including biomass in comparison with
the IDA vision and risk assessment

In a linear growth scenario where fossil fuels are replaced by biomass for transportation,
the biomass consumption increases to 81,36 TWh /year, which is equal to 292,72 PJ /year.
This scenario is thereby not desirable in the case where a biomass consumption below 250
PJ is preferred. Though, there is the possibility to import the remaining biomass demand
when the 250 PJ limit is reached. But this method brings issues, such as a reduction in
the security of supply that follows when energy is imported [Bran and Chipurici, 2015]. In
addition to that, discussions regarding the use of biomass as a COs-neutral energy source
is also worth bearing in mind. Biomass functions as a good substitute to fossil fuels, but
COq is still emitted during the incineration of biomass and new trees therefore have to be
planted in order for them to bind the emitted COs. For this to be successful, planting of
new trees has to be carefully supervised, but when trees are planted years have to go by
for them to reach a COy-uptake equal to the level seen before the shedding [Johnston and
van Kooten, 2015]. These arguments are worth considering when wanting to determine
the share of biomass in the energy system. This also means, that a solution where biomass
covers the remaining car fleet is not to be preferred. A third solution thereby has to be
proposed in order for the scenario to meet the criteria in relation to the use of biomass,
and in relation to the 2050-goal concerning fossil fuels. The results from the EnergyPLAN
simulation can be seen in section B.2 in appendix B.

A third alternative to use as fuel for transportation is hydrogen produced by an electrolysis
process. By using hydrogen for transportation, it is possible to lower the biomass
consumption. The criteria for the two car types are as seen in table A.1 in appendix A,
and the results from the EnergyPLAN simulation can be seen in section B.3 in appendix
B.

For this scenario, the biofuel cars account for 800,000 cars or 36% of the car fleet, while
hydrogen cars account for 55% or 1,214,000 cars. This distribution is used in order for the
biomass consumption to be lowered to a level of 208,5 PJ, which is an acceptable level in
relation to the scenario criteria even though it still exceeds the preferred level of 200 PJ.

The scenario results can be seen in table 5.8 below.
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Results - Scenario 1: Linear Growth (biofuel /hydrogen)

Parameter IDA vision Linear growth Unit
(biofuel /hydrogen]
Annual investment costs 20268 20199 MEUR
Total annual costs 29642 23047 MEUR
Onshore wind capacity 5000 6250 MW
Offshore wind capacity 14000 14000 MW
CEEP 2,99 0,71 | TWh/year
Biomass consumption 47,91 57,93 | TWh/year
RES share 100 100 o
Electrolyser capacity Q009 12500 MW-e
Hydrogen storage 552 800 GWh

Table 5.8: Results from the alternative assessment including biofuel and hydrogen in
comparison with the IDA vision

The production process of hydrogen requires conversion of electricity and because of an
energy loss during electrolysis and when driving the vehicle, the use of hydrogen requires a
higher wind capacity |[Connolly et al., 2014a|. For that reason, the onshore wind capacity
is increased as seen in table 5.8. Electrolysis is currently a more expensive alternative than
e.g. biomass and electricity used directly for ECs [Connolly et al., 2014a]. Though, it is
more efficient and a solution for storing electricity as hydrogen, why it is also contributing
to a more flexible energy system |[Lund, 2014b|. Additionally, the increased flexibility
affects the share of CEEP which is 0,71 TWh /year because of the improved energy storage
facilities. In comparison to the updated IDA vision values, this alternative has lower costs,
which makes this alternative attractive in an economic perspective. Though, cars for
biofuel and hydrogen have a significantly lower efficiencies and higher energy consumption
than ECs, which is one indication pointing towards ECs being the more obvious choice of
technology for the future transport sector. For that reason, the following two scenarios
consist of higher EC shares in order to examine how such scenarios affect the energy system.

5.3 Scenario 2: 50% Electric Car Share

This scenario does not follow a particular growth rate as the scenario is based on the
end-result of a 50 % EC share, and not how the EC fleet develops. This scenario thereby
consists of uncertainty in regards to when the ECs are added to the car fleet, which also
comes with uncertainty about different factors in the calculations such as efficiencies and
fuel consumption. In figure 5.4, the scenario is shown as a linear function, because of the
uncertainty about the growth rate.
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Figure 5.4: Development in a scenario consisting of a car fleet with 50% ECs

Because of the uncertainty about when car owners procure the technology, the average of
the different EC values is used as in the previous scenario. This scenario does not contain
a risk assessment as in the first scenario, because the negative effects of having fossil fuels
in the energy system and because a 100% renewable energy system in 2050 is preferred.

Scenario 2: 50 % EC share

T~

Biomass Biomass and hydrogen
o Alternative assessment o Alternative assessment
o Economic impact o Economic impact
o Environmental impact o Environmental impact

Figure 5.5: Focus points in scenario 2: 50% EC share

The above figure illustrates what the alternatives assessments consist of in this scenario.
Similar to the previous scenario, one alternative consists of a biomass replacement, and
the second alternative is a combination of biomass and hydrogen for the remaining 50% of
the car fleet. For this scenario, the share of ECs is significantly higher, which results in a
lower share of cars that are to be covered by alternatives fuel, than what was the case in

scenario 1.

5.3.1 Alternatives Assessment

With 50% of the car fleet consisting of ECs, the remaining 50% account for 1,100,000
cars. Where the alternatives assessment in the previous scenario contains alternatives to
the use of fossil fuels, this scenario operates with alternatives to the IDA vision because
solutions operating with different shares of ECs might be useful when forming the future
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energy system. With point of departure in the values from section 5.1, the corrections in
EnergyPLAN for this scenario are as shown in table 5.9 below.

Parameters IDA vision 50 % scenario  Unit
Electricity demand 6,03 43 TWh/year
Dump charge 2,64 2,08 | TWh/year
Smart charge 646 43 TWh/year
Electric cars [total) 61600 30800 MEUR
Charging stations 1347 27324 MEUR
Capacity of grid to battery connection 16396 11498 MW
Capacity of battery to grid connection B20 580 MW
Battery storage capacity 14,2 10 Gwh
Offshore wind capacity 14000 11850 MW
Biofuel 0 13,7 TWhjyear
Biofuel cars (total) 0 25080 MEUR

Table 5.9: Table showing the parameters that are changed in EnergyPLAN, from the values
of the IDA vision to the values relevant to the linear growth scenario

As mentioned, the first scenario does not include hydrogen cars, which means that 50% of
the car fleet runs on biofuel in the first simulation, and the scenario results are shown in
table 5.10, and the results from the EnergyPLAN simulation can be seen in section B.4 in
appendix B.

Results - Scenario 2: 50% (biofuel)

Parameter IDA vision 50 %% scenario Unit

Annual investment costs 20268 19598 MEUR
Total annual costs 296432 21950 MEUR
Onshore wind capacity 5000 s000 MW
Offshore wind capacity 14000 11850 MW
CEEF 2,99 0,71 TWh/year
Biomass consumption 47,91 68,53 TWh,/year
RES share 100 100 o5

Table 5.10: Table showing the results for a passenger car fleet consisting of 50% electricity
and 50% biofuel

By using biofuel as an alternative to the remaining half of the car fleet, the scenario costs
decrease in comparison to the IDA vision. With a 50% EC share, it is possible to lower
the offshore wind capacity, resulting in a lower share of fluctuating energy in the system
and thereby a reduced CEEP value.

The annual investment costs do not vary much from the IDA vision, but the difference in
the total annual costs is considerable and is assumed to occur due to lower operation and
maintenance costs associated with the technologies applied in this scenario. Furthermore,
the biomass consumption in this scenario is 247,4 PJ, which is just below the critical limit
of a sustainable use of biomass, but also a significant level above the preferred 200 PJ.
In a situation where biomass below 250 PJ is acceptable, this scenario could function as

36



5.3. Scenario 2: 50% Electric Car Share Aalborg University

an alternative to the IDA vision if the EC fleet reaches 50% in 2050. The scenario has
decreased CEEP and a lower offshore wind capacity, but it could be argued that it is more
optimal to utilize the level of wind capacity utilized in the IDA vision because of wind
energy being a renewable and zero-emitter energy source in comparison with biomass. In
relation to exploring the option of utilizing the wind capacity, an alternative assessment
with electricity, biofuel and hydrogen is composed. The changes from the previous scenario
are shown in table 5.11 below, and the results from the EnergyPLAN simulation can be
seen in section B.5 in appendix B.

Parameter 50 o4 (biofuel) 50 % (biofuel & hydrogen]} Unit
Biofuel 13.7 69  TWh/year
Hydrogen 0 4,5 TWh/year
Electrolyser capacity 9009 10810 MW-e
Hydrogen storage 533 712 GWh
Offshore wind capacity 11850 13100 MW

Table 5.11: Table showing the parameters that are changed in EnergyPLAN, from the values
of the alternative with biofuel to an alternative consisting of biofuel and hydrogen

In this alternative, the biomass consumption is reduced by adding hydrogen to the
transport sector. The scenario therefore consists of 50% ECs, 25% biofuel and 25%
hydrogen, which makes the distribution of the car fleet as follows:

e 1,100,000 electric cars
e 550,000 biofuel cars
e 550,000 hydrogen cars

The results for this alternative are shown in table 5.12, and the results from the
EnergyPLAN simulation can be seen in section B.2 in appendix B. By including hydrogen,
the total annual costs increases, and the biomass consumption is reduced to 213,4 PJ,
which is considered acceptable but above the proposed level of 200 PJ in the IDA vision.

Results - Scenario 2: 5004

Parameter IDA vision 50 9 scenario 50 % scenario Unit
(biofuel) [biofuel & hydrogen)
Annual investment costs 20268 19596 20013 MEUR
Total annual costs 29642 21850 23250 MEUR
Offshore wind capacity 14000 11850 13100 MW
CEEP 2,99 0.69 0,27 TWh/year
Biomass consumption 4791 68,53 58,29 TWh/year
RES share 100 100 100 %%
Electrolyser capacity 2009 9009 10810 MW-e
Hydrogen storage 552 552 662 GWh

Table 5.12: Table showing the results for a passenger car fleet consisting of 50% electricity,
25% biofuel and 25% hydrogen

Furthermore, by being able to store the electricity from the increased wind capacity, the
CEEP level is lowered to 0,27 TWh/year. As earlier mentioned, electrification has first
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priority, and this scenario confirms why it should be prioritized to aim for an EC fleet
above 50%. With an increase in the EC fleet, the demand for biomass can be lowered
which results in a more sustainable solution. For that reason, a scenario including a
passenger car fleet with a 90% EC share is composed.

5.4 Scenario 3: 90% Electric Car Share

Because of the inaccurate predictions of the development in ECs so far, a scenario operating
with an EC share of 90% is chosen as one scenario in this thesis. It is assumed, that a higher
EC share, than what has been suggested in the IDA vision, also is a possible outcome in
the future.
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2500000

2000000

1500000

SHARE

1000000
500000

0
2015 2020 2025 2030 2035 2040 2045 2050

YEAR

Figure 5.6: Development in a scenario consisting of a car fleet with 90% ECs

A scenario operating with a transport sector having an EC share of 100% is considered
to be unlikely due to the fact that other renewable transport technologies are already
existing. However, due to the efficiencies and thereby lower energy consumption for ECs in
comparison with other vehicle types in 2050, it is assumed a possibility that this technology
has high priority among car manufacturers and car buyers, and that a higher EC share
than what the IDA vision projects is a possibility in the future.

Scenario 3: 90 % EC share

T~

Biomass Hydrogen

o Alternative assessment o Alternative assessment

o Economic impact o Economic impact
o CEEF o CEEP

Figure 5.7: Focus points in scenario 3: 90% EC share
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As figure 5.7 shows, two alternatives are composed with a 90% EC share. For this scenario,
it is chosen to replace the remaining 10% of the car fleet by either biomass or hydrogen.
This means, that they differ from the previous scenarios where biomass and hydrogen are
combined. For the simplicity of the scenario, a combination of biomass and hydrogen is
not included, as the remaining 10% make up for a minor share of the car fleet.

5.4.1 Alternatives Assessment

Two scenarios are composed including the remaining 10% of the car fleet to be driven by
biomass and hydrogen, respectively. For these scenarios, it is expected for the wind capacity
to be expanded due to the higher EC share. Though, the CEEP level is not expected to
increase, because of the higher share of smart charge than applied in the IDA vision. The
scenarios are consisting of a 90% EC share corresponding to 1,980,000 cars, which makes
the remaining part of the car fleet consist of 220,000 cars. The parameters in EnergyPLAN
are changed as seen in table 5.13 below, and the results from the EnergyPLAN simulation
can be seen in section B.6 in appendix B.

Parameters IDA vision 90 % scenario  Unit
Electricity demand 6,03 7,72 TWhjyear
Dump charge 2,64 2,08 TWhjyear
Smart charge 6,46 772 TWh/year
Electric cars (total) 61600 55440 MEUR
Charging stations (total) 4347 4919 MEUR
Capacity of grid to battery connection 16396 17660 MW
Capacity of battery to grid connection 820 884 MW
Battery storage capacity 14,2 15,3 GWh
Biofuel 1] 272 TWhjyear
Biofuel cars (total) 1] 5016 MEUR
Hydrogen 4,99 679 TWhjyear
Hydrogen cars (total) 1] 6182 MEUR

Table 5.13: Table showing the parameters that are changed in EnergyPLAN. From the
updated IDA vision values to the values relevant to a scenario with a 90% EC share

By changing the values in energy plan, the third scenario results in two different alternatives
consisting of one with a combination of ECs and biomass, and one with ECs and hydrogen.
The results show, that the costs of the three scenarios are similar to each other but also
that the two scenarios in this thesis have a lower offshore wind capacity in comparison with
the IDA vision. The lower wind capacity deviates from the expected increase in capacity
but is assumed to be because of a high share of smart charge, which explains the low CEEP
values as well. Additionally, can the lower wind capacity be a result of a higher EC share
consisting of higher efficiencies than the electrofuels included in the IDA vision.
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Results - Scenario 3: 90%

Parameter IDA vision @ 90 % scenario 90 % scenario Unit
(biomass) (hydrogen)
Annual investment costs 20268 20191 20311 MEUR
Total annual costs 29642 28932 29420 MEUR
Offshore wind capacity 14000 12300 12800 MW
CEEP 2,99 0,04 0,09 TWh/year
Biomass consumption 47,91 41,15 38,23 TWh/year
RES share 100 100 100 U
Electrolyser capacity Q009 Q009 10810 MW-e
Hydrogen storage 552 552 662 GWh

Table 5.14: Table showing the results of scenario 3 in comparison with the IDA vision

From the biomass scenario to the hydrogen scenario, the offshore wind capacity increases
because of the need for electricity in an electrolysis process [table 5.14]. Additionally,
the CEEP level decreases considerably in both of the 90% EC scenarios because of the
higher EC share in combination with a lower wind capacity. The hydrogen scenario was
expected to have the lowest CEEP level, but because of an increase in the wind capacity
from the biomass scenario, the CEEP level is slightly higher. Besides that, the biomass
consumption is lowered in the thesis scenarios in comparison with the IDA vision. This is
because of an replacement of electrofuels with biopetrol, which results in higher efficiency.
This means, that the biomass level from these scenarios still are within the preferred 200
PJ. The results from this scenarios EnergyPLAN simulation can be seen in section B.7 in
appendix B.
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5.4.2 Results

Based on the scenarios composed in this thesis, climate and economy perspectives are
analysed in relation to the future car fleet and the energy system. Three scenarios
withholding sub-scenarios are established, compared to the IDA vision and to one another.
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Figure 5.8: Results for scenario costs

Figure 5.8 shows a comparison of the costs in the different scenarios. The annual investment
costs are nearly the same for all of the scenarios, but differences occur in the total annual
costs. Here, the IDA vision and the two scenarios with a 90% EC share are the scenarios
with the highest total annual costs. The 50% (biofuel) scenario is the scenario with
the lowest costs, because of the lower operation and maintenance costs on biofuel cars
in combination with the lower investment costs related to biopetrol in comparison with
hydrogen. The same arguments can support the results of the linear growth (biofuel)
scenario where the costs are low despite a significantly lower EC share. This means, that
low costs are related to the use of biomass, and that the costs increases in step with a
higher EC share and the integration of hydrogen.

Besides the costs, other factors vary depending on the scenario as well. Figure 5.9 illustrates
the biomass consumption and CEEP level for the scenarios. The scenarios in this thesis
all have lower CEEP levels than the 2,99 TWh presented in the IDA vision. Of the thesis
scenarios, the linear growth scenario accounts for the highest CEEP level, which is because
of the low EC share with smart charge and the absence of hydrogen. Furthermore, does this
scenario contain a high wind capacity in relation to the low EC share. The offshore wind
capacity for this scenario is increased to the highest capacity possible without exceeding a
CEEP level of 2,99 TWh. This increases the RES share as much as possible even though
the scenario contains fossil fuels.
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Figure 5.9: Results for scenario CEEP level and biomass consumption

Besides the CEEP level, does one graph in figure 5.9 illustrate the biomass consumption
in the scenarios. Four scenarios contain a higher usage of biomass in comparison with the
IDA vision, which means that these scenarios exceed the preferred 200 PJ. The scenarios
show, that low biomass usage increases the costs, because of the necessity to utilize more
expensive technologies such as electrolysers. Though, no thesis scenario exceeds the costs
of the IDA vision. In relation to the criteria of a biomass usage below 200 PJ and no use
of fossil fuels, only the two 90% scenarios meet the requirements.

In relation to figure 5.10, all three of the linear growth scenarios have relatively high
wind capacities in comparison to the remaining scenarios which consist of higher EC
shares and hydrogen usage. The highest wind capacity is experienced in the linear growth
(biofuel /hydrogen) scenario, where the max capacity in offshore wind turbines is reached
with a need to expand the onshore wind capacity as well [section 5.2.2]. The reason for
this, is that the electricity produced by wind covers the demand outside the transport
sector in order for the scenarios to still contain the highest possible RES share.
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Figure 5.10: Results for offshore wind capacity (MW), electrolyser capacity (MW-e) and
hydrogen storage (GWh)

The reason for the linear growth scenario to contain a higher wind capacity than the linear
growth (biofuel) scenario, is that the scenario with biofuel reaches a 100% RES share with
a offshore wind capacity of 11400 MW. In the linear growth scenario, it is the remaining
part of the transport sector that is replaced by fossil fuels, and because of the delimitation
of the thesis, no other sector in the energy system has been adjusted [section 2.2|. Besides
that, does the figure show a relation between hydrogen storage and the need for an increase
in wind capacity. Non of the thesis scenarios have higher offshore wind capacities than the
IDA vision, which is a result of higher biomass usage and the higher efficiencies for ECs in
comparison with electrofuels. This means, that even though the EC share increases does
it not necessarily mean that there is a need for an increase in wind capacity.
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The Role of Technology

6.1 Technology Structure

With point of departure in the theoretical framework in section 3.2, a qualitative analysis
of technological change is composed in relation to ECs in the Danish energy system and
the scenarios produced in this thesis. With figure 6.1 as background, it is analysed how
the external setting can promote or prevent the EC development. Even though most of the
external conditions changes if one of these undergo change, the analysis is not examining
all of the conditions, but the ones that are found most relevant to the theme of this thesis.
The conditions are evaluated in relation to their direct influence on the EC development,
and the ones considered are market at figure 6.1. Though, an analysis of certain conditions
does not indicate that changes within the remaining conditions are not possible, but these
changes are not considered of relevance in this thesis.

labour social
rela- division
of labour

Figure 6.1: Figure highlighting the conditions relevant to technological change within electric
cars [Miiller, 2011]

Social infrastructure has the purpose to reproduce society’s labour force, and it therefore
includes health facilities, recreational facilities, educational organisations etc. [Miiller,
2011]. Social infrastructure can thereby be defined as spaces, where social services can be
accessed by the community [Queensland Government, 2020|. In this thesis, the external
condition of social infrastructure does not include all of the facilities, but only focus on
educational organisations because they are considered to influence on the EC development.
Social infrastructure and social capital are terms that are closely related to the constituent
of ’knowledge’ in the technology concept. A general definition to the term ’social capital’

45



6. The Role of Technology

does not exist, but in this thesis social capital is defined as being the resources that are
available to the collective and the individual through the social relationships of these.
Additionally, the term can be divided into a structural and cognitive dimension, where the
structural dimension refers to what people do, whereas the cognitive dimension refers
to how people feel in their social relations [Han, 2019]. In this thesis, both of the
dimensions are, to some extent, important, and the social capital condition is related
to social infrastructure why these are discussed together.

Social infrastructure as educational organisations is considered to be important in relation
to the EC development, because of the correlation between ECs and climate. The purpose
of integrating ECs in the Danish energy system is to eliminate fossil fuels from passenger
transportation due to their negative effect to the climate. Today, studies are claiming
ECs to emit more CO9 than fossil fuel driven cars seen in a life cycle perspective, because
of the emissions related to the production of ECs [Klimaradet, 2018|. For that reason,
it is considered important that educational organisations take responsibility to pass on
knowledge about how the production of ECs can become CO3 neutral in the future. It is
not possible for the EC production to become completely CO2 neutral before the energy
system is made up entirely by renewable energy sources. It is therefore necessary for society
to be informed about the importance of perceiving the energy system as a whole, and to
understand that a green transition is a long-term process. The importance of education
should be seen in connection with misinformation being an obstacle when consumers decide
whether or not they want to procure an EC.

The social infrastructure is related to social capital because of the necessity for mankind
to have a shared understanding of the climate crisis and which initiatives are needed for
the crisis to be averted. The structural dimension is referred to as being what people do,
and the cognitive dimension is how people feel. Both of these dimensions can be linked
to educational organisations in the social infrastructure, because of peoples’ knowledge
often being a driver for how they act [Funke, 2017]. Though, it is not solely the social
infrastructure that influences on the social capital, but also economic conditions are driving
the purchasing power.

State requlations, market conditions and economic infrastructure are also conditions that
affect the EC development. State regulations in relation to ECs have already been applied
by the Danish government to promote the EC sale. These initiatives have worked as short-
term solutions, which has resulted in the EC fleet of today not to be of the desired extend.
The regulations have resulted in short-term effects because of the government’s decision
of phasing out the regulative benefits in relation to ECs [Klimaradet, 2018]. This is an
example of how important long-term regulations are if it should be possible to obtain a
fossil free society. Today, ECs are a more expensive alternative than fossil fuel driven
cars, which also prevent many people from buying an EC [Thggersen and Ebsen, 2019].
At the same time has the Danish government lowered the registration taxation for fossil
fuel cars, which has made it possible for people to buy 'more car’ for the same amount of
money [Skatteministeriet, 2018]. These initiatives from the government are conflicting, as
a lowering of both the EC taxation and fossil fuel car taxation can be assumed not to have
a notably effect. In a social capital perspective, the credibility of the government can be
impaired because of them not giving people a real option to procure an expensive EC even
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though they are willing to help the climate. This is closely related to the market conditions
of the EC market. Because of ECs being a relatively new technology for the public,
the prices are higher and not many used ECs are available at the market in comparison
with fossil fuel cars. Though, the price of ECs are expected to decrease in step with the
technology becoming more mature and widespread. But, the social capital that is present
among car owners and the EC technology also has to be strengthened. The technology
experiences some lack in trust in relation to the technology being able to fulfill the demands
of car users [Klimaradet, 2018]. Here, the economic infrastructure should be mentioned
as well. This term covers the physical system of a nation or a business, including electric
systems or transport systems, which are the ones most important to this thesis. It is a
necessity for these systems to function in order for the national economy to develop and
for the nation’s functioning [Chappelow, 2020]. The transport and electricity systems are
important to maintain in order for the EC fleet to increase as well. In Denmark, the
security of supply is high, which is crucial to maintain in order for the car users to trust
the technology and thereby procure an EC. Today, one reason for people not procuring
ECs, is that they do not trust the technology to be able to fulfill the needs that a fossil
fuel car can [Thegersen and Ebsen, 2019]. At some points, that is the truth, and that is
why the EC development is depending on how the technology develops and navigates at
the market as well.

The last condition from the technological change jigsaw with relevance to this thesis, is
the ecological conditions. The meaning of this is not defined by Miiller, but in this thesis
the understanding of ecological conditions is discussed in relation to the availability of the
resources needed to produce or run a given technology, and how this affects the environment
and technological change.

Today, the majority of passenger cars are driven by fossil fuels, which is a scarce resource.
This means, that changes within vehicle technology has to occur eventually, because the
fossil fuel resources are fully exploited a a given time in the future [Society, 2019]. Though,
because of the Paris Agreement!, greenhouse gas emissions are to be reduced, which is why
technological change within vehicles is now initiated, as the transport sector is responsible
for a significant part of greenhouse gas emissions [chapter 1]. In relation to climate change,
it can be considered responsible to force technological change within the car industry, as
long-term security of supply not can be obtained with fossil fuels usage. By implementing
vehicles that are driven by electricity from wind turbines, the resource is both renewable
and COy neutral. As earlier mentioned, it is possible for the production of ECs to be
carried out by the use of renewable energy, but the production also includes use of metals
that experience an increase in demand in step with ECs becoming a more widespread
technology. This is therefore an examined problem today, as the metals used to produce
ECs is increasing and therefore also might be a scarce resource in the future. In such a
scenario, the EC technology will experience some challenges, forcing the manufacturers to
reconsider the technology structure which is currently experienced by examining possible
replacements of critical metals by the so-called strategic metals [Iglesias-Embil et al., 2020].
Though, the EC industry emits less CO2 than fossil fuel driven cars, it is still a possibility

Tn 2015, 196 parties adopted the Paris Agreement comprising worldwide sustainable development with
a goal to limit global warming. This means, that the temperature, in comparison with the pre-industrial
level, should not exceed 1.5-2 degrees Celsius [United Nations, n.d]
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that this industry will meet similar problems to the ones related to fossil fuels when it
comes to security of supply. Also, fossil fuels are still available today, giving competition
to ECs from fossil fuel driven cars as a more convenient and cheap alternative. Overall,
the EC technology functions as a good alternative to fossil fuel cars in relation to the
environmental impacts, but obstacles with the production of ECs might still occur in
the future, why one could say that the technology is not fully developed at this point.
Additionally, from an institutional perspective, several regulative challenges are present
and should be considered for the EC industry to develop as desired. This clarifies how
changes in one condition can influence on technological change, but also that the conditions
are connected in one way or another and that several of the conditions overlap by covering
parts of the same area.

6.1.1 Electric Cars in Large Technical Systems

ECs can be perceived as an individual technology, but also as one part of an LTS. In this
thesis, the LTS that is being considered is the Danish energy system. The EC technology
is situated in the transport sector of the energy system and because of the SES concept,
connecting sectors of the energy system strengthens the system’s flexibility [section 3.1].

As presented in section 3.2.1, an LTS is characterized by being of global nature meaning
that most people are affected by the LTS some of the time. This is an exact indication that
the energy system can be defined as an LTS, as most people, businesses and sectors are
depending on the energy system to function. In this thesis, the Danish energy system is
approached as an LTS currently situated in the accelerated development phase, placing the
energy system in the second of four phases. This means, that the old energy system based
on fossil fuels is placed in the decline phase, because of the importance of an extension of
this system is diminishing and because of an energy system based on renewable energy is
prioritized.

The initial phase
The accelerated development phase <:| RES
The stabilisation phase
The decline phase <:| Fossil fuel based energy system

Figure 6.2: The Danish energy system undergoing changes, situating the current fossil fuel
based system in the decline phase and the future 100% RES in the accelerating development
phase

The new energy system, that is also illustrated in the thesis scenarios, has passed the initial
phase, where the LTS does not yet undergo a plan. The initial phase also includes debates
on how the new LTS can benefit the society, which has already happened by concluding
that renewable energy sources give security of supply together with them not affecting the
climate in a negative manner. The Danish energy system of today is thereby situated in
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the accelerated development phase because of it developing in compliance to the plan of
the energy system becoming fossil free in 2050. This development is a long-term process,
meaning that the fossil fuel based system is situated in the decline phase and will continue
to be for years to come. This also means that the linear growth scenario, including fossil
fuels from the previous part of the analysis, is situated in the decline phase. Additionally,
an EU memo stated that renewable energy sources made up for 37% of the energy usage
in Denmark in 2018. This argues that the stabilisation phase has not yet been reached,
because of fossil fuels still being the dominating energy source in the system.

How the energy system is situated in the phases can be transferred to the EC development
as well, where the EC technology can be said to have passed the initial phase, but not yet be
in the stabilisation phase. Additionally, a close correlation between ideological and political
views and the LTS can be experienced. This is manifested in the political initiatives that
are adopted in order for both the EC technology and the energy system to develop, as
political regulation seeks to promote the green transition. The rate and direction that the
system develops at are, according to Hugh Aitken, determined by socioeconomic contexts of
the given technology [Gokalp, 1992|. In Denmark, the socioeconomic position is considered
to be high due to the country being a welfare state with resources such as high income level,
free education and healthcare. Hugh Aitken’s statement is therefore considered correct
in relation to the Danish energy system moving towards a completely renewable energy
system. On the contrary, does the statement not match to the EC technology because
of it developing at a slow pace compared to other countries with a similar socioeconomic
position. EC promoting initiatives have produced positive results in Norway, leaving the
country with the world’s highest EC share. Though, Norway has made use of several
initiatives to promote ECs including free parking, free fairy rides and exemption from
registration taxation |Bjerkan et al., 2016]. With the Norwegian EC strategy in mind, the
importance of long-term EC promoting initiatives are important in order for the population
to adopt the technology.

The above-mentioned leads to an investigation of the three spheres in Aitken’s second
approximation model, and how these influence on the Danish energy system as an LTS. It
is discussed in relation to the EC technology and how the spheres are affecting this as well.
In this thesis, the three spheres are considered to have the same approach to technology as
the four elements of technology and the conditions that surround these. An argument for
this, is that the two approaches consider either technology or an LTS from a holistic view,
meaning that the technology itself does not undergo change without external influence,
and that changes within the technology affects the external conditions.
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Figure 6.3: The three spheres from Aitken’s approximation model transferred to Miiller’s
four elements of technology

In figure 6.3, it is illustrated how there is a correlation between Aitken’s approximation
model and Miiller’s four elements of technology. This is shown by transferring the three
spheres to the jigsaw of technology, where knowledge, technique and product functions as
the three spheres leaving only organisation as an extra element of technology.

In the approximation model, the three spheres are not all related though it, in this thesis,
is argued that a relation between science and economy can be found as well. This is based
on how the economy influences on the possibility to carry out proper research. Research
requires financial resources, and in Denmark such funds are distributed to research with
the purpose to accelerate the green transition [Energistyrelsen, 2020b]. It can therefore
be argued that the economy that the given LTS is located in, affects the pace in which
the LTS develops and thereby connects science and economy in the approximation model.
Additionally, this observation makes it possible to argue that science affects the economy as
well. By being able to carry out research, the economy can be strengthened because of an
increase in employment and the ability to be innovative [Loiseau et al., 2016]. Though, the
relation that goes from science to economy can be argued to pass through the technology
sphere because of the necessity of the research to produce technology that can enter the
concerned market to create profit. This means, that science is affecting the technological
development because of the generation of technological devices that occurs with assistance
from science. As mentioned, innovative technological development affects the economy, but
likewise does the sphere of economy have the power to affect technology directly. In this
thesis, this can be experienced in a regulation perspective where political initiatives are
able to promote technology. This does not mean that the development of the technology is
affected directly, but that the spreading of the technology increases because of it obtaining
a higher market share. In addition to that, the higher market share can be assumed
to naturally result in the technology to develop because of an increased interest for the
product.

6.1.2 Technological Change in Practice

This section includes examples of how an understanding of technological change functions
in practice. Here, the theoretical framework is applied to the scenario composed in this
thesis. Examples of how the external conditions are able to influence on technological
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change are countless. Most often do changes in one condition generate change in
other conditions, which means that technological change should be perceived from many
perspectives and in coherence. As earlier mentioned, have the most relevant conditions to
this thesis been emphasized, but this is not synonymous with the other conditions being
completely without relevance. Figure 6.4 illustrates examples of how the conditions can
affect the outcome of the future energy system.
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Figure 6.4: FExamples of how technological conditions are related to the thesis scenarios.
The colors of the conditions indicate the concerned elements of technology and the three
approximation model spheres

The figure is not exhaustive, meaning that these are only few out of many possible
influencing factors. The figure shows that changes in social infrastructure and social capital
are able to result in the linear growth scenario becoming a possibility. This means, that
if the general perception of climate change turns out in favour of fossil fuels, then the EC
share develops into a scenario with linear growth. Likewise, it is possible for the linear
growth scenario to be affected by market conditions and state regulations. This means,
that if car taxation is regulated in favour of fossil fuel cars and if the EC technology does not
mature as desired, then ECs do not become as widely distributed as is the case within the
remaining scenarios. On the contrary, the same conditions can affect the EC development
in the opposite direction. This can be seen in relation to the 90% EC scenarios, where
state regulations are able to promote the EC development and where the right market
conditions can result in a widely distributed technology.

The economic perspective is important for technological change as well. Here, the figure
illustrates connections between the linear growth (biofuel) scenario and the 90% (hydrogen)
scenario, respectively. In this thesis, the economic infrastructure covers elements as security
of supply which can affect the future energy system in two ways. If the security of electricity
supply in Denmark is reduced, a linear growth scenario is more likely to occur, but if
the security of supply is maintained at the current level, a significant growth in ECs is
expected. The market conditions are relevant to mention in relation to economy, as the
market dictates the prices and thereby consumers’ ability to purchase. In addition to that,
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the market conditions are affecting the scenario that unfolds in Denmark, as declining
prices strengthens the consumers’ purchasing power. Contrary to this, will the purchasing
power decrease in step with increaseing prices.

The ecological conditions are affecting the outcome of the scenario as well, depending on
the resources available in the future. If limited resources are available for the production
of ECs, linear growth and 50% EC scenarios are more likely to occur while the possibility
of 90% scenarios decreases. Additionally, the ecological conditions in relation to biomass
are also affecting the scenario outcome. If biomass resources become more available in the
future, then scenarios including high shares of biomass, such as linear growth (biofuel) and
50% (biofuel), more likely to occur - especially because of the economic benefits related to
biomass.

The coupling conducted between the theoretical framework and the technical analysis,
illustrates the several external conditions that affect technological change in different
directions. Once again, it should be stressed that this illustration is not complete and
that a full elaboration of every condition, together with their positive and negative effects
on technological change, not is possible to conduct in this thesis. Though, this illustration
gives an understanding of the complexity that technological change is, and that changes
in one condition result in other conditions to change as well. Furthermore, it exemplifies
that changes in the conditions can result in different outcomes, meaning that no absolute
answer exists when analysing technological change.

6.1.3 Summary

To summarize the findings in this chapter, table 6.1 contains the emphasized conditions
from the technology jigsaw. The table explains what the mentioned conditions withhold,
seen in a perspective where an increase in the sales of ECs is desired.

Condition Factor Content

Social infrastructure Educational organisations Responsibility to pass on correct knowledge
Information about climate change, COzand the
energy system

Social capital Shared understanding Perception of climate change
Knowledge drives actions
Personal finances equals purchasing power

State regulations Political initiatives Exemption from taxation
Making other alternatives less attractive
Market conditions Technology maturity Strengthening of the technology reliability
Lowering of cost prices
Economic infrastructure  Physical systems Security of electricity supply
Ecological conditions Resources Alternatives to critical metals

Focus on strategic metals
Technology structure reconsideration

Table 6.1: The six conditions from the technology jigsaw with importance to the electric car
technology

What was found, was that political regulation has a significant role in promoting ECs,
especially because of the existence of fossil fuel cars, which is a competitive technology
and for many also a more attractive alternative. In addition to that, the regulations that
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have been adopted so far have worked on a limited time frame, which is conflicting with
the actual goals for Denmark, as these operate on a long-term time frame. At the same
time, have regulations on the EC technology happened in step with regulations being
applied to fossil fuel cars, where both of the regulations have the purpose to make the
technologies more attractive. These initiatives are contradictory to each other and makes
the government appear inconsistent in the attempt to promote green technology.

In the case where the governmental regulations do not have the desired effect, the
consumers are given the ability to choose from different technologies, which especially
makes the other conditions important. These consist, to a high degree, of factors that are
affecting the consumers willingness to procure an EC. This concerns people’s knowledge
about climate change together with their shared understanding of what is necessary to
carry out in other to achieve sustainability. Besides that, do doubt among the consumers
prevent them from buying ECs, but with developing the technology structure, this doubt
should hopefully phase out.

Besides the EC technology being analysed individually, the Danish energy system as an
LTS was analysed too. Here, it was determined that the future renewable energy system
is currently situated in the accelerated development phase, whereas the current fossil fuel
based energy system is situated in the decline phase. Aitken’s approximation model to
an LTS was applied to be able to determine where the most productive interactions take
place, giving the LTS the needed tools to accelerate. An extension of the model was found
by determining a unidirectional connection between economy and science. Additionally,
a relation between the technology jigsaw and the approximation model was identified
together with the possibility to influence on the LTS acceleration through the three spheres;
technology, science and economy.

The correlation between changes in the external conditions and the outcome of the thesis
scenarios is shown in section 6.1.2. Here, it is found that each of the conditions are able to
affect how the energy system unfolds, both in a positive and negative direction given the
perspective. In addition to that, if the effect of the external conditions are known, then it
is possible to make adjustments in the conditions to promote technological change.

In the forthcoming chapter, the findings connected to the scenarios and the technological
change analysis are discussed in relation to each other.
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Discussion

This chapter includes discussions in relation to the possibility of the thesis scenarios to
become a reality, how to combine the results from the two analyses and to what extent
the approach used in this thesis fulfilled what was desired to investigate. The purpose
of the discussion is to determine, which initiatives the future shall withhold in order for
the Danish energy system to become renewable and what consequences are related to a
reduced EC share in the future.

7.1 Scenario Possibility & Considerations

In relation to the first part of the thesis analysis, the possibility of the scenarios becoming
a reality is discussed. Besides that, it is discussed which of the scenarios that should be
prioritized in the future based on the information and analyses that are presented in this
thesis.

As mentioned in section 4.2, predicting long-term processes are difficult, which is why
scenario planning can be applied instead to create several possible outcomes, and thereby
be able to choose the preferred path. Figure 7.1 shows the cone of possibility, which
illustrates how the method of scenario planning includes several possible outcomes for
the future. Additionally, the cone illustrates how the possibilities of the future covers a
significantly larger area than the present, and that a prediction of the future covers a small
area of what possibly will occur [Enzmann et al., 2011].

Furthermore, figure 7.1 illustrates how the possibility of scenario 2 and scenario 3 are
approximately the same. This assumption is made because of the existing 2050-goal of
obtaining a fossil free society. An assumption is that the government is persistent to reach
the goal, why a future energy system containing fossil fuels is unlikely to unfold. Though,
the development within the EC share is difficult to predict, leaving both scenario 2 and 3 as
possible future outcomes. It is assumed, that the EC development can, to some extent, be
influenced by political initiatives which also has been the case so far [section 6.1]. Though,
many factors play a role in how the EC technology develops, as it is dependent on the
consumers that are to procure the technology.
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Figure 7.1: The cone of possibility [Enzmann et al., 2011]

As shown in figure 7.1, scenario 1: linear growth is considered to be the one least likely
of the three scenarios in this thesis, which is due to the use of fossil fuels. Though, the
linear growth scenario is assumed to be most likely to occur if no political initiatives in
favour of ECs are implemented, and if the technology does not experience any noticeable
improvements in the future. A linear development is assumed to be unlikely due to an
increased focus on climate, technology improvement and possible changes in politics in
regards to ECs. With policies that are in favour of ECs, it is assumed that the development
will be different. So far, the sales in ECs have been fluctuating, and one reason for this is
because of the taxation on this type of car. Notices of a phase-in of the so far exempted
registration taxation has earlier proven to be a reason for an increase in the sales of ECs
[Klimaradet, 2018]. Studies have also shown, that reasons for people not wanting to buy
an EC include uncertainties about the technology, price, the range not being suitable for
peoples’ needs and the practicality of owning an EC being difficult [Thggersen and Ebsen,
2019|. Based on the fact that ECs as a technology are getting more mature, that the prices
will decrease over time and that policy measures are assumed to be in favour of ECs over
time, makes it unlikely for the growth in ECs to be linear. Instead, it is assumed that the
EC fleet will experience a growth that is more likely to be exponential in some way.

7.1.1 Determining the Future Path

Based on the findings in the thesis, this section discusses how the scenarios match the
future 2050-goal. Though, there are no criteria to determine the exact path to reaching
the goals, and it is therefore discussed in relation to the IDA vision and the results from
the analysis.

The linear growth scenario is not perceived as a possibility for the future energy system,
because the use of fossil fuels is contrary to future national goal. This leaves the scenarios
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including a 50% and 90% EC fleet as possible proposals for the future car fleet. As earlier
presented, the 50% (biofuel) scenario contains one of the highest biomass shares of all of the
scenarios. The biomass share does not exceed the limit of 250 PJ, but since a biomass share
below 200 PJ is preferred, other scenarios should have higher priority. Depending on the
extent of the costs, both the 50% (biofuel and hydrogen) and the 90% EC share scenarios
are preferred in relation to CEEP, but for the 50% (biofuel and hydrogen) scenario, the
biomass consumption exceeds the limit of 200 PJ with approximately 10 PJ. The 90%
(hydrogen) scenario is much in line with the costs of the IDA vision, and the scenario
has a significantly lower biomass consumption and CEEP level. However, if lower costs
are preferred, the 90% (biofuel) scenario and the 50% (biofuel and hydrogen) scenario are
the remaining alternatives. The 50% (biofuel and hydrogen) scenario contains a higher
biomass consumption than the IDA vision. This leaves the biomass consumption at an
acceptable level, but not below 200 PJ. Though, the combination of biofuel and hydrogen
results in a considerably lower CEEP value than what can be seen in the IDA vision. This
is the case for the 90% (biofuel) scenario as well, as this scenario holds the lowest CEEP
level out of all of the scenarios. Though, the 90% (hydrogen) scenario contain the lowest
biomass consumption, making this scenario attractive in relation to the environmental
issues related to biomass.

Based on the findings made in the thesis analysis and the execution of this, a car fleet
with a 50% EC should be an absolute minimum to aim for. In relation to the biomass
consumption in the scenarios, the EC fleet should exceed 50% in order for the biomass
limit not to be crossed. Though, a 50% EC can be a possibility if the hydrogen usage is
increased and the biomass consumption is lowered. In relation to the scenarios composed
in this thesis, the 90% (biofuel) scenario is the most favorable. In an energy and economic
perspective, this proposal is based on the low biomass consumption of 148 PJ, a low CEEP
level and minor cost savings in relation to the IDA vision. In relation to the theoretical
framework in this thesis, the EC technology experiences some institutional obstacles. This
is also an argument for aiming for a solution with a 90% EC share, as this means that fewer
technologies have to be obtained in the society together with the infrastructure needing
expansion for as few technologies as possible.

Several scenarios are possible to implement in the future, and the ones presented in this
thesis are only few out of many possibilities. It will therefore be beneficial for the Danish
government to prioritize which of the criteria are more important in the future energy
system. By assigning some criteria higher priority than others, it is possible to eliminate
several scenarios and thereby narrowing down the possibilities. For example, the biomass
criteria used in this thesis originates from the IDA vision, which is based on calculations
of the available biomass resources in the future and which is considered in an energy
perspective. Though, it is possible to still obtain a fossil free energy system in spite of
other criteria being of higher priority. This could contain limits for investment costs and
annual costs or limits for wind capacity. In a political view, it is assumed that the economic
perspective is of importance, which can direct the energy system ion a path where the use
of biomass is high and the costs are low [section 5.4.2|. Such a solution results in a fossil
fuel free energy system as well, but the discussions related to the use of biomass makes this
solution questionable in an energy perspective. Additionally, if wanting an energy system
with a limited use of biomass, the economy related to this resource is something for the
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government to consider as well, as it is currently a profitable resource to utilize. Today,
subsidies are given when utilizing biomass in heat and electricity production together with
the resource being exempted from taxation [Energistyrelsen, 2020al. In a case where the
government wishes to limit the biomass usage, it should be considered how this energy
source is regulated. Though, it is difficult to foresee if such a regulation is necessary in
the future, as the biomass prices can be expected to increase if the demand for the energy
source increases as well. Biomass functions well as a substitute to fossil fuels because of
it containing the same characteristics and the ability for it to be COgz-neutral. Though,
a significant increase in the use of biomass can result in the resource not maintaining its
COg-neutrality, and for Denmark it also affects the ability to obtain self-sufficiency. This
means, that one solution for the biomass consumption to decrease is to make the source
unattractive to consumers, which can be executed by an increase in taxes.

7.2 Incorporating ECs into the Danish Energy System

In the previous section, the discussion was primarily focused on the thesis scenarios and
the energy system as a whole in connection to the political choices related to obtaining the
2050-goal. In this section, it is discussed how the EC development can affect the 2050-goal.

Though, the purpose of this thesis is not to illustrate exactly how a Danish renewable
energy system should be constructed, likewise it is not the purpose to determine which of
the prepared scenarios that function best in reality. The purpose is to prepare different
possible outcomes and on that background, to consider which of these few scenarios are the
optimal solution when evaluated in different perspectives. In addition to that, this thesis
is neither an analysis of whether or not the Danish government is aiming for a renewable
energy system. The goal of a fossil free Denmark in 2050 is already composed, why this
thesis has its point of departure in this goal with the assumption that the government is
aiming to achieve an energy system on renewable energy. This means, that the purpose is
to illustrate possible outcomes, but also the risks in particular. The thesis points out the
insufficiency in solely composing a long-term goal and the importance of connecting the
several factors that are affecting how and when a certain goal can be obtained.

To this discussion, the linear growth scenario is crucial to consider as a risk for the future
energy system. It functions as a BAU-scenario and presents a possible future outcome in
a case where frozen politics are dominating. Not only will this scenario prevent the 2050-
goal to be reached, but the costs of a BAU-scenario are much in line with the scenarios
aiming for a 100% renewable energy system. Seen in an energy perspective, this means
that the risks related to the COs-emissions in the linear growth scenario can be used
as an argument for why it is important to aim for a renewable energy system. On the
other hand, do the costs of a linear growth scenario not deviate considerably compared
to the remaining scenarios which, in an economic perspective, can be considered a strong
argument for implementing a 100% renewable energy system. This is thereby also the
reason for this scenario to function as a risk assessment, because this scenario is the only
one which constitutes a potential risk to the climate when seen in relation to the 2050-goal.
Though, it could be argued that other of the thesis scenarios constitute risks as well in
relation to their use of biomass.

o8



7.2. Incorporating ECs into the Danish Energy System Aalborg University

Besides an assessment of the potential risks connected to a BAU-scenario, do the remaining
scenarios illustrate potential alternatives to avoid fossil fuel usage. The count of possible
alternatives to an energy system are close to endless, which is why only few are composed
with EC shares different to the IDA vision. Though, the thesis scenarios deviate from the
result in the IDA vision. In this thesis, scenarios are presented with lower costs, lower
CEEP levels and a lower biomass consumption in comparison to the IDA vision, raising
the question why these differences occur, and why IDA has not chosen to operate with
similar solutions to the ones in this thesis. The major differences are, of course, the EC
share which deviates with 29,6% and 11,4%, respectively, in relation to the 61,4% EC share
in the IDA vision. Though, if one thesis scenario was prepared with the same EC share
as in the IDA vision, the costs of such scenario are still expected to be lower in the thesis
scenario. This means, that the fuel choices are affecting the costs, as the IDA vision makes
use of electrofuels and bioelectrofuels, whereas hydrogen and biofuel are prioritized in this
thesis. As earlier mentioned, biopetrol is preferred over biodiesel in this thesis because of
the higher efficiencies and thereby lower costs, which has affected the costs of the scenarios.
Likewise, an increase in hydrogen storage is also prioritized in this thesis, which lowers the
demand for offshore wind turbines and the costs related to these. Additionally, higher
efficiencies occur for hydrogen than for the electrofuels used in the IDA vision, which also
can affect the electricity and biomass demand in transportation. Also, a part of the dump
charge demand is replaced by smart charge, giving the thesis scenarios more flexibility. It
should be noted though, that the choices made in this thesis, to a great extent, are made
on the basis of available renewable energy technologies and the costs related to these.
This means, that potential restrictions in relation to for example area and technology
development not are taken into account as might be the case in the IDA vision. It is
therefore not possible to conclude which of the scenarios are more realistic, as numerous
factors are in play and the predictions for costs in the future might vary as well.

7.2.1 Institutions and Technological Development

This section discusses the findings from the second part of the analysis, where it is analysed
which parameters it is possible to influence on to promote the EC development. As the
first part of the analysis concerned the technical aspects, the second part includes the
institutional aspects in relation to technology. These aspects are considered important,
as they give an understanding of several factors that affect technological development.
Furthermore, this perspective of the analysis is included to emphasize that technological
change is an important part of EC integration as well. This means, that technological
change does not occur by itself, but by changes in the external factors that surround
technology. The external factors are creating technological change, making the theoretical
framework crucial for obtaining an understanding of technological foundation.

In relation to technological change in this thesis, the political aspect should be emphasized
in particular. This is because it makes it possible to regulate people’s behaviour directly,
and especially if other alternatives are excluded as options. It is also possible to
affect several aspects in relation to social life including the perception of ECs and the
understanding of climate change. Though, several aspects are difficult to change seen in
a Danish perspective. This includes the technology production and maturity, and thereby
the resources used for this as well. In this thesis, regulations are considered to be the
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most effective mean when wanting to promote the EC technology, but it requires that
other technological alternatives are made less attractive for it to have an effect. As
with the technical analysis, it should here be mentioned that the political aspect has
been superficially touched upon, because a more thorough assessment of this would have
required a different direction of the thesis. This means, that different factors within the
political aspect are left out, As an example, this means that the influence of international
is not included. It is known, that EU-law prevents the Danish government from banning
fossil fuel cars, because it is conflicting with EU and its law for internal market [Svansg,
2019|. This is affecting the political initiatives in Denmark, and a ban therefore requires
changes in EU law. Though, this obstacle should not hinder the EC development, as other
regulations are possible to adopt - just as they have been so far. The missing in-depth
analysis of the political aspect is thereby a reason for possible political obstacles to be left
out. But, because of the previous and existing regulations in relation to the EC technology,
it is assumed to be possible to continue these regulations in the future and thereby affect
the EC development. The overall purpose of this part of the analysis is to emphasize
some of the factors that are possible to adjust to achieve a 100% renewable energy system.
Furthermore, it shows that events of today are affecting the development of a new technical
system, and that long-term goals not should be fulfilled by applying short-term initiatives.

7.3 Thesis Approach

The research question in this thesis is investigated in an energy and climate perspective
with the economic costs in mind. This approach is assumed to produce results that might
vary from an approach where political or economic perspectives are dominating. The
methodological approach used in the thesis, and the results generated through the analysis,
come with several uncertainties in relation to the structure of the future Danish energy
system. The purpose of the thesis is not to produce one exact result as it was to illustrate
possible outcomes. The thesis scenarios function as examples, yet there is a possibility
for them to come with uncertainties, meaning that if one scenario is chosen as a solution,
the scenario might not unfold exactly as presented in this thesis. It is possible for the
economic and technological conditions not to develop as today’s data anticipates. For the
second part of the analysis, where the theoretical framework of the thesis was applied, the
findings are more certain. This means, that even with a long-term time frame, external
conditions are still able to affect the technological development.

The methodology successfully assisted to produce an answer to the research question, and
thereby strengthen the validity of the thesis. The findings include giving an understanding
of the possibilities and factors that can affect the future outcome of an energy system.
Though, it is not possible to directly generalize the thesis results to other cases, because of
the thesis being directed at the Danish energy system and the goals applied to this. This
means, that factors such as costs and technology availability might vary in relation to a
different energy system. In addition to that, it is possible to apply the methodology and
theoretical framework to other cases, which will, in combination with relevant data, give
the ability to produce results that are relevant to the given energy system.

Lastly, the data including future costs do come with uncertainties that can affect the
outcome of the scenarios. Sensitivity analyses are generally applied as a method to
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illustrate how such uncertainties affect the result. These are not applied to this thesis,
because of the scenario analysis already functioning as a sensitivity analysis. Though, if
one scenario is chosen as a final solution, it is possible to perform a sensitivity analysis for

this particular scenario.

61






Conclusion

The initiating part of the thesis led to an understanding of the environmental issues the
transport sector creates by having a significant fossil fuel consumption. If the Danish
government should succeed in reaching their goal of a fossil free energy system in 2050,
it is crucial that alternatives to fossil fuel driven cars are integrated in the transport
sector. Electric cars are currently a technology in development, with an expectation of the
technology to be dominating in the passenger car category. The problem definition of the
thesis led to the research question:

"How will different scenarios with variations in the electric car share, affect the transition
of the Danish fossil fuel based energy system into a renewable energy system, and how can
a technological understanding affect this development?”

Two analyses were conducted, where the first consists of scenario planning with a technical
approach, and the second includes an institutional perspective with an examination of
technological change. By combining the analyses, an answer to the research question was
found.

From the technical analysis, it can be concluded that a correlation exists between low
system costs and the use of biomass in the transport sector, where low biomass consumption
increases the costs of the system due to more expensive technologies being integrated
instead. It can also be concluded, that the CEEP level decreases in step with an increase
in the electric car share together with an increase in hydrogen usage. Furthermore, an
increase in electric cars does not necessarily equals an expansion of wind capacity, due to
the possibility to use smart charging for electric cars.

With the IDA vision as reference, a biomass consumption below 200 PJ is preferred, but
in the thesis scenarios the biomass requirement is only kept by one linear growth scenario
and scenarios including a 90% electric car share. One scenario containing linear growth
includes usage of fossil fuels, why such a scenario is not an option in relation to the 2050-
goal. It can be concluded, that a scenario consisting of a 90% electric car share and
10% biofuel car share is the most favorable scenario in this thesis, seen in an energy and
economic perspective. This is due to a biomass consumption of 148 PJ and minor cost
savings in comparison with the reference scenario. In relation to the scenarios composed
in this thesis, the future EC fleet in Denmark should account for an absolute minimum of
50% for the biomass consumption not to exceed 200 PJ.

From the second part of the analysis, it can be concluded that the current Danish
energy system is situated in a decline phase, while the future renewable energy system
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currently is situated in an accelerated development phase, which applies for the electric
car technology as well. Furthermore, it was found that changes in external conditions
result in technological change, meaning that several initiatives are possible for the Danish
government to execute to promote the development within electric cars. It is concluded
that economy, market and social factors are some institutional conditions affecting at what
pace and how technological development unfolds. Though, it can be concluded that the
most effective condition to change is state regulations due to the ability to influence on
behaviour in favour of electric cars. Additionally, the political regulations that have been
applied for electric cars up until today, have not had the desired effect due to them being
of a short-term time frame when aiming to obtain a long-term goal. Finally, the external
institutional conditions influence on the outcome of the thesis scenarios as well. This
means, that when the effects of external change is known, it is possible to adjust these
changes to obtain technological change.
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Appendix

A.1 Vehicle Specifications

Parameter & Type 2035 2050 Unit
Cars lifetime 16 16 Years
Distance [one car) 0,032 0,028 Mpkm/vear
EC - small battery 2035 2050 Unit
Cost price 193304 189401 DERE
Efficiency 79 Bl6 L
Energy consumption 0,49 0,45 MId/ km
EC - large battery 2035 2050 Unit
Cost price 241192 229806 DERE
Efficiency 75.5 77.9 L
Energy consumption 0,56 0,51 MId/ km
Gasoline 2035 2050 Unit
Cost price 155116 155116 DERE
Efficiency 20,8 216 Lo
Energy consumption 176 1,61 MId/ km
Diesel 2035 2050 Unit
Cost price 170976 170976 DEE
Efficiency 22,2 23 Lo
Energy consumption 169 1,55 MId/ km
Biofuel 2035 2050 Unit
Cost price 170578 170578 DEE
Efficiency 22,2 23 Lo
Energy consumption 169 1,55 MId/ km
Hydrogen 2035 2050 Unit
Cost price 210565 210374 DEE
Efficiency 39,3 41 Lo
Energy consumption 1,11 1,01 MId/ km
Charging stations 2035 2050 Unit
Capacity 9 9 G year
Cost price 9314 9314 DEEK
Lifetime 30 30 Year
Conversion efficiency g0.2 g0.2 44

Table A.1: Parameters considered in relation to fuel type for the years 2035 and 2050,
respectively [Energistyrelsen, 2016], [Energistyrelsen, 2018], [Mathiesen et al., 2015a)







Appendix

B.1 IDA vision - thesis version (updated values)
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B. Appendix

B.2 Scenario 1: Linear Growth (BAU)
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B. Appendix

B.4 Scenario 1: Linear Growth - Biomass and hydrogen
alternative
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B.5. Scenario 2: 50% - Biomass alternative Aalborg University
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B. Appendix

B.6 Scenario 2: 50% - Biomass and hydrogen alternative
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B. Appendix

B.8 Scenario 3: 90% - Hydrogen alternative
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