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Abstract:

This thesis investigates the impacts of inte-
grating large-scale electrolysers in the Danish
energy system and transmission grid in 2030.
A partial-equilibrium energy system model
is applied to assess how the energy system
should be composed, with regard to capaci-
ties of production, consumption and storage
units. Subsequently, a DC load flow analy-
sis is conducted to investigate how large-scale
electrolysers impact loading of the transmis-
sion grid, based on electrolyser capacity, lo-
cation and energy system composition.

The theories regarding synoptic planning
and the adequate level of detail are applied
throughout the thesis.

In the thesis it was found that large electrol-
yser capacities can facilitate increased inte-
gration of fluctuation renewable production
units, and increase utilisation of these units.
Furthermore, it was demonstrated that elec-
trolysers can reduce the need for other flexible
consumption units, such as electric boilers.
From a transmission grid perspective it was
evident that large electrolyser capacities can
be integrated without overloading the grid,
if electrolysers are placed in feed-in zones for
o [SHore wind power plants, and are operated
proportionally to the production of the wind
power plants. If these criteria are met, larger
electrolyser capacities can even reduce grid
loading, as compared to lower electrolyser ca-
pacities.







Summary

For at leve op til klimalovens malsatninger om at reducere de danske CO,-udledninger med
70% i 2030, er det ngdvendigt at omleegge den nuvaerende energiforsyning. En af vejene
til CO, reduktioner er at elektrificere aktiviteter som, pa nuvaerende tidspunkt, forsynes
af fossile breendsler. Det er dog ikke muligt at elektrificere samtlige sektorer, hvorfor
produktionen af CO,-neutrale braendsler og gasser er afggrende. Disse kan overordnet set
produceres pa to mader. Ved forgasning af biomasse eller syntetisk fremstilling.

Eftersom biomasse anses for at veere en begranset ressource, som efterspgrges i bade
energi- og fedevaresektoren, er det ikke plausibelt, at biomasseressourcen kan forsyne begge
sektorer. Derfor er disse syntetiske braendsler essentielle i opnaelsen af 70% malsaetningen.

De syntetiske brzndsler har et falles traek, idet de alle indeholder brint, hvilket
kan produceres pa elektrolyseanleg, hvorved strgm omdannes til brint. Denne
specialeafhandling omhandler indpasningen af disse elektrolyseanleeg i det danske
energisystem og deres pavirkning pa det danske eltransmissionsnet.

Elektrolyseanlaeggenes pavirkningen pa det danske energisystem undersgges ved at opstille
tre scenarier for elektrolyseanlegskapacitet, og simulere disse scenarier ved at bruge en
matematisk model af det danske energisystem.

Hensigten med simuleringerne er bade at finde frem til udfordringer ved indpasning
af elektrolyseanleeg, samt at finde den optimale sammensatning af forbrugs- og
produktionsenheder i 2030. Tilmed anvendes energisystemmodellen til at generere time-
baserede produktions- og forbrugsmegnstre, som efterfalgende anvendes til at simulere
elektrolyseanleggenes pavirkning pa eltransmissionsnettet.

Ud fra de time-baserede produktions- og forbrugsmgnstre udveelges forskellige timer til
videre analyse. Timerne udvelges pa baggrund af en raekke kriterier for at finde frem til
de mest relevante.

Elproduktions- og forbrugsmgnstre for de udvalgte timer indsettes i en model af
eltransmissionsnettet, hvormed belastningen pa ledninger og kabler i nettet udregnes.
Eftersom der simuleres tre forskellige elektrolyseanlaegskapaciter, er det muligt at udlede
sammenhzange mellem elektrolyseanlaegskapacitet og pavirkning pa eltransmissionsnettet.

Et andet formal med simuleringerne af eltransmissionsnettet er at finde frem til ideelle
placeringer for elektrolyseanleeg. Da pavirkningen pa nettet varierer alt efter anleeggenes
placering, undersgges 24 relevante lokationer.

I afhandlingen fremsaettes resultater og analyser, som fastslar, at elektrolyseanlaeg kan
udgere en veesentlig pavirkning pa bade det danske energisystem og eltransmissionsnettet.
Dog medfgrer disse pavirkninger bade fordele og ulemper. Det har med resultaterne
veeret muligt at pavise, at elektrolyseanlaeg kan bidrage positivt til at indpasse ggede
kapaciteter af vedvarende elproducerende enheder, sasom vindmegller og solceller. Tilmed
kan elektrolyseanlaeg gge udnyttelsen af disse enheder. Herudover kan elektrolyseanlaeggene
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ogsd reducerer behovet for at inkludere andre fleksible elforbrugende enheder, sasom
elkedler, i systemet. Dog pavises ogsa en sammenhang mellem gget elektrolysekapacitet
og gget import af elektricitet, hvilket indikerer at Danmark potentielt kan blive mindre
selvforsynende med elektricitet, hvis starre elektrolysekapaciteter implementeres.

Under analysen af eltransmissionsnettet pavises det, at elektrolyseanleeg kan integreres
uden at overbelaste nettet. Analysen paviste ydermere situationer, hvor en forggelse
af elektrolyseanlegskapaciteten kan mitigere overbelastninger, som forekom ved en
lavere elektrolysekapacitet. Det kreeves dog, at elektrolyseanlegskapaciteten placeres i
indfgdningszoner for havvindmglleparker, og driftes proportionelt med havvindmgllernes
produktion.

Under forudseatningerne og antagelserne gjort i denne afhandling, viste ldomlund
sig som den, ud fra et eltransmissionsnetsperspektiv, ideelle placering for storskala
elektrolyseanleg. Det skal dog naevnes, at hvis ikke de ovennavnte Kkriterier
overholdes, vil integrationen af elektrolyseanleeg forarsage markante overbelastninger af
eltransmissionsnettet.

Det anbefales derfor at elektrolyseanleeg placeres i indfgdningszoner, men da det vil
veere muligt at gge den samlede systeme [eltivitet ved at udnytte overskudsvarme fra
elektrolyseanleeg. Hvorfor det imidlertid anbefales at undersgge mulighederne for at flytte
indfgdningszoner narmere starre fjernvarmeomrader.

Vi
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Nomenclature

List

Special Symbols and Denotations

Symbol Description Derived unit Unit
B Susceptance S
G Conductance S
| Current A
P Active power W
Q Reactive power Volt-ampere-reactive var
R Resistance
V Voltage V
W Power W
X Reactance
Y Admittance S
Z Impedance
Acronyms
Acronym  Abbreviation:
AC Alternating current
CO, Carbon Dioxide
DEA Danish Energy Agency
DC Direct current
DH District heating
DKK Danish krone
EC Electrolyser
EU European Union
EV Electric vehicle
FACTS  Flexible AC transmission system
FLH Full load hours
H2 Hydrogen
PE Partial equilibrium
PtX Power-to-X
PV Photovoltaic
RE Renewable energy
RES Renewable Energy Share
TSO Transmission system operator
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Problem analysis

This chapter entails a series of problems and barriers for obtaining the 70% GQ@eduction
goal for 2030. These are formed into a problem formulation and a research question, which
de nes the research that is conducted in this thesis.

1.1 The Danish climate goals

In 2020 the Danish parliament passed a climate law, which legally binds Denmark to reduce
CO; emissions by 70% in 2030, compared to the emissions in 1990. In addition, the law
dictates that Denmark must become climate neutral by 2050.

However, the transition towards climate neutrality must happen in a manner that
ensures that the Danish industry remains competitive in an international perspective.
Furthermore, the transition must not cause the welfare standards in Denmark to decline.
The climate law also states that the measures taken to reduce domestic emissions are not
allowed increase emissions in other countries. [Klima-, Energi- og Forsyningsministeriet,
2020]

In order to reduce emissions by 70% in 2030 and become climate neutral in 2050, polluting
activities from all sectors, must be reduced or negated. Thus, the use of fossil fuels must
be signi cantly reduced.

According to Energinet [2019], 40-60% of the energy demand can be electried. The
remaining 40-60% must be supplied by fuels and gasses, which are needed for shipping,
air trac, heavy transport, industry, agriculture, and back-up power generation.
Consequently, it can be stated that to obtain net zero emissions, renewable and climate
neutral fuels and gasses are needed. These can be produced using biomass or through the
use of Power-to-X (PtX).

Biomass can be turned into biofuels or biogas. According to Skov og Mathiesen [2017],
biomass is a limited resource with an uncertain potential. Skov og Mathiesen [2017] states
that the biomass potentials in Denmark are not su cient to cover the current fossil fuel
demands. The same is true from a global perspective. Furthermore, biomass resources are
vital for the international food supply. Hence, biomass should only be used as an energy
source when absolutely necessary [A.Muscat et al., 2019]. Therefore, non-biomass based
products are essential to adhere to the climate goals.

An alternative to biomass-based fuels and gasses are PtX products. Hydrogen can be
produced from power through electrolysis, and this hydrogen bl can then be used for
production of several e-fuels and gasses, some of which are mentioned below:

" Green hydrogen - B

" Synthetic biogas e.g. methane Chl

~ Synthetic liquid fuels e.g. methanol CHOH
~ Ammonia NH 3
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The di erent PtX products mentioned above can be used in various applications. A rough
overview of these products are given in Figure 1.1.

As illustrated, all PtX products start with hydrogen as the building block. Hydrogen is
combined with carbon from various sources or nitrogen, to form those listed above.

Figure 1.1. Production and utilisation of PtX products. Based on [Energinet, 2020c].

Due to the properties and advantages of the di erent PtX products, they will likely all
play a role in the transition towards a climate neutral society. In the EU-Commissions
climate neutral scenarios, PtX is expected to cover approximately 21% of the nal energy
consumption in 2050. Consequently, the EU-Commission has made a hydrogen strategy
which states sub targets for electrolysis capacity in 2024 and 2030. These are, respectively
6 GW in 2024 and 40 GW in 2030.

As the electricity price greatly in uences whether or not PtX will be economically feasible,

it is expected that the technology will develop in Denmark, as the large share of wind
power in the Danish electricity mix results more hours with low electricity prices.

The Danish government has not currently made any concrete PtX strategy or political
plan. However, several large industrial organisations have made various recommendations
to the government. According to Dansk Energi [2020], the government should aim for an
electrolyser (EC) capacity of 0.5 GW in 2025 and 3+ GW in 2030. Brintbranchen [2020]
suggests an EC capacity of 1 GW in 2025 and 6 GW in 2030. Even though the government
has not made an o cial PtX strategy, Danish Energy Agency [2020] still expects the EC
capacity to increase to 250 MW in 2025 and 1 GW by 2030.

Both Dansk Energi [2020] and Brintbranchen [2020] have stated recommendations for how
the government should form their PtX strategy, in order to reach the desired capacities
within the time frame. According to Dansk Energi [2020], the PtX industry is limited by
the PtX paradox, illustrated in Figure 1.2.
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Figure 1.2. The PtX industry will be competitive once production has scaled up, but to reach
economy-of-scale, the demand has to rise. However, the demand is only expected
to rise once the PtX products are competitive, hence the paradox. [Dansk Energi,
2020]

From Figure 1.2 it can be understood that the PtX industry will not become
market competitive before it has achieved the bene ts associated with economy-of-scale.
Consequently, Dansk Energi [2020] recommends that the government grants economic
subsidies to kick-start investments and development in the industry.

According to Brintbranchen [2020], the current tari structure is made for a fossil based
system, meaning that a key element in the framework conditions is lacking behind. Dansk
Energi [2020] concurs and states that the magnitude of the current tari does not equate
to the expenses actually caused by ECs in the grid. The TSO Energinet also mentions
in their assessment of barriers for PtX plants, that exible tari s should be available for
exible loads, such as ECs [Energinet, 2020c].

The cost associated with prodction of green hydrogen, which is hydrogen produced from
ECs, can be seen in Figure 1.3. Here it can be seen that tari s account for a signi cant
part of the expenses in the production of green hydrogen, which underlines the importance
of the tari s.
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Figure 1.3. The cost associated with green hydrogen production in Denmark, as estimated by
Dansk Energi [2020].

Neither Dansk Energi [2020] nor Brintbranchen [2020] states how the tari should be
structured, but merely points to the fact that it must be restructured for PtX to become
competitive. A new tari product with limited security of supply has been proposed
by Energinet. According to Energinet [2020a], this tari is made as a response to the
customers need for a tari that addresses more exible consumers. These customers
include, amongst others, the district heating sector and the PtX sector. They argue
that, given their exible nature, the marginal costs of supplying them are lower than
traditional customers and therefore tari should re ect that. Energinet [2020a] do agree
that the marginal costs are lower for the customers, but only if they do not have the
same security of supply as traditional customers. Hence, the new tari product gives
Energinet the possibility to regulate the costumers consumption in order to balance the
transmission grid. Energinet [2020a] does not specify how often the costumer can expect
to be down-regulated, nor do they guarantee a minimum number of full load hours (FLH).
Energinet states that it would, for both Energinet and the costumer, be bene cial to place
the consumption at grid connection points where the likelihood of being down-regulated
by Energinet is lowest.

On another note, Energinet [2020b] points to the fact that large exible loads strategically
placed in the grid can potentially stabilise grid loading and allow higher RE capacity to
be integrated in the system without the need for grid reinforcements. However, this will
be dependant on how distributed this RE capacity is and how exible these loads are.

1.2 E-fuel demand and cost predictions

As of now, e-fuels are still more expensive than their fossil-based counter parts. According
to Dansk Energi [2020], green hydrogen is approximately two times more expensive than
grey hydrogen, which is fossil-based. As hydrogen is a key building block for all e-fuels,
this price di erence has a ripple e ect for all e-fuels. However, the price of green hydrogen
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is expected to become competitive, if key factors fall into place:

~ Utilisation of excess heat for district heating.

" Changes in the tari structure.

" E ciency of ECs improves.

" Increased number of hours with low electricity prices.

By their most optimistic estimations, Dansk Energi [2020] expects cost parity between blue
hydrogen (fossil-based with carbon capture and storage) and green hydrogen by roughly
2026. Furthermore, cost parity between fossil based grey hydrogen and green hydrogen is
expected by 2030. These cost predictions can be seen in Figure 1.4.

Figure 1.4. Cost development of blue, grey and green hydrogen, as predicted by Dansk Energi
[2020].

However, if a CO,-tax of roughly 1500 DKK per ton CO;, is implemented, like Klimaradet
[2020] suggests, the price of grey hydrogen would increase by approximately 13.5 kr. per kg
hydrogen (given 9 kg of CQ-eq per kg of grey hydrogen [Dansk Energi, 2020]). Meaning
that cost parity would happen earlier.

If the market is to decrease the price of PtX products on its own, it is, according to the
PtX paradox, essential that the demand for PtX products rises to drive the development
of the industry.

Considering the use of ammonia and methanol as fuel for shipping, Dansk Energi [2020]
expects that there there will be a steady transition towards ammonia and methanol until
2035. However, from 2035 to 2045 a surge in the utilisation of ammonia and methanol is
expected for shipping worldwide. This development can be seen in Figure 1.5.
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Figure 1.5. Expected share of global shipping covered by ammonia and methanol. [Dansk Energi,
2020]

As seen in Figure 1.5 the demand for PtX products is expected to rise, even though the
current tari structure and the PtX paradox should limit development. In Denmark several
companies have published plans to construct large EC plants. According to Ingenigren
[2021], there are already projects in the pipeline with a collected EC capacity of around
4.55 GW by 2030.

By considering the large-scale EC projects already in development, the EC capacity will
be 4.55 times larger than the projections made by the Danish Energy Agency in 2030.

As mentioned, EC based PtX products are essential to reach the desired emission reduction,
thus it is of great importance that the industry takes charge in this situation, as there is
lack of governmental plans for development of PtX.

However, the mismatch between the industries plan for PtX development and the
governmental expectations for development can result in various issues. If the projections in
expected EC capacity is underestimated by the Danish Energy Agency, then the electrical
transmission grid and the energy system might not be able to accommodate large-scale
ECs, as the TSO Energinet follows the predictions laid out by the Danish Energy Agency.
As it can take up to ten years to connect plants and upgrade new transmission grid capacity,
this can potentially delay PtX development, and ultimately hinder the ability to reach the
70% reduction goal by 2030. [Energinet, 2020d]
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1.3 Problem formulation

In the problem analysis it has been stated that direct electri cation of all sectors, can only
cover 40-60% of the end energy demand. The remaining energy demand must be covered
by fuels and gasses. It has been found that the these fuels and gasses can be produced
through the use of EC based PtX. Therefore, it has become clear that developing PtX and
increasing the EC capacity is essential to achieve the 70% CQeduction goal and become
climate neutral. However, the government have yet to make a national PtX strategy or
action plan.

For PtX to become market competitive it must break free from the PtX paradox, which
can either be achieved by a large demand or by changing the framework conditions to help
the technology become economically viable. The industry is expecting the authorities to
make the necessary changes to the framework, in order to ensure economic feasibility for
PtX projects in Denmark [EnergiWatch, 2021], and as PtX is essential to reach the 70%
CO; reduction goal, it is adamant that these changes are made.

ECs are the building block of PtX-based e-fuels and gasses and they are consequently
identi ed as key enablers for evolving the PtX industry. However, it was found that there

is a signi cant mismatch between EC capacity projected by the Danish Energy Agency
and the already planned capacity by the industry, as companies have plans to construct
around 4.55 GW of EC capacity by 2030.

This mismatch can result in issues accommodating large-scale ECs both in the energy
system and the electrical transmission grid.

According to Dansk Energi [2020], another obstacle for PtX development is the current
tari structure, which they state is not cost genuine for EC plants. Energinet has proposed
a new tari product with limited security of supply, however the product does not entail any
clear guidelines for the likelihood of down-regulation. Moreover, it also became evident
that large exible loads, such as EC plants, can potentially stabilise grid loading and
increase RE integration. This means that from an energy system and transmission grid
perspective, EC plants can be both a benet and a burden depending on how they are
integrated. Ultimately, it can be understood that an assessment of how EC plants could
be integrated in the transmission grid in a manner that is bene cial for both the energy
system and the transmission grid, is needed. Finally, the following research question is
formulated:

"How should large electrolyser capacities be integrated in Danish
transmission grid and energy system, from a technical point of view, while
still complying with the 70% CO  , reduction goal of 2030?"

Underlying research questions:

How do large-scale electrolysers aect the dispatch and capacities of electricity
production, consumption and storage units in the energy system?

~ How do electrolyser plant locations and capacities impact transmission grid loading,
and how should electrolysers be integrated in the transmission grid to minimise these
impacts?
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1.3.1 Delimitation

The following outlines the aspects of the subject which are delimited from being assessed
in this thesis.

The economic value of EC produced hydrogen and PtX products is not covered in this
thesis, as this is not within the scope of this thesis.

In this thesis it is chosen to delimit from presenting the impacts of ECs on the heating
sector in detail. This is done in order to reduce complexity of the analysis and allow for a
deeper analysis of the impacts of ECs on the electricity sector. It should however be noted
that electricity consuming heat production units, such as electric boilers, are accounted
for in the analysis, but only from an electrical point of view. Following the logic described
above, surplus heat from ECs is not considered.

Gas infrastructure and storage perspectives are not considered in this thesis, as this will
drastically increase the complexity of the analysis, and thereby not allowing enough of the
limited resources to be spent on the key issues investigated in this thesis. The same goes
for CO; infrastructure and storage, which are not considered in the analysis for the same
reasons.

The transmission grid analysis conducted in this thesis is only conducted for DK1 (western
Denmark). Thereby, a delimitation from DK2 (eastern Denmark) is made. This is partly
done because the EC capacity is expected to be higher in DK1, but also because the RE
potentials are signi cantly higher in DK1. Hence, the it is deemed more important to
investigate the e ects in DK1.




Research design

This chapter is used to explain how the thesis is structured. Furthermore, it is used to
describe how the research design, developed in this thesis, is used to answer the research
qguestion. The purpose of this chapter is to describe the train of thought used to answer the
research question.

To answer the research question a research design has been developed. This research design
entails the theory, methods and analyses that are needed to answer the research question
and underlying research questions.

As the intention of this thesis is to investigate the how large-scale ECs should be integrated
in the energy system and the transmission grid, several theories, methods and analyses are
needed. However, in any research it necessary to incorporate some literature searching
techniques before the research can begin. Consequently, it is essential to establish some
guidelines for how literature is obtained. Once these guidelines have been established,
scenarios that can be used to analyse and test the impacts of ECs in a future perspective,
must be developed. In order to develop relevant scenarios, scenario development theory
must be applied to a scenario development method.

Armoured with suitable scenarios, the methods for analysing how ECs should be integrated
in the energy system and transmission grid, must be developed. Planning theory is applied
to gure out how this long term planning problem of integrating ECs should be assessed.
Consequently, a theory section regarding planning theory is needed.

As technical analyses of the energy system and transmission grid can be executed with
countless combinations of detail levels and perspectives, it has been chosen to apply the
Adequate Level of Detail Theory. This theory is meant to guide the researcher to focus on
the necessary details, needed to complete the speci ¢ analyses.

When it comes to analysing the impacts of ECs on the transmission grid, data inputs
regarding electricity production and consumption are needed. To acquire these data,
an energy system simulation that optimises dispatch of electricity production and
consumption is needed. Consequently, an energy system analysis must be conducted
rsthand. Thus, this energy system analysis has multiple purposes. Initially, the analysis

is meant to gather information about how ECs impact dispatch, utilisation of RE and
investments in production capacity and storage. Secondly, optimal production and storage
capacities should be derived. Thirdly, hourly electricity production and consumption
patterns should be exported into a load ow transmission grid analysis.

Equipped with hourly production and consumption data, an analysis of how ECs are best
integrated into the transmission grid, from a technical point of view, can be conducted.
With the help of the adequate level of detail theory and a suitable load ow simulation
software, this analysis should help the researcher answer how ECs impact the transmission
grid in di erent scenarios and system con gurations.
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To ensure that both an energy system analysis and a transmission grid analysis can be
performed, it is not certain that all data can be obtained through literature. Thus, expert
interviews are needed. To achieve valid and reliable knowledge, these interviews should be
carried out based on interview theory and a de ned interview method.

Once all results, ndings and analyses has been secured, these should be discussed in
relation to the research question. Subsequently, the research question should be answered
in a conclusion.

Furthermore, it has been decided to state recommendations based on the ndings in this
thesis.

In Figure 2.1 an overview of the structure is given. Here it can also be seen where the
underlying research questions are answered, as well as where di erent methods are applied.

Figure 2.1. Overview of the research design used in this thesis.
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Theory

The purpose of this chapter is to introduce the theoretical framework used in this thesis.
Here the theoretical planning approach used is introduced, followed by the Adequate level of
detail theory. These theories are applied throughout the thesis.

3.1 Planning theory

When dealing with complex future goals or objectives, planning theory can be bene cially
used to reach these desired objectives. However, rstly a few de ning words on planning
should be spilled.

Overall, planning is concerned with obtaining speci c goals or expectations in a future
perspective through a planning process. Throughout the planning process several decisions
must be made based on various rationals. Depending on the future objective and planning
approach, these rationals can be both technical, economic, political, ethical etc.. [Holden,
1998]

For this thesis it can be said that the objective is to investigate how ECs can be integrated

in the transmission grid and overall energy system, as ECs are seen as essential enablers
for reaching the 70% CQ reduction goal in Denmark. Thus, integrating ECs is the actual
future goal. Therefore a theoretical planning approach is needed to ensure that ECs can
be integrated, while also ensuring that the integration is accomplished in a manner that is
technically suitable for both the transmission grid and the overall energy system.

From the given de nition of planning, it can perhaps be understood that di erent planning
theories are concerned with various parts of the planning process and the rationals used in
the process. Numerous planning theories exist, but Holden [1998] have summed recurrent
features of various types into four overall types. These types are brie y introduced in the
following.

Synoptic planning is an often technocratic long term top-down oriented approach, that
through data-based modelling seeks to nd one optimal solution to reach a future goal.
The general idea is that with enough data, all options can be investigated and barriers can
be overcome by analysing all paths to the desired future goal. A comprehensive total plan
is usually the outcome of a synoptic planning approach. The synoptic planning theory is
build on a positivistic scienti ¢ approach.

The incremental planning theory is in contrast to the synoptic planning theory, as

it originated from critique of comprehensive total plans, arguing that su cient data was
not always available and unforeseen changes in reality would alter framework conditions.
Consequently, the incremental planning approach utilises incremental steps to obtain an
overall change. Short term goals are continuously constructed over time, and these are
reached by continuously analysing the present situation. Thus, long term action plans are
not utilised, as incrementalism is an iterative process that keeps starting over, and bases
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actions on the present situation. This theory has also been referred to abe science of
muddling through

A third planning theory is more concerned with the planning process and decision making.
This is called advocacy planning and it is based on a consensus seeking approach,
where a multitude of societal groups and stakeholders are empowered to participate in
the decision-making process through individual spokespersons. Subsequently, the idea is
to choose actions based on the collected opinions, thus making all societal groups more
empowered during the planning process. With this approach the planner does not act as
a technical or economic expert, but rather as a facilitator of consensus seeking debate.
Lastly, democratic planning is introduced. This type focuses on moving the decision
making power closer to the citizens and holds the democratic principles above all else in
the process. [Holden, 1998]

As this thesis is concerned with assessing how large EC capacities can be integrated
in the Danish energy system and transmission grid, the objective can be denoted as a
rather technical one, which is assumed solvable with advanced system modelling tools,
guantitative data and technical analysis. Moreover, this assessment of EC integration has
a longer time frame, as the objective of integrating ECs is build on the 2030 C®reduction
goal. Thus, an incremental planning approach is less suited for obtaining perspectives on
how the future objective can be solved. Moreover, it is not assumed that involving various
social groups or facilitating a democratic citizen process in the analytical part of the
EC assessment is bene cial, due to the technical nature of the objective. Consequently,
advocacy and democratic planning methods are not utilised in this project.

Finally, that leaves the long term analytical top-down oriented synoptic planning theory.
The assessment of EC integration in Denmark is therefore inspired by the approach of
the synoptic planning theory, as the approach is to shed light on various solutions for
integrating ECs, in the search of the optimal solution by utilising large data quantities
and analytical modelling tools. This approach is well suited for the purpose of this thesis,
as su cient analytical data and modelling tools are assumed to be available.

Even though the synoptic planning approach is utilised during the rst part of the energy
system planning approach, it is recommended that the subsequent decision-making process
is based on more democratic and citizen involving principles. Chapter 11 entails the nal
remarks of this thesis, which is a list of recommendations for how ECs should be integrated
in Denmark, and how the research should be taken further. These recommendations
are intended for decision-makers and stakeholders with interest in the subject of EC
integration.

As the research process in this thesis is inspired by the synoptic planning approach, this
thesis is build on technical energy system analysis and consequently focuses on technical
perspectives in relation to EC integration.

3.2 Adequate level of detail theory

In this thesis the theory regarding the adequate level of detail is applied. The theory states
that the researcher should only focus on the knowledge that is instrumental in order to
conduct the speci ¢ analyses needed to answer the research question [Hvelplund, 2001]. In
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this thesis it is desired to investigate how ECs should be integrated in the Danish energy
system and the transmission grid in a manner that is technically bene cial for both. As

a result, some speci c structures, which are deemed adequate for these analyses, is used.
The adequate structures needed in this thesis are as follows:

" Scenario development

The structure of the general energy system.
~ Structure of the transmission grid in DK1.

" The relevant time frame of the analyses.

The reasoning behind the selection of these structures is outlined in the following. Neither
the energy system analysis or the transmission grid analysis can be conducted without
developing scenarios that represents potential future energy systems with various EC
capacities. Hence, scenario development is adamant.

The structure of the general energy system refers to existing production, storage and
consumption units, electricity and heat demand. However, to conduct the intended analysis
of how ECs should be integrated, it is also essential to know the expected future structure
and the potentials for increasing capacities of production and consumption units in the
future. As the Danish energy system is integrated in an international system, the structures
of the neighbouring energy systems are also needed. These structures are essential to
perform the intended energy system analysis.

The structure of the transmission grid of DK1 refers to the electrical properties of the
cables and overhead lines in the transmission system. This structure is essential, as it is
the basis of assessing the impacts of how di erent EC capacities and locations impacts
the transmission grid. Without the structure of the transmission system in DK1, it is not
possible to assess how ECs can be integrated in the transmission system in a technically
viable manner.

The time frame of the analyses is of importance, as it will impact the technologies available,
electricity and heat demands as well as the composition of the energy system.

These structures and how they are used in this thesis are further explained in Chapters 4,
5 and 6.
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General methods

This chapter presents a series of methods that are essential to investigate the research
guestion and construct adequate methods for detailed technical analyses needed to answer
the research question.

In order to assess how ECs impact the energy system and transmission grid, a series of
methods are needed to ensure valid and useful technical analyses. In this chapter broader
methods regarding literature searching, interviews and scenario development are presented.
The methods for conducting both an energy system analysis and a transmission grid
analysis are presented in separate chapters later.

Literature search techniques are useful to obtain the relevant knowledge needed, in order
to properly conduct the analyses in this thesis. Interviews are needed to obtain knowledge
which cannot be derived from literature. Scenario development is of importance, as it
allows for analysis of multiple possible futures.

4.1 Literature search techniques

Literature search techniques are used to obtain knowledge in the form of material and
raw data. Therefore, these techniques are of importance in this thesis. Firstly, a brief
introduction to the two types of sources is given.

Primary sources is a term used to describe data obtained directly from rst hand sources,
such as expert interviews, maps, etc. In this thesis primary sources include expert
interviews, correspondence and raw data obtained from e.g. Energinet. [University of
Southern California, 2021a]

The term secondary sources refers to data sources that describe, or present matter which
was originally presented elsewhere. This also includes data obtained from literature reviews
of existing literature. [University of Southern California, 2021b]

In this thesis, knowledge is obtained through both primary and secondary sources, among
these various material is gathered. This material includes: books, research articles,
governmental reports, organisational report and interviews. To nd potentially relevant
material, search words include e.g. electrolysers, PtX, load ow analysis, RE development,
Balmorel, RE potentials and transmission grid. When the sources found during the initial
search have been read and central points and arguments are located, a chain search is
carried out. In the chain search sources of interest, referred to in the initial literature, are
identi ed and read, as they may provide valuable information not presented in the initial
literature. [Emrald Publishing, 2021]

As the Danish energy system is constantly evolving, attention is also given to the publishing
data of the material which has been identied as relevant. It is especially important
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that literature regarding the transmission grid structure and analyses hereof is updated,
as the transmission grid is constantly evolving. Furthermore, attention is given to the
author(s) of the literature. Material from authors with commercial interests in a subject

or organisations with an obvious political agenda is taken with a grain of salt, while articles
or reports from esteemed sources are generally deemed more trustworthy. As this thesis
includes modelling of the Danish energy system and the transmission grid, raw data and
information regarding technologies and systems is needed. This data is essential for the
reliability of this thesis, thus it is obtained from trusted sources such as the Danish Energy
Agency [2021d] in the form of both primary and secondary sources. [Aarhus University,
2021]

These literature search techniques were also used during the problem analysis, as many
di erent paths were investigated.

4.2 Interview method

As mentioned above, interviews are in this thesis utilised to obtain knowledge that
cannot be obtained through literature. Therefore, a method for conducting interviews
is developed.

In order to conduct an interview, it must be considered what type of interview is relevant,
for the interview which is to be conducted. Here three interview structures are considered.
First o is the unstructured interview. In this type of interview the questions are not
predetermined. Thereby, the interviewer can decide the questions as the interview unfolds.
In contrast, the structured interview o ers little room for the interviewer to alter questions

as the interview unfolds, as this type of interview is reliant on a set of predetermined
questions, which are asked exactly as predetermined [Brinkmann og Tanggaard, 2010].
The semi-structured interview is exactly what the name suggests. It allows the interviewer
to have a set of predetermined questions, but also o ers the opportunity to deviate from
these questions, in order to ask questions which might arise during the interview. Here the
predetermined questions are used more as a guideline than a xed structure. According to
Brinkmann og Tanggaard [2010], this requires the interviewer to have su cient knowledge
about the eld in which the interview is revolving.

In this thesis, it is decided to conduct the interviews as semi-structured interviews, as this
interview type allows the interviewer to make new relevant or follow up questions, that
arise during the interview. Furthermore, it still o ers a chance to have some predetermined
guestions, which can be helpful in order to keep the interview on the right track.

In this thesis an interview is conducted with Maria Broe, who is a project leader at the
grid planning department at Energinet. The interview is conducted in order to obtain
additional knowledge about Energinets perspective regarding ECs and PtX, points of
connection for o shore wind power plants in DK1, and capacities of overhead lines and
cables. A summary of the interview can be seen in Appendix A, while the full interview
can be found in Appendix B.
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4.3. Scenario development

4.3 Scenario development

Predicting the future energy system is hard, if not impossible due to the high degree
of complexity and uncertainty. These uncertainties are caused by a number of di erent
factors, among these are policies, public opinion and technical developments. Therefore,
this thesis does not attempt to predict the future, instead scenarios are developed and used
for the analysis. Figure 4.1 illustrates how scenarios exist in the space between predictions
and speculations, on a scale of complexity and uncertainty.

Figure 4.1. Scenarios plotted on a scale of uncertainty and complexity. [Ash et al., 2010]

According to Ash et al. [2010], scenarios can be utilised when investigating systems with a
high degree of complexity and uncertainty, as they do not predict the future. Instead they
provide a range of possible futures, hence allowing for analysis of di erent possible futures.
Ash et al. [2010] de ne scenarios a$plausible and often simpli ed descriptions of how the
future may develop based on a coherent and internally consistent set of assumptions about
key driving forces and relationships"

In this thesis the scenarios are developed based on di erent assumptions, estimates and
predictions. Due to the complexity and uncertainties of both the composition of the energy
system, but also the degree of EC implementation, it is chosen to make two di erent energy
system scenarios, and three sub-scenarios in which the EC capacity is varied. All scenarios
are simulated and analysed in a 2030 perspective, as this is the time frame of the 70% £0
reduction goal.

4.3.1 Energy system scenarios

Here the two energy system scenarios are presented and the reasoning for choosing the
scenarios is outlined. These scenarios govern the amount of onshore and o shore wind
power, as well as photovoltaic (PV) capacity in the energy system. The conditions can be
found Section 5.2.

According to Energinet [2020b], it is of great importance for the stability of the energy
system and transmission grid, whether there is a large penetration of distributed onshore
RE units, such as PVs and onshore wind turbines, or if the RE units are o shore-based,
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as is the case with o shore wind turbines.

Energinet [2020b] states that larger quantities of o shore wind could potentially be
integrated without increasing grid loading, if large exible loads are placed at the point
of connection for o shore wind power plants. These exible loads, such as ECs, could
potentially utilise excess electricity. Thus, increasing domestic utilisation of uctuating
RE, without necessarily increasing grid loading.

To address the pros and cons of implementing various EC capacities in a system based
on distributed onshore RE, and a system based on o shore wind, both an onshore and an
o shore energy system scenario are developed and investigated.

The exact RE capacity requirements and potentials of these two scenarios are expanded
upon later, and can be found in Table 5.4.

The o shore scenario is based on Danish Energy Agency [2020], henceforth referred to as
AF20, which entail a signi cant quantity of o shore wind, as current political plans have
pledged to construct two o shore energy islands and increase the o shore wind production
drastically [Danish Energy Agency, 2021a]. As this scenario is based on current political
plans, it can, to a certain extent, also be considered as a reference scenario.

In order to construct a more explorative scenario, an onshore scenario with increased
onshore RE potentials is developed. This is decided in order to address the pros and
cons of implementing various EC capacities in an energy system with a higher onshore RE
capacity.

In order to adhere to the 70% reduction goal of 2030, each of the scenarios must have a
maximum allowed CO, emission. According to Regeringens klimapartnerskaber - Energi-
og forsyningssektoren [2020], the C@limit for for the utility sector equates to 1 Mt.
Therefore, this limit is used to represent the 2030 goal of 70% reduction in this thesis. As
a result, all scenarios must adhere to this limit.

4.3.2 EC scenarios

Here the three di erent EC scenarios are presented. These three scenarios are sub-scenarios
for the energy system scenarios described before. This means that all EC scenarios, are
simulated for each energy system scenario.

EC-AF20 In this scenario the EC capacity presented by Danish Energy Agency [2020],
is used. They estimate a total EC capacity of 1 GW by 2030, with a capacity distribution
between DK1 and DK2 of 60% in DK1 and 40% in DK2.

EC-Medium In this scenario the EC capacity is based on the recommendations made by
Dansk Energi [2020]. They recommend a total EC capacity of 3 GW by 2030. Again the
distribution between DK1 and DK2 is based on Danish Energy Agency [2020].

EC-High Here the EC capacity is based on the recommendations made by Brintbranchen
[2020]. They propose a total EC capacity of 6 GW by 2030. Just like the other scenarios,
the distribution between DK1 and DK2 is based on Danish Energy Agency [2020].

The stated capacities for the three EC scenarios refer to the ECs electrical consumption
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capacity. In order to give an overview of the scenarios and their relation to one another,
Table 4.1 provides a more visual representation of these relationships.

Table 4.1. The scenarios and sub-scenarios in relation to one another.
Scenarios \ Onshore O shore
Sub-scenarios EC-AF20 EC-AF20

EC-Medium EC-Medium
EC-High EC-High

In order to properly analyse the impacts of implementing ECs in the Danish energy system
and transmission grid, more speci ¢ methods are developed for both analyses. These
methods are presented in Chapter 5 and 6.
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Method for energy system
analysis

The purpose of this chapter is to develop a method for the energy system analysis conducted
in this thesis. Here an adequate modelling software for the analysis is chosen, and the
working principle of the model is described. Furthermore, di erent assumptions used for
the analysis are described.

As mentioned in Chapter 4 an energy system analysis is carried out, to obtain knowledge
about the impacts of integrating di erent EC capacities in two energy system scenarios.

Furthermore, it is the purpose of the energy system analysis, to obtain hourly production

and consumption patterns, which can be used in a power ow model, to investigate the

impacts of ECs on the transmission grid in DK1.

In this section the methods for setting up and executing this energy system analysis are
presented.

According to the synoptic planning approach, which was chosen to investigate the planning
objective of integrating ECs in a technically bene cial manner, sophisticated modelling and
guantitative data should be utilised to nd optimal solutions. Consequently, an adequate
energy system modelling software must be selected.

5.1 Selecting an adequate energy system modelling software

To help choose an adequate modelling tool some key analysis parameters of the energy
system analysis are dened. These parameters are used to assess the impact of
implementing EC plants in di erent energy systems scenarios. These parameters are listed
in the following as questions that, with the help of an an adequate energy system simulation
tool, must be answered:

How does di erent EC capacities impact the energy system composition with regard
to installed power production capacities?

How do EC plants impact consumption and production dispatch in the the energy
system?

To which extent can ECs mitigate the need for electricity storage in various energy
system scenarios?

How are EC plants dispatched over the course of a year?

In which way are electricity prices impacted by implementing EC plants?

What happens to the electricity import/export balance when ECs are integrated in
various energy system scenarios?

Can the 70% CGQ reduction goal for 2030, be realised when di erent EC demands
must also be satis ed?
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Based on the listed analytical questions, a range of criteria for an adequate energy system
simulation tool have been developed. These criteria are listed in the following:

The modelling tool must be able to simulate the dispatch of the electricity and
heating utility sector, including the operation and dispatch sector coupling units,
such as EC, electric boilers and heat pumps.

To ensure that energy systems with various constraints, policies and EC demands
are constructed and operated adequately, the modelling software must be able to
make investments and nd optimal capacities for the energy system.

To enable the use of hourly production and consumption data, in the transmission
grid analysis, the simulation tool must at least be able to simulate using an hourly
time resolution.

The tool must be able to simulate electricity transmission between neighbouring
countries, as international electricity transmission is an important part of the
operation of the Danish transmission grid.

To increase understanding of the energy system impacts of ECs, the modelling
tool must generate hourly electricity prices based on the energy system setup and
operation.

Based on the above mentioned criteria multiple energy system modelling tools are assessed.
These include: EnergyPRO, EnergyPLAN, Balmorel and Homer Pro.

While Homer Pro also has the ability to make investments and optimise dispatch. Homer
Pro is made for modelling systems with a unit speci ¢ detail level, such as specic wind
turbine models. The model is primarily used for microgrids and smaller energy systems
[Homer Energy, 2021].

The EnergyPRO modelling software has a detailed optimisation of both heat and power
dispatch. EnergyPRO is a strong tool in terms of optimising dispatch from a business-
economic perspective, but it can not optimise capacities for production and consumption
units. [EMD, 2021].

The EnergyPLAN software is able to simulate larger national energy systems with
international electricity transmission. However, EnergyPLAN was not made to nd
optimal capacities for production units [EnergyPLAN, 2021].

Balmorel is chosen, as it is a solver-based partial equilibrium model, with the ability
to optimise capacity investments and dispatch of both the power and heating sector of
an international energy system, while accounting for specic economic, technical and
environmental policies. Based on the GAMS modelling language and various powerful
solvers, the tool calculates the lowest-cost solution for capacity investments and dispatch,
while still complying with the demands of the energy sector, and adhering to e.g. capacity
or fuel consumption restrictions and policies such as RE targets. [Balmorel, 2021]

Larger international energy systems can be modelled as national, regional, and area systems
interconnected with energy transmission. Electricity and heat markets are represented in
the model, where heat and electricity prices can be calculated, down to hourly values,
under the assumption of perfect competition. The assumption of perfect competition,
also means that the model assumes that producers bid at marginal costs. Furthermore,
it should be stated, that large CHP steam-turbine units also have dedicated set of unit
commitment values e.g. minimum production, start-up cost, shut-down cost, minimum
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down time and ramp rates. These are essential to ensure a proper representation of large
CHP units in the model. [Ea Energy Analysis, 2021b]

The model is versatile and completely open-source, thus additional modules and alterations
can be made to the source code. Consequently, the model has been developing constantly,
since it was released by Hans Ravn in 2001 [Wiese et al., 2017]. Balmorel has been used for
supporting energy system related projects in over 35 countries, with geographical scales
varying from small island systems in Indonesia to the entire European energy system.
This is possible as there is no formal limit on the amount of data inputs, such as countries,
regions, fuel types, technologies, etc.. [Ea Energy Analysis, 2021b]

According to Balmorel [2021], Ea Energy Analyses is the leading commercial company that
uses the Balmorel model for providing support and consultation of energy system related
projects. Ea Energy Analyses has, for this thesis, provided access to the GAMS software, a
CPLEX solver, a powerful server and their highly detailed version of the Balmorel model.

5.1.1 The Balmorel model working principle

Being an open source model that has been developing for over 20 years, it is safe to say
that there are many versions of the model, with even more extra modules that can be
included. However, the operational principle of the models is the same, and can be found
in Figure 5.2 on page 25.

A range of exogenous data inputs are needed for the model to run. Before these inputs
are explained, it is important to know that the model optimises one year at a time, with

a speci ed time step interval in each year. In the following, a list of common exogenous
input data are speci ed. [Ea Energy Analysis, 2021b]

~

Demand prognoses speci es all demands for all simulated years in all regions and
areas. These demands are e.g. heat demands, electricity demands, EC demands, etc.
Technology data contains technical, economic and environmental data about both
speci ¢ and generic units. Data for speci ¢ units, e.g. for Danish waste plants, are
speci ¢ for the individual plants, whereas data for generic units are obtained from
the Technology Catalogues by Danish Energy Agency [2021b].

Generation capacities provides the model with xed annual generation and storage
capacities for each simulated year. Existing and planned capacities for e.g. heat,
electricity, ECs and storage can be speci ed here.

Generation investment options states the investment options for generation and
storage units. Here the options for which production and storage units the model
can invest in, are speci ed for each simulated year. These units are mostly generic
units from the Technology Catalogues by Danish Energy Agency [2021b].
Transmission capacities and losses contains data regarding existing and planned
transmission capacities and their losses.

Transmission investment options speci es the economic investment options for
transmission capacity. Which geographical areas that can be interconnected and in
which simulated years, can also be stated here.

Policies can be specied for all geographical areas in the model. These policies
can include capacity and fuel use restrictions or minimums, C@ emission targets,
renewable energy shares, full load hour requirements, etc.
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" Fuel data and prices, taxes, CO , prices, etc. These inputs contains information

about prices, energy content and emissions from fuels. Furthermore, data regarding
taxes and tari s can be speci ed here.

Weather data Contains all weather data for areas, which is used to calculate
electricity and heat generation from uctuating production units.

Another important aspect to understand about the Balmorel model, is the geographical
representation in the model, as three di erent geographic entities exist. An illustration of
these geographical dimensions in Balmorel can be seen on Figure 5.1.

Figure 5.1. Geographical representation in Balmorel. Ea Energy Analysis [2021b].

In the following list the use of the three geographical entities is elaborated:

" Countries are the largest geographical entity and are mainly used to de ne national

policies and goals.

Regions are contained inside countries, thus national policies also apply to regions.
However, regional policies can also be specied. Furthermore, fuel data and costs,
taxes and CQ, prices can also be speci ed for both individual countries and regions.
Electrical systems are represented on a regional scale, meaning that congestion does
not occur inside a region. Thus, electrical demands are speci ed on a regional level.
Regions can be interconnected allowing electricity transmission between regions.
Areas are contained inside regions, meaning that national and regional policies
also apply to areas. Areas are used for the representation of data that in uences
generation units, as variation pro les for wind, solar and hydro are represented on
an area level. Heat demands are speci ed on an area level.

As exogenous input parameters and geographical dimensions have been elaborated, the
overall operational principle of the model can be explained. Firstly, a visualisation of
Balmorels operation principle can be seen in Figure 5.2.
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Figure 5.2. Operational principle of the Balmorel model. Based on Ea Energy Analysis [2021b].

From Figure 5.2 it can be understood that once exogenous input parameters are loaded, the
model balances demands from all geographical dimensions, while simultaneously optimising
dispatch and investment costs. It is important to know that Balmorel has full foresight
within each simulation year, meaning that all demands, weather prognoses and other
pro les are known. This allows Balmorel to nd the optimal dispatch and investment
solution. This approach is in line with the synoptic planning approach that was chosen for
this analysis in Section 3.1. However, in reality operators do not have full annual foresight,
hence dispatch might in practice deviate.

Once the least-cost solution has been found, unit capacities, electricity prices, transmission
data, dispatch, economic and environmental data etc. of the least-cost solution is stored.
Any errors or warnings are stored. After data is stored, it can be loaded for analysis.

5.2 Populating the Balmorel model for this thesis

In this section, the methods and speci c inputs used in the Balmorel energy system analysis
in this thesis are presented.

25



Group SEPM4-1 5. Method for energy system analysis

5.2.1 Time resolution setting

As stated in the overall method for assessing EC plants in uence on the transmission
system in DK1, it is necessary to obtain hourly dispatch simulations from the energy

system analysis, as hourly simulations are investigated in a power ow model subsequently
to the energy system analysis. Thus, the time resolution of the model should be set to
one hour. However, Balmorel operates with two time units, seasons and timesteps. The
maximum number of seasons is 52, roughly matching the number weeks in a year. For
timesteps the maximum is 168, matching the number of hours in a week. Combined it

gives Balmorel a maximum time resolution of 8736 hours annually. This time resolution is

used in this thesis.

5.2.2 Simulated countries

As this analysis seeks to simulate and assess the impacts of integrating various EC
capacities into the Danish energy system and transmission grid of DK1, it has been deemed
adequate to include the countries to which Denmark has electrical interconnections. Thus,
Sweden, Norway, Germany, Netherlands and Great Britain are included in the simulation.
A graphical illustration of the simulated countries and interconnectors in the model can
be found in Figure 5.3.

Figure 5.3. Simulated countries and interconnections in the Balmorel model of this thesis. [Ea
Energy Analysis, 2021b]
5.2.3 Main data inputs and policies

As illustrated in Figure 5.2, a list of data inputs and model restrictions should be de ned
exogenously.
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Ea Energy Analysis [2021a] has, for this thesis, provided a Balmorel model that is
continuously updated with relevant solar and wind data, projected electricity and heat
demands, projected technological developments, policies and RE potentials for the
simulated countries. The provision of a populated model has been a tremendous help for
this thesis, as the populated model includes speci ¢ data regarding demands, production
and storage units, weather data, etc. on detail levels down to specic district heating
(DH) grids and areas of the simulated countries. As several countries are simulated,
the amount of data required to populate this model is signi cant. Consequently, the
provisioned Balmorel model has enabled this thesis to save time and focus more thoroughly
on combining the energy system model with the load ow model. Furthermore, it also
allowed allocating more time to verify data inputs for the Danish energy system, model
EC dispatch and construct useful scenarios for EC integration.

It has been chosen to delimit from making a deeper analysis of how each neighboring
country's energy systems are composed and simulated, as the purpose of including
neighboring countries in the analysis, is mainly to allow the transmission of electricity,
which is why this delimitation is deemed adequate in regards to the adequate level of
detail theory described in Section 3.2.

The electricity consumption from various demand types for each country can be found in
Figure 5.4. Electricity consumption from ECs is not included as this is specic for each
EC scenario. The electricity consumption from the heating sector is not exactly similar for

all scenarios, as Balmorel chooses whether the demand is supplied by e.g. electric boilers
or heat pumps, which have di erent e ciencies.

Various Danish electricity demands are based on AF20 by Danish Energy Agency [2020],
whereas electricity demands for Sweden, Norway, Netherlands, Germany and Great Britain
are based on ENTSO-E [2018].

Figure 5.4. Electricity consumption per country in 2030.

The initial composition of electricity generating units in each country split on source,
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can be found in Figure 5.5. This is the initial capacity inserted into the energy system
model. Balmorel is allowed to decommission units during investment optimisation. Data
for existing production and storage units in the model are based on ENTSO-E [2018],
AF18 and AF20 and Ea Energy Analyses' own projects and internal data.

Figure 5.5. Initial 2030 power production capacity split on source.

Various other central input data for the Danish energy system can be found in Table 5.1.

Table 5.1. Input data for the Danish energy system.

Electricity DH DH Individual @) sh_ore
heat min
Year Area demand demand losses demand capacity
[TWh] [TWh] [TWh] [TWh] IMW]
2030 DK1 46.3 23.7 4.3 7.8 4017
DK2 24.6 16.6 3.1 5.1 3313

5.2.4 Investment and decommission settings

Balmorel is set to enable investments in generic technologies based on data from the
Technology catalogues by Danish Energy Agency [2021b]. As mentioned, Balmorel is
allowed to decommission existing storage and production capacity.

Balmorel is not allowed to invest in transmission capacity, as the main purpose of the
following load ow analysis (described later in Section 6), is to investigate the impacts of
EC plants on the existing and planned transmission grid.

According to Danish Energy Agency [2021b] onshore wind is cheaper than o shore.
Therefore, it is necessary to ensure that Balmorel does in fact invest in the o shore wind
power plants, which are politically approved, instead of covering the demand with onshore
wind power. In order to ensure this, a constraint is given for minimum o shore wind
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power capacities in DK1 and DK2. These minimum capacities are based on AF20 by
Danish Energy Agency [2020] and displayed in Table 5.2.

Table 5.2. Minimum capacities for o shore wind
Year Region O shore min capacity [MW]
DK1 4017
2030 DK2 3313

5.2.5 EC settings

To simulate the operation of EC plants, a demand which speci es how much the ECs must
be operated, must be given exogenously. This demand is referred to as the EC demand.

In Section 4.3 EC capacities for each EC scenario are given, and summed up in Table 5.3.
Based on predictions by Danish Energy Agency [2020], ECs are assumed to operate around
5000 FLH annually. Based on this prediction, the EC capacities from each EC scenario is
multiplied by 5000 FLH to obtain an annual EC demand. An example of the calculation

of EC demand is given in Equation 5.1.

ECdemand = ECcapacity 500Chours (51)

It is necessary to de ne the exibility of EC production in Balmorel, to allow plants to
utilise excess electricity production and low electricity prices. If exibility is not added
the EC operation is constant over the year with a xed consumption matched to annual
demand. On the other hand, full exibility over the course of a year might not yield the
most representative simulated operation either. This is because Balmorel has full annual
foresight, while plant owners in practice, only have limited foresight, as they hand in their
production plan to the spot market a day before, without knowing the exact electricity
price. [Nord Pool, 2021]

Flexibility can be added in Balmorel, by splitting annual demand into weekly bits, while
allowing ECs to operate 100% exible for each hour within each week, as long as weekly
demand is met. Thus, the division of annual EC demand into weekly bits reduces Balmorels
ability to make perfect dispatch, which in turn is assumed to yield a more realistic
production pattern. Consequently, this method of dividing annual demand into weekly
parts, is used in this thesis.

In Table 5.3 the most relevant Balmorel settings for ECs are displayed.

Table 5.3. EC settings for each EC scenario for Balmorel. Given for 5000 FLH, as estimated in

AF20.
DK1 DK2
EC scenario AF20 Medium  High | AF20 Medium  High
EC capacity [MW] 600 1800 3600, 400 1200 2400
EC demand [GWh] | 3000 9000 18000 2000 6000 12000
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5.2.6 Energy system scenario settings

As mentioned in Section 4.3, three EC capacities are analysed in two energy system
scenarios where RE potentials are varied. A main driver for making energy system scenarios
with various RE capacities to explore the impacts of integrating ECs, is that EC plants
have the ability to act as large exible loads. According to Energinet [2020b], this can
enable higher RE capacities to be bene cially integrated in the energy system, while also
reducing loading of the transmission grid. However, these bene ts vary depending on how
distributed the RE capacity is. Thus, both an o shore and an onshore scenario is made
to explore these e ects.

For both scenarios, RE potentials are given exogenously for onshore wind and PV. These
potentials dictate the maximum capacity that the model can install.

In the Onshore scenario RE potentials for onshore wind is based on Energinet [2015b].
This report investigates the technical onshore wind potential based on a levelised cost of
electricity (LCOE) comparison between onshore and o shore wind power. This is displayed
on Figure 5.6.

Figure 5.6. LCOE for onshore wind split between expenditures. [Energinet, 2015b]

In Figure 5.6 it can be seen that the technical maximum potential is estimated to be
around 13 GW. However, according to Energinet [2015b] the cost of expropriating increases
drastically after 12 GW. At around 12 GW the LCOE reaches o shore wind levels. It
has been decided to use 10 GW as the onshore wind potential for the Onshore scenario
of this thesis, to ensure that economic data from Danish Energy Agency [2021b] is still
representative.

The distribution of the onshore wind potential between DK1 and DK2 is based on the
expected distribution of onshore wind capacity in AF20. This distribution is approximately
85% - 15% for DK1 - DK2.

The Danish PV potential is estimated to 15 GW for the Onshore scenario, based on
Energinet [2020f]. According to Energinet [2020f] the PV potential is based on the capacity
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of potential PV projects, which in the beginning of 2020 was above 15 GW.

The distribution of the onshore PV potential between DK1 and DK2 is based on expected
PV distribution in AF20, where the distribution is approximately 2/3 - 1/3 for DK1 -
DK2.

In the O shore scenario RE potentials for PV and onshore wind are estimated by using the
highest expected installed capacity in AF20 before 2040. The reasoning is that if Danish
Energy Agency [2020] expects that a given capacity for a certain RE technology will be
installed, it is deemed plausible that this capacity can actually be installed in practice.
Even though requirements for o shore capacities are the same for both scenarios, it is
expected that the Balmorel model invests more heavily in o shore in the O shore scenario,
as the potentials for onshore wind and PV are limited in comparison to the Onshore
scenario.

In Table 5.4 the RE potentials for the two energy systems scenarios are given.

Table 5.4. RE potentials for the two energy system scenarios.
Onshore wind Onshore PV

Energy system

Year seenario Location max capacity max capacity
[MW] [MW]
Onshore DK 1 8500 10000
2030 Onshore DK 2 1500 5000
O shore DK 1 5608 5823
O shore DK 2 819 3484

5.2.7 Balmorel model operation settings

Balmorel has three modes of operation called BB1, BB2 and BB3. These are briey
explained in the following list.

" BB1 is used for annual optimisation of dispatch. No investment optimisation option.
" BB2 is used for annual optimisation of dispatch and investments.

BB3 is used for detailed hourly optimisation of dispatch based on inputs from BB1
or BB2. No investment optimisation option.

~

For this energy system analysis it has been chosen to utilise the BB2 model run for
optimisation of investments, and transfer the result data to a BB3 run, which is used
for detailed hourly dispatch optimisation.

This combination of model runs is utilised to ensure a detailed representation of hourly
dispatch, while also allowing Balmorel to optimise investments.

It should be stated that a detailed hourly optimisation requires large amounts of computing
power. Hence, this analysis could not have been completed without the provided server
from Ea Energy Analyses.
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Method for transmission
grid analysis

In this chapter the method used to conduct the transmission grid analysis are described.
Here a modelling tool for the analysis is chosen, and load ow analysis is introduced.
Furthermore, the development of the DK1 transmission grid model and the assumptions
used are described. Moreover, the EC locations used for analysis are introduced.

The aim of this analysis is to assess the transmission grid in a future perspective with
both increased electri cation and EC capacities. This aim of the analysis is to identify
any overloading in the transmission grid, for di erent energy systems and EC scenarios.
This analysis takes its point of departure from the scenarios presented in Section 4.3 and
the hourly consumption and production data of the energy system analysis, described in
Chapter 5.

6.1 Selection of modelling tool for grid analysis

In order to properly conduct the grid analysis, an adequate simulation tool must be chosen.
Therefore, a set of criteria for the modelling tool are developed. These criteria are listed
below:

" The tool must be able to conduct a load ow analysis, as this will allow for
identi cation of overloaded components in the transmission grid of DK1.

~ In order to obtain the most accurate results, the tool must be able to accommodate

the entire transmission grid of DK1. Based on Energinet [2021c] 100 busses are

needed to incorporate the transmission grid of DK1.

It is strongly desired that data for loads and power generation at each bus can be

setup in a manner that allows for simulation of multiple scenarios.

~

Multiple load ow analysis tools, such as PowerFactory and PowerWorld t the criteria
listed above. Both of the tools are leading in the eld and are used by Energinet [Energinet,
2021b]. However, due to previous experience with PowerFactory, this tool has been chosen
for the grid analysis in this thesis. In order to accommodate the entirety of the transmission
grid in DK1, a thesis license has been provided by DIg Silent.

6.2 Load ow analysis

In order to conduct an analysis of the transmission grid in DK1, it is important to
understand what a load ow analysis is. Therefore, a short introduction to load ow
analysis is given.

A load ow analysis can be carried out as an AC or DC model. In an AC load ow analysis
the voltage magnitude and the phase angle is calculated for each bus in the system. These
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calculations are done assuming a steady state condition, which is de ned by DIgSILENT
[2020] as a state in which all variables are assumed to be constant. When calculating the
load ow of an AC system simulation, the power ows of both active and reactive power
in the systems components are also calculated. As a result, the component loading and
losses can be calculated [Glover et al., 2016]. When performing a load ow analysis the
di erent busses in the system are split on three di erent bus types. These bus types are:

~ Slack bus: The slack bus is also called the reference bus, and is the bus that supplies
the power required to cover system losses. In a slack bus the known parameters are
the voltage magnitude and the phase angle, which are normally specied as 1.0 per
unit and O degrees, respectively.

PV bus: Also known as a voltage controlled bus, this bus has active power (P) and
voltage magnitude (V) as the known parameters. Generators are often regarded as
PV busses.

PQ bus: Also called a load bus, as it commonly used to model loads in the system.
The known parameters are P and reactive power (Q). PQ busses are the most
common busses in power systems.

In load ow analysis, transmission lines are represented using the nominal circuit, which
can be seen in Figure 6.1. Here Z is the line impedance and Y is the shunt admittance,
they can be expressed using the following equations:

z

R+ jX

1
Y==-=G+|B
7 J
Where R is the resistance, X is reactance, G is conductance and B is susceptance [Glover

et al., 2016].

Figure 6.1. Nominal model. Based on Glover et al. [2016].

If the excitation current is small compared to the rated current, the excitation current can
be neglected. Thereby, the reactive power required for core magnetisation and the core
losses can be neglected. Doing this and the equivalent transformer model shown in Figure
6.2 can be used. Her®eq is the resistance andXeq is the leakage reactance [Glover et al.,
2016].
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Figure 6.2. Equivalent transformer circuit. Based on Glover et al. [2016].

AC load ow models can provide more accurate results than DC models, however this
requires that Q compensation is correctly accounted for in the model. However, Q
compensation studies signi cantly increases complexity of the system. Furthermore,
convergence is not guaranteed.

In DC load ow models the equations for Q and V are neglected, by constant V magnitude
at 1.0 per unit (corresponding to nominal bus voltage) throughout the system. Assuming
that active line losses can be neglected and that sine of angles is the angle itself (in radians),
active power between bus j and k can be obtained using the following equation [Glover
et al., 2016]:

k
Xjk

_
ij—

For DC power ow the real power balance equations becomes linear and can be expressed
as follows:

P=-B

A DC load ow analysis o ers an approximate simulation of component loading in an AC
system, with no need for iterative computing. As the equations are linear in DC load ow,
the risk of convergence issues is mitigated, and the required computing power is decreased
[Glover et al., 2016].

The aim of the load ow analysis in this thesis is to analyse the component loading of
the transmission grid in DK1, based on di erent energy systems, EC capacities and EC
locations. As the focus of this thesis is to investigate component loading and not Q
compensation or voltage regulation, the transmission grid analysis is conducted using DC
load ow analysis. However, it is acknowledged that including reactive power would likely
increasing component loading. Thus, one could argue that when overloading issues are
found using a DC load ow analysis, an AC load ow analysis would likely yield even
higher loading.

According to DIgSILENT [2020], the DC load ow in PowerFactory is conducted using the
same assumptions as has been described above.
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6.3 Model development

In order to conduct the intended analysis, a model of the transmission grid in DK1 is
constructed. This model is constructed based on data from Energinet [2021c] and Figure
6.3, which represents the current transmission grid and approved alterations by 2025.
Energinet [2021c] represents a balanced load ow case of the Danish transmission grid for
2020.

Figure 6.3. The grid reference for 2025, as shown in Energinet [2020b].
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The dierent components, such as cables, overhead lines, transformers, production
and consumption units and DC interconnectors, shown in Figure 6.3 are inserted in
PowerFactory and assigned the parameters de ned in Energinet [2021c]. Some of the
components which are not yet in operation, are not speci ed in Energinet [2021c]. However,
in an interview with Maria Broe from Energinet (see Appendix A), some generic capacities,
which Energinet use in their simulations were disclosed.

For 400 kV overhead lines the rated current used is 2.4 kA, giving them a capacity of
roughly 1660 MW, while the rated current for 150 kV is 1.5 kA. However, as the rated
voltage of the cables are slightly higher at 165 kV, the capacity is approximately 425 MW.
By considering the data from Energinet [2021c], it can be seen that there is both a 400
kV line and a 150 kV cable with the exact dimensions described above. As a result, the
electrical parameters given per km for this line and cable, are used as the parameters for
the generic overhead lines and cables.

As multiple countries are simulated in the energy system analysis, described in Section 5,
the interconnectors to these countries also have to be included in the transmission grid
analysis. As a result, the interconnectors from DK1 to DK2, Norway, Sweden, Germany,
Great Britain and Netherlands are included in this model.

Import is modelled using generators and export is modelled as loads. In Table 6.1 an
overview of the interconnectors from DK1 is given. Here the country or region to which
DK1 is connected and the capacities of these connections are given.

As there are two 400 kV connections from DK1 to the German border. It is necessary
to make a proper distribution between these two connections. According to Energinet
[2021a], the new connection between Endrup and the German border will increase the
interconnection capacity between DK1 and Germany from 2500 MW to 3500 MW. In
order to adequately simulate this di erence between the two connections to Germany, the
total import/export capacity is multiplied with a distribution factor. This distribution

is obtained by dividing the specic connection capacity with the total interconnection
capacity. Consequently, 28.6% of import/export capacity from Germany is assigned to the
Endrup connection, while the remaining 71.4% is assigned to the connection in Kassg.

Table 6.1. Overview of the interconnections from DK1 as used for simulation in Balmorel.

Interconnectors Country/Region Capacity [MW]
COBRAcable Netherlands 700
German border Germany 3500
Konti-Skan Sweden 740
Skagerrak Norway 1632
Storebeelt DK2 600
Viking Link Great Britain 1400

In the paper by Energinet [2020€], the potential long term developments in the transmission
grid are outlined. However, most of them are associated with a high degree of uncertainty.
In this thesis, only grid reinforcements with a high certainty of being realised by 2030 are
included.

With the introduction of Thor wind power plant, expected by AF20 to be fully operational
in 2026. Energinet [2020e] expects that a 400 kV dual system between Endrup and
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Idomlund replaces the existing 150 kV line. To do so, changes must be done in order
to maintain an operational 150 kV grid in the area. Energinets potential solution can be

seen in Figure 6.4. In this thesis the line between Stovstrup and Askeer is not included in
the model, as Energinet [2020e] associate this connection with a high degree of uncertainty.

Figure 6.4. Changes in Vestjylland as proposed by Energinet [2020e].

As described in Section 6.2, it is necessary to choose a slack bus in order to simulate
the system. As DK1 is connected to Europe through Germany, it is chosen to use the
interconnection to Germany from Kassg as the slack bus in this model. This means that,
besides being an interconnector to Germany, this connection also supplies system losses at
all times.

6.3.1 Distribution of loads and generation in the transmission grid

In order to obtain useful transmission grid results, it is of importance to ensure that the
loads and generators are accurately distributed from a geographical point of view.

In Energinet [2021c], all consumption units are aggregated and assigned to each bus in
the transmission grid. Therefore, this data is used as a distribution key for the electricity
consumption in the di erent scenarios. However, this method is not considered adequate
for all loads. Consumption data for ECs and import/export is not distributed using the
distribution key for the general electricity demand from Energinet [2021c]. Moreover, im-
port/export is country speci ¢ and di er signi cantly for each hour in each scenario. Thus,
import and export data, obtained from the energy system analysis results, is individually
speci ed for each interconnection.

38



6.3. Model development

As mentioned, import is modelled as generators at busses of interconnection, whereas ex-
port is modelled as loads at busses of interconnection. Consequently, these loads and
generators supply the electricity import and exports at the given hour.

Similarly, using the distribution key from Energinet [2021c], generation units have been
aggregated and assigned to their respective transmission grid bus. This means that
production from various electricity generating units, such as PV, onshore wind and
decentral power plants, are aggregated before their production is fed into the grid. In
practice most generation units are aggregated in the same manner in the distribution grid
prior to the connection to the transmission grid. This method is considered adequate for all
land based production units, as it is assumed that any additional units will be distributed
in a similar manner as today. However, central power plants which will be decommissioned
by 2030, are removed from the data.

Central power plants

According to Danish Energy Agency [2020], the 357 MW block 4 at Studstrupveerket,
accounting for half of the total plant capacity, is scheduled for decommission when the
heat agreement for block 4 expires ultimo 2022. In order to account for this, half of the
production at Studstrupveerket is removed and distributed along other generators in DK1.
Esbjergveerket is also scheduled for closure primo 2023. Therefore, the production
from Esbjergveerket is also split on the remaining generators in DK1. Furthermore,
Nordjyllandsveerket is scheduled for decomission in 2028. Thus the same method is applied
to Nordjyllandsveerket.

O shore wind power plants

Due to their capacity, o shore wind power plants have a signi cant impact on the grid.
Therefore, it is necessary to consider the point of connection of the wind power plants.
As the cables connecting the o shore wind power plants to the transmission grid are case
speci ¢, they are assumed to be dimensioned correctly. Therefore, it is chosen to neglect
these cables and connect the o shore wind power plants directly to the point of connection
bus. During the interview with Maria Broe from Energinet (seen in Appendix A), the
points of connection for upcoming wind power plants were discussed. In the interview
Broe disclosed that Energinet conduct their analyses using the points of connection shown
in Table 6.2, for the o shore wind power plants, which AF20 expects after the introduction

of the energy island.

Table 6.2. Point of connection of extra o shore wind power plants, as used for analysis by
Energinet. Based on interview with Maria Broe from Energinet Appendix A.

Wind power plant Point of connection Capacity [MW]
Extra 1 Stovstrup 1000
Extra 2 Endrup 1000
Extra 3 [domlund 1000
Extra 4 Stovstrup 1000
Extra 5 Endrup 1000
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According to Energinet [2021e,d], Vesterhav Syd (170 MW), Vesterhav Nord (180 MW)
and Thor (900 MW), will be connected in Stovstrup, Idomlund and Idomlund, respectively
[Energinet, 2021e,d]. These wind power plants must also be taken into account when
making a distribution key for o shore wind power plants. Therefore, a distribution key is
developed using these and the o shore wind power plants shown in Table 6.2.

This distribution can be seen in Table 6.3. This distribution is used for any new o shore
wind power capacity invested in during the energy system optimisation. It is acknowledged
that the connection of the Energy Island could potentially alter this distribution. However,
according to Maria Broe, it is not yet decided where the Island will have its point of
connection, or if it will have multiple points of connection. Therefore, it is in this thesis
assumed that the Island will be connected with a similar distribution to what is seen in
Table 6.3.

Table 6.3. The distribution factor for new o shore wind power plants.
Location | Capacity [MW] Distribution

Endrup 2000 32%
Idomlund 2080 33%
Stovstrup 2170 35%

A spreadsheet with all distribution keys for loads and generators is constructed. In the
spreadsheet production and consumption values are assigned to generators and loads at
each bus. The hourly consumption and production data obtained from the energy system
analysis, is the input in this spreadsheet. The spreadsheet serves as a link between the
two analyses conducted in this thesis and can be found in Appendix C.

The PowerFactory model developed for this thesis can be seen in Figure 6.5. Here the
di erent interconnectors can be seen. Furthermore, the slack bus is marked by a red
dot. It can be seen that there are several round sites in the model. These sites represent
transformer stations between the 400 kv and 150 kV grid. Additionally, they are also used
to model cables and lines in areas with a high number of cables and lines. Hence, they can
be interpreted as a visual simpli cations. If one wishes to take a look inside these sites,
the full PowerFactory model can be found in Appendix D.
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Figure 6.5. The PowerFactory model developed in this thesis. The slack bus is marked by a red
dot.

In order to simplify and ensure that the reader can obtain an overview, all generators
and loads are graphically removed before the presentation of results, leaving only the
lines/cables which, are the main focus of this analysis. This simpli cation is used in Figure
6.6 where the voltage levels of overhead lines and cables can be seen. The interconnectors
are not graphically represented in the simpli ed model seen in Figure 6.6, nor are they
included in the results shown in Section 8.3, as the capacities of the interconnectors in
the model are equal to those used in the energy system analysis, described in Section 6.3.
Hence, they cannot be overloaded in this model.
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Figure 6.6. The simplied model used for result presentation in Section 8, here displayed with
with voltage levels.

As a friendly reminder, it is recommended to keep Figures 6.5 and 6.6 at hand when going
through the transmission grid analysis in Section 8.2.

6.3.2 EC plant locations

For EC plants, various locations are tested for all scenarios in the simulation. This is
done as it enables the possibility to analyse the impacts of ECs, when placed at di erent
locations in the transmission grid of DK1.

In this thesis the EC plants are placed at di erent 400 kV busses, as it is assumed that
large-scale EC plants will be connected in central locations with access to the 400 kV grid.
The busses at which ECs are connected can be seen in Figure 6.7. The locations shown
are chosen in order to represent di erent cases regarding EC placement.

The di erent locations are selected mainly based on three focus perspectives: key locations
from a transmission grid perspective, potential for delivering surplus DH and access to

CO;, point sources. However, as mentioned in the delimitation, Section 1.3.1, this thesis
does not dive further into the complex details surrounding the surplus heat and access
to CO, perspective, as it in itself entails detailed analyses of solutions, potentials and

infrastructure. That being said, the perspectives are, to some extend, included in the

selection of EC locations for the load ow analysis.

Locations along the west coast, Endrup, Idomlund and Stovstrup, are chosen as they are
feed-in zones for o shore wind power plants. Feed-in zones are identi ed by Energinet
[2020c], as areas where large-scale EC plants can assist in balancing the grid. Thereby,
mitigating the need for grid reinforcements.
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Revsing, Kassg and Tjele are chosen as they are import / export points for international
power transmission. Aalborg, Landerupgard, Odense og Trige are added as they are located
near potential CO, point sources [Energinet, 2021f]. Furthermore, they are included as
they are located in a high consumption area with potential for utilising surplus heat from
ECs.

Figure 6.7. Grid reference with EC locations marked in orange. Map based on Energinet [2020b].

From Figure 6.7 it can be understood that if all EC points and combinations of these are
to be simulated for each scenario, it would require a signi cant number of simulations. It
is not possible within the frame of this project to run all these simulations. Consequently,
it has been decided to select a number of locations, and combinations of locations, to
simulate. These are illustrated on Table 6.4.

Firstly, it has been decided to run simulations where the entire EC capacity is added to
each individual location, without being distributed over several locations. This is chosen to
investigate how well suited each location is for integrating ECs with regard to grid loading.
Secondly, a series of simulations are used to test how well suited o shore wind feed-in zones
are for integrating ECs.

Following, are the simulations which are meant to test how the transmission grid would
be loaded, if ECs are placed in areas with C@®point sources and high DH consumption.
These are calledDH and CO, areas on Table 6.4.

Next up is simulation 19, which seeks to understand the grid impacts of placing ECs at
central import/export locations. Simulation 20 to 23 are made to investigate how the grid
is a ected, if ECs are placed in dierent regions of Denmark. Lastly, in simulation 24
the EC capacity is distributed amongst all loads in the transmission grid of DK1, using
the distribution key from Energinet [2021c]. Consequently, this simulation is called the
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Distributed.
Table 6.4. EC locations which are tested for each scenario.
Simulation EC EC EC Note
number load bus load bus load bus
1 Endrup Individual location test
2 Idomlund Individual location test
3 Revsing Individual location test
4 Tiele Individual location test
5 Trige Individual location test
6 Landerupgard Individual location test
7 Aalborg Individual location test
8 Kassg Individual location test
9 Odense Individual location test
10 Stovstrup Individual location test
11 Endrup Idomlund Feed-in zones
12 Endrup Stovstrup Feed-in zones
13 Endrup Stovstrup Idomlund Feed-in zones
14 Stovstrup Idomlund Feed-in zones
15 Landerupgard Odense Trige DH and CO; areas
16 Aalborg Odense Trige DH and CO, areas
17 Aalborg Trige DH and CO, areas
18 Aalborg Endrup Trige DH and CO,; areas
19 Tjele Kassg Revsing Import / central grid line
20 Endrup Kassg Landerupgérd| Southern Denmark
21 Endrup Kassg Odense Southern Denmark
22 Tjele Stovstrup Trige Central Jutland
23 Tjele Idomlund Aalborg Western / northern Jutland
24 All All All Distributed

In Energinet [2020b] the grid is assessed under three di erent conditions when Energinet
make long term planning of the grid. These conditions are N-analysis, N-1, and N-2. Here
N-analysis means intact grid, N-1 means that there is one fault in the grid, and N-2 means
that there are two faults in the grid.

As mentioned in Section 1.1, EC and PtX plants will seek to obtain lower taris by
accepting the possibility of being shut down during hours with overloading or grid faults.
Thus, it is assumed that ECs would not be allowed to operate under faulty conditions.
Using this assumption, the EC plants will not operate under N-1 nor N-2 conditions.
Therefore, it is not relevant to analyse the EC impact on the grid under these conditions.
Hence, the EC impacts on the grid are only analysed for intact grid conditions.
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In this chapter the results obtained from simulating di erent energy systems and EC
scenarios are presented and analysed. The presentation and analysis of results follows
the methods presented in Chapter 5. In order to give the reader an overview of the main
ndings in this analysis, a summary is given in the end of this chapter.

7.1

Analysis questions

In Section 5 a list of analysis questions were presented. This section seeks to answer these
guestions. The analysis questions are repeated in the following list:

How does di erent EC capacities impact the energy system composition with regard
to installed power production capacities?

How do EC plants impact consumption and production dispatch in the the energy
system?

To which extent can ECs mitigate the need for electricity storage in various energy
system scenarios?

How are EC plants dispatched over the course of a year?

In which way are electricity prices impacted by implementing EC plants?

What happens to the electricity import/export balance when ECs are integrated in
various energy system scenarios?

Can the 70% CGQ reduction goal for 2030, be realised when di erent EC demands
must also be satis ed?

These analysis questions are answered in chronological order throughout the remainder of
this chapter. The background data used to answer the analysis questions can be found in
Appendix E.

7.2

How does di erent EC capacities impact the energy
system composition with regard to installed power
production capacities?

As mentioned in Chapter 5, the Balmorel energy system modelling tool optimises
investments in power production capacities. The power production capacities optimised
by Balmorel are presented in Table 7.1.
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Table 7.1. Optimised power production capacities from each energy system and EC scenario split

on DK1 and DK2.

Installed capacity Onshore O shore

DK1 EC-AF20 EC-Medium EC-High | EC-AF20 EC-Medium EC-High
Wind o shore [MW] 4017 4017 4150 4017 5008 7575
Wind onshore [MW] 5433 7110 8500 5608 5608 5608
Sun [MW] 8270 10000 10000 5823 5823 5823
Wood [MW] 143 144 194 165 195 191
Wood pellets [MW] 214 201 315 234 328 95
Waste [MW] 57 51 57 59 62 60
Biogas [MW] 92 93 96 96 96 96
Straw [MW] 66 66 66 66 66 66
Natural gas [MW] 1677 1669 1643 1636 1636 1621
Oil [MW] 155 155 155 155 155 155
Installed capacity Onshore O shore

DK2 EC-AF20 EC-Medium EC-High | EC-AF20 EC-Medium EC-High
Wind o shore [MW] 3313 3313 3313 3313 3313 4062
Wind onshore [MW] 718 832 1500 491 819 819
Sun [MW] 2682 3593 5000 2971 3484 3484
Wood [MW] 240 244 264 254 261 267
Wood pellets [MW] 728 746 860 771 860 860
Waste [MW] 127 128 128 126 124 128
Biogas [MW] 12 12 12 12 12 12
Straw [MW] 3 3 3 3 3 3
Natural gas [MW] 342 344 328 326 324 322
Oil [MW] 42 42 42 42 42 42

When compared to Table 5.4, on page 31, of PV and onshore wind potentials, Table 7.1
discloses that Onshore EC-AF20 and Onshore EC-Medium does not reach the national
capacity limits, however the maximum PV capacity is met in DK1 for EC-Medium.
Onshore EC-High, on the other hand, reach limits for both onshore wind turbines and PVs.
Furthermore, Onshore EC-High also invests in additional o shore wind power capacity.

In DK1, all O shore scenarios maximum PV and onshore wind capacity are reached, and
investments in additional o shore wind power capacity are even made. In DK2 maximum
capacities are utilised in EC-Medium and EC-High, while 133 MW additional o shore
wind capacity is necessary in EC-High. From the table it is clear that model invests more
heavily in power production capacity in DK1, which is logical as DK1 accounts for 65% of
the general electricity demand, while DK2 accounts for the remaining 35%.
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Figure 7.1. Electricity generation in both DK1 and DK2 for each scenario, based on source.

As can be seen on Figure 7.1 large shares of the electricity is produced from RE sources
such as onshore wind, o shore wind and PV. An interesting point that can be drawn
from this gure is that there is a larger electricity generation in the onshore scenarios, as
compared to the o shore scenarios. This is likely due to the lower cost associated with
onshore wind and PV, as compared to o shore wind. The lower cost could, amongst others,
increase exports, hence the higher electricity production in the Onshore scenarios. The
import export balance is elaborated in Section 7.7.

An interesting tendency from Figure 7.1 is that the share of electricity generation from
uctuating sources (wind and PV) slightly increases along with high EC capacities.

7.3 How do EC plants impact consumption and production
dispatch in the the energy system?

As mentioned in Energinet [2020b], ECs might be able to increase integration of uctuating
RE production capacity, as they can act as exible loads that can be adapted to RE
production. In practice EC plant operators likely operate their plant according to the
electricity price, as it would be most pro table. However, as the electricity price usually
uctuates according to the RE production, EC plant operators might unintentionally utilise
their plants as exible loads that follows RE production.

This is simulated in Balmorel by forcing the model to ensure that the EC demand
is met while minimising system costs. This makes it relevant to investigate how
di erent production and consumption units are operated in regard to the electricity price.
Furthermore, consumption patterns vary depending on the seasons, especially in a future
scenario where the electri cation of the heating sector is more developed. This makes it
relevant to consider EC dispatch in both warmer and colder months. To nd relevant
weeks for the investigation, the average weekly electricity prices are presented in Figure
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7.2.

Figure 7.2. Average weekly electricity price for DK1 in the O shore EC-High scenario.

From Figure 7.2 the lowest electricity prices, in these simulations, are found in week 32,
while the highest are found in week 48. Figure 7.2 presents results from the O shore
EC-High scenario, however all scenarios had the lowest and highest average electricity
prices in the same weeks. Weeks 32 and 48 are also assumed to be useful for illustrating
the seasonal demand changes from e.g. heating demands. Thus, it has been chosen to
investigate electricity production and consumption dispatch for weeks 32 and 48.

It has been deemed adequate to only present dispatch gures for the O shore energy
system scenarios, as the relationship between EC production dispatch and electricity price
is assumed to be similar for both energy system scenarios. The O shore energy system
scenario has been selected in favor of the Onshore scenario, as the O shore scenarios is
based on predictions made by Danish Energy Agency [2020], whereas the Onshore scenario
is more explorative.

Moreover, it has been decided that analysing EC dispatch patterns by comparing only the
EC-High and EC-AF20 scenarios is su cient, as this is deemed adequate for obtaining
knowledge about dispatch patterns. Thus, EC dispatch patterns from the EC-Medium
scenario are not be represented in the following Figures 7.3, 7.4, 7.6, and 7.7, as they are
assumed similar.

To understand how EC plants are dispatched in relation to other electricity demands and
the electricity price, the electricity consumption in week 48 is plotted in Figure 7.3 along
with the electricity price.
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Figure 7.3. Electricity demand and export dispatch for DK1 in week 48.

From Figure 7.3 it can be understood that EC plants completely turns o production when
the electricity price peaks. However, the EC plants are operated at electricity prices above
400 DKK/MWh, which could seem infeasible, as the cost of green hydrogen is expected
to be 200-300 DKK/MWh by 2030 [Dansk Energi, 2020]. On the other hand, one must
remember that, according to the method, the EC plants are forced to produce every week.
As week 48 has the highest weekly average electricity price, it can be understood why the
EC plants are operated at such relative high electricity prices.

In week 48 ECs seem to be the most exible load in the system. EV charging is also
modelled with some exibility, but the daily electricity consumption from EVs is almost
constant, with slightly lower demand in the weekend. It should be noted that the EV
electricity demand is the same for all scenarios. In week 48 the electricity demand for
individual and district heating uctuates between 0.5 and 3.2 GW with an average of 1.4
GW for both the EC-High scenario and EC-AF20 scenario. These uctuations also seem
to follow the electricity price.

Across the week, it can be seen that electricity is imported and exported at the same time.
From a deeper dive into the data it is evident that the transmission connections to DK1
are often being utilised to transfer power from e.g. Norway to Germany. An example from
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the data is around hour 90 to 110 in the EC-AF20 scenario. Here approximately 2 GW
is being imported from Norway and Sweden, while 2-4 GW are begin exported to DK2,
Germany, Netherlands and Great Britain. Table 7.2 reveals how much electricity is being
transmitted in week 48 in relation to the maximum weekly interconnection capacity.

Table 7.2. Percentage of maximum weekly interconnection capacity between DK1 and neigh-
bouring countries utilised in week 48.

To/from: DK2 Germany Great Britain Netherlands Norway  Sweden
EC-High 59%  42% 78% 81% 95% 76%
EC-AF20 50% 37% 78% 78% 95% 7%

Now that consumption gures have been presented, it would be relevant to take a glance at
how production units are operated in relation to EC dispatch. In Figure 7.4 the dispatch
of electricity generating units, and the corresponding electricity prices, are plotted for the
O shore EC-AF20 and EC-High scenarios.

Figure 7.4. Dispatch of electricity generation and import for DK1 in week 48.

From Figure 7.4 it can be seen that the vast majority of the electricity demand is supplied
by wind and imports. When comparing the EC-AF20 and EC-High scenarios, it does not
seem that EC plants a ects the electricity price signi cantly. However, this is probably
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because there is more wind and PV installed in EC-High, thereby mitigating the impact
of the higher demand from ECs. This can be supported by the fact that even when ECs
are operated at full capacity, the electricity prices are lower around hours 144-148 in the
EC-High scenario compared to EC-AF20. Thus, the gure indicates that electricity prices
drop as production from wind and PV units increase.

As the relatively large electricity price uctuations occurring during the week are fairly
similar for both EC scenarios, it is unlikely that the uctuations are caused by import
of electricity, even tough it could seem to be the case for the EC-High scenario. It
is more likely that the electricity price alternates in relation to electricity consumption
and production patterns in neighbouring countries. To obtain knowledge about how
the imported electricity a ects the electricity price in DK1, the aggregated electricity
generation from all simulated countries is presented in Figure 7.5.

Figure 7.5. Aggregated electricity generation in the EC-High scenario based on source for
all simulated countries (Denmark, Norway, Sweden, Netherlands, Great Britain,
Germany). Electricity price in DK1 on secondary axis.

According to Danish Energy Agency [2021b] wind turbines and PVs have lower marginal
costs than fuel-based units. Thus, electricity prices should decrease when production from
wind- and solar-based units increase. This is again evident in Figure 7.5 from hour 144
to 167, as the electricity price drops when wind-based production increases. The discrete
production from PV panels also seem to be the reason for the smaller reductions in the
electricity price during the week.

In Figure 7.3 it seemed that when EC plants started to produce based on imported
electricity, the electricity price in DK1 would drop. However, as the consumption from EC
plants in DK1 is relatively small in an international perspective, it is more likely that the
decreasing electricity prices occur due to lower demand during the night. As the demand
decreases over night, the natural gas-based production follows proportionally, which is the
reason for the drop in electricity prices.

As week 48 had the highest weekly average electricity prices, it is also relevant to investigate
how EC plants impact consumption and production dispatch in week 32 where average
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