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Popularvetenskaplig Sammanfattning

Europa behdéver mer hallbar el, och vindkraft framjas ofta som en lovande I6sning. Men
vindkraft har ett stort problem, Det &r svart att planera dess elproduktion da vinden
konstant varierar i styrka och riktning. Nar det ar vindstilla maste elen komma nagon
annanstans ifrdn, och nar det blaser mycket mer an vi behover, gar energi till spillo.
| den har rapporten undersoks en l6sning pa detta: ett stort natverk av havsbaserade
vindkraftparker som samarbetar och delar pa energilager for att kunna leverera jamn och
palitlig baslast-el, alltsa el som ligger pa en stabil niva dygnet runt.

For att undersbka om detta faktiskt fungerar byggdes en avancerad datormodell. Den
kombinerar verkliga vinddata fran hela Europa, elférbrukning fran europeiska lander och
simuleringar av olika typer av energilagring, bland annat pumpkraftverk och trycksatt
luft lagrad under vatten. | modellen placeras 18 ktiva vindparker ute pa Europas hav,
alla med egen lagring men ocksa kopplade till ett enormt centralt energilager som fungerar
som systemets bu ert 6ver langre tidsperioder.

En stor utmaning ar att dimensionera systemet: hur stora ska kablar, pumpar och la-
gringssystem vara for att bade vara tillrackliga och inte kosta foér mycket? For att leta
efter bra l6sningar anvandes darfor avancerade optimeringsmetoder, sarskilt en teknik som
kallas quasi-Monte Carlo, som smartare och mer systematiskt utforskar olika méjligheter
an vanlig Monte Carlo, som fungerar genom att slumpmassigt valja ut parametrar. De
béasta losningarna nslipades sedan med en mer lokal optimeringsmetod.

Resultaten ar lovande. Modellen visar att ett valplanerat nat av havsbaserad vindkraft,
kombinerat med bade lokal och central energilagring, faktiskt skulle kunna leverera nastan
helt jamn el, med en e ektivitet pa runt 90 %. Systemet skulle kunna sta for ungefar en
femtedel av hela EU:s basbehov av el, till en kostnad som ligger pa samma niva som ny
karnkraft i Europa. Dessutom upptécktes att det inte I6nar sig att bygga hur stora lager
och kablar som helst; efter en viss niva ger extra kapacitet valdigt sma forbattringar.

Sammanfattningsvis visar arbetet att storskalig havsbaserad vindkraft med smart lagring
kan bli en viktig del av Europas framtida fossilfria energisystem. Och samtidigt visar det
att moderna optimeringsmetoder, som kombinerar smart sampling med lokal forbattring,
ar kraftfulla verktyg nar man ska planera komplexa energisystem.
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1 Introduction

The ever-increasing demand for power generation, combined with the urgent need to mit-
igate global warming, has paved the way for wind and solar energy to grow rapidly over
the past two decades. As nuclear power continues to face political and public opposi-
tion [1], and most highly electri ed countries have already exploited the majority of their
hydropower potential, solar and wind stand out as the most promising candidates for
further expansion of carbon-free electricity production.

However, these sources are inherently intermittent, creating signi cant challenges for
maintaining a stable and reliable power supply. Addressing this variability is therefore
central to enabling wind and solar to play a larger role in the energy transition.

This report investigates the development of a model that simulates a system of inter-
connected o shore wind farms with integrated energy storage, designed to supply base
load electricity to the European grid. With the substantial o shore wind potential in
the EU [2] and decreasing costs of energy storage [3], the opportunity for wind power to
provide reliable base load electricity is greater than ever. The model evaluates not only
the technical feasibility of such a system, but also its economic viability. Cost parame-
ters, such as the price of installed storage capacity and wind turbine power capacity, are
included, and Monte Carlo methods are applied to determine the economically optimal
system dimensions.



2 Background

The challenge of intermittency in renewable power systems has been recognized since the
early stages of wind energy development. One proposed approach has been the inter-
connection of geographically distributed wind farms to reduce variability. As early as
1979, Edward Kahn explored this concept in California, analyzing how interconnected
sites could increase the capacity credit of wind power [4]. Building on this idea, Archer
and Jacobson (2007) investigated up to 19 interconnected sites in the North American
Midwest. Their study showed that 33% on average, and up to 47%, of the generated
electricity could be delivered as reliable base load power, with diminishing bene ts as the
number of sites increased [5].

Another widely studied solution is energy storage, which can bu er uctuations in re-
newable generation and smooth output to the grid. Examples range from small island
grids, such as those in the Aegean archipelago [6], to large-scale studies of fully renewable
European systems [7]. These studies highlight the potential of storage but also underline
the economic and technical challenges of large-scale deployment.

Together, this body of work illustrates both the promise and limitations of interconnection
and storage as strategies for balancing renewable generation. The present report builds
on these foundations by combining the two approaches, interconnected o shore wind
farms and integrated storage, and evaluating their performance and cost-e ectiveness in
a European context.

2.1  Wind Power

Wind energy is commonly captured and converted into electricty by a Wind Energy
Converter (WEC), also commonly known as wind turbines. These WECs come in two
primary con gurations, Vertical Axis Wind Turbines (VAWTSs) and Horizontal Axis Wind
Turbines (HAWTS). As the names suggest, the primary di erence of these two turbines
is in what direction the axis of rotation is directed. VAWTs have their axis of rotation
orthogonal to the ground, and HAWTSs have their axis of rotation parallell with the ground.
Both of these WECs can be seen in Figure 1 HAWTSs are the more commonly used WEC
for large scale electricity production, and will be the most relevant to this study.

The kinetic energy passing through a HAWT is the kinetic energy of the wind. By the
classical de nition of kinetic energy we have:

mv?

E =
2

(1)

The mass of the air passing through the HAWT per unit of time is proportional to the
swept area(A) of the turbine, the density of the air( ) and the speed of the windv).
With this, we can now write the energy per time unit, also known as power, passing
through the HAWT as:
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