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ABSTRACT:

Europe is aiming to become the first climate neutral continent by 2050. This ambitious aim is
affecting and challenging several industries. Energy sector is one of the largest greenhouse gas
emitters and the energy revolution is in action. The amount of renewably produced energy and
electricity has increased enormously during recent decades. However, the state of the power
networks all around Europe are in danger to form to be the bottleneck of the future develop-
ment. The grid is in desperate need for attention and investments, to get to the next level of the
modern renewable power production. The European Union and the Commission have published
several incentives, rules and regulations which are legally binding or encouraging the Member
States to evolve their power infrastructures. The grid is required to change to be more flexible,
smart and interconnected. Cross-border connections and the utilisation of advanced metering
and automation, together with distributed power generation, are the most effective and effi-
cient way to transform the grid operations to this century and beyond. The final goal is to create
a European super smart grid, which combines the technological and ideological characteristics
of the two seamlessly. Smart grid actions emphasise local distributed generation and smart me-
tering infrastructure with intelligent automation, whereas super grid actions focus on wide-area
connectivity and HVDC technology to transport power across the continent. Both therefore sup-
port the distributed energy generation, decentralisation and flexibility. The super smart grid is
relatively complex system, which can naturally be difficult to comprehend and manage. A new
revised and extended architectural model and structurisation are required. The extended model
created within this thesis research is based on an existing smart grid architecture model SGAM,
but with the addition of super grid characteristics to serve the modern European power network
fully. As the grid itself is required to be more flexible, the architecture model’s cube-like layered
structure enables future development and advancements to be included and extended within.

KEYWORDS: Decentralisation, power network, renewable energy, smart grid super grid, sys-
tem architecture model
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TIVISTELMA:

Euroopan tavoitteena on olla ensimmainen ilmastoneutraali maanosa vuoteen 2050 mennessa.
Tama kunnianhimoinen tavoite vaikuttaa ja samalla haastaa useita toimialoja. Energia-ala on
yksi suurimmista kasvihuonekaasupaastdjen aiheuttajista. Taman seurauksena kdynnissa oleva
energiavallankumous on kasvattanut uusiutuvasti tuotetun energian ja sshkon maaraa valtavasti
viime vuosikymmenilla. Euroopan sahkoverkkojen nykytila on kuitenkin vaarassa muodostua tu-
levaisuuden kehityksen pullonkaulaksi. Sahkoverkko kaipaa kipeasti huomiota ja investointeja,
jotta se yltaisi samalle tasolle nykyaikaisen uusiutuvan energian tuotannon kanssa. Euroopan
unioni ja komissio ovat julkaisseet useita kannustimia, sdadoksia ja maarayksia, jotka ovat oi-
keudellisesti sitovia tai vaihtoehtoisesti kannustavat jasenvaltioita kehittdmaan infrastruktuure-
jaan. Verkon on muututtava joustavammaksi, dlykkdammaksi ja yhtendisemmaksi. Rajat ylitta-
vat yhteydet seka kehittyneen mittauksen ja automaation hydédyntaminen yhdessa hajautetun
tuotannon kanssa ovat tehokkaimmat tavat muuttaa kantaverkon toiminta télle vuosisadalle.
Lopullisena tavoitteena on luoda eurooppalainen ylikansallinen ja dlykas sahkoverkko, joka yh-
distdd saumattomasti kahden teknologian ja ideologian ominaisuudet. Alykis sahkdverkko ko-
rostaa paikallista hajautettua tuotantoa ja dlykasta mittainfrastruktuuria sekd automaatiota, kun
taas ylikansallinen sahkoverkko ideologia keskittyy laaja-alaiseen liitettavyyteen ja HVDC-tekno-
logian hyédyntdamiseen. Molemmat toiminnot tukevat hajauttamista ja joustavuutta. Kyseinen
sdhkoverkko on suhteellisen monimutkainen jarjestelma, jota tama tutkielma pyrkii yksinker-
taistamaan ja pilkkomaan helpommin hahmotettavaksi. Tarvitaan uusi, pdivitetty ja laajennettu
arkkitehtuurimalli seka rakenteellinen jarjestys. Tassa tutkielmassa luotu laajennettu malli pe-
rustuu olemassa olevaan alykkaan verkon arkkitehtuurimalliin SGAM, johon on lisatty olennaisia
ominaisuuksia palvelemaan nykyaikaista eurooppalaista sdhkoverkkoa. Koska itse verkon on ol-
tava joustavampi, arkkitehtuurimallin kuutiomainen kerroksellinen rakenne mahdollistaa tule-
van kehityksen ja mallin laajentamisen.

AVAINSANAT: Hajauttaminen, sahkoverkko, uusiutuva energia, alykads sahkoéverkko, ylikansalli-
nen sahkoéverkko, jarjestelmaarkkitehtuurimalli
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1 Introduction

Climate change is the greatest challenge in the time of our lives. The main cause of the
change has been the increased level of greenhouse gas (GHG) emissions. Until 2022,
energy and electricity sector caused the largest share of the total GHG emissions in the
European Union. Since then, the transition towards renewable energy sources such as
wind and solar power, a significant emission reduction has been obtained. Overall, the
sector has achieved significant results over the past decade with over 40 % reduction of
GHG emissions between 2013 and 2023 in Europe. (Greenhouse Gas Emission Accounts,

n.d.; Greenhouse Gas Emission Intensity of Electricity Generation in Europe, 2025)

EU is the global leader when it comes to fighting climate change and revolutionizing the
energy and electricity sector. Europe is pursuing to be the first climate-neutral continent
by 2050. To reach this aim, new policies, regulations and strategies are to be in action.
Accelerated electrification of modern economies has forced the global energy transition
to not only make fundamental changes to the energy sources, but also to the grid infra-
structure. The electricity grid is in danger to take shape as the bottleneck of the climate
neutrality revolution, since the grid is the backbone of the entire power system. To facil-
itate the large-scale integration of renewable energy, the current state of the grid is not
keeping up with the required capacity and volume of transport. Renewable energy
sources are known for their intermittent and fluctuating nature, which only accentuates
the basics of electricity generation — supply must meet demand. Same type of flexibility
is required to be incorporated into all parts of the network to maximize the benefits of
renewable energy production. (European Grids - European Commission, n.d.-a; The Eu-

ropean Green Deal - European Commission, n.d.)

Two potential system concepts to shape the nature of a conventional grid, are smart grid
and super grid. The concepts, which neither are fully in their idealized forms yet, focus
on different areas and problems inside the general grid and therefore they have previ-
ously been compartmentalized as mutually exclusive alternatives. Smart grid is a small-

scale distribution level solution focusing on modernization of the network with



digitalization and automation, while the super grid is focused on large-scale high-capac-
ity transmission connections cross-borders. However, both are system level concepts uti-
lizing various technologies with common aims on increasing the resilience, flexibility and
efficiency of the grid. This makes them complementary and coexisting, even though they
generally operate at different grid levels, using different technologies and tackling the
problems differently. Thus, the need for a comprehensive control system strategy is nec-

essary. (Adnan et al., 2023, 2024; Blarke & Jenkins, 2013)

As a combination of the concepts, a super smart grid or SSG is a complex system which
impacts, activates and operates on several different levels of the European grid entity.
Naturally, to control such entity, a clear structure and modern hierarchy are required.
The traditional top-down hierarchy is not seen as functional anymore, since the respon-
sibility of operations is spread through stakeholders. The model of the hierarchy and the
structure of the control system architecture are identified as the main challenges of the
final establishment of the SSG, as the technical obstacles are no longer the primary con-
cern. Existing system architecture models and structures principally evolve around only

one aspect of the grid system.

To enhance the interoperability, this thesis aims to create a framework for the control
architecture of a multi-layer electricity network strategy in the EU area. The system com-
bining both super and smart grid concepts is referred to as a super smart grid (SSG).
Ideally, the SSG is a system which is able to transport mainly renewable sourced electric-
ity across wide areas with integrated intelligent monitoring, increased efficiency and de-
creased emissions. An updated system architecture model integrated with both super
and smart grid operations reflect the evolving requirements of the European energy

landscape by providing a comprehensive visual model to clarify the system concept.

This thesis research is executed as mixed-method research, combining theory and the
construction of the model. To captivate the official and institutional dimensions, a theo-

retical framework by a literature review including policies, regulations and reports from
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The European Union and The Commission, together with research papers from other
reliable sources was conducted. A conceptual model of the SSG system control architec-
ture was created, in order to gain more insight and lay the foundation for future simula-

tions and further research.

1.1 Scope

This thesis covers the complexity of a European super smart grid and the control strategy
architecture, through EU and national level legislation, objectives and future power sys-
tem requirements, without forgetting the environmental changes and impacts. Climate
change, accelerated electrification and energy transition are the drivers behind EU’s am-
bitious decarbonisation objectives, which then deliver the need for power system devel-
opment. Previous studies are some for, and some against the cooperation of super and
smart grid elements, thus the exploration of both perspectives expands the viability ex-
amination. European Union and Commission regulations and publications are widely in-
cluded and emphasised in this thesis research, to clarify the background and concrete

implementation requirements.

The structuring of the theoretical framework began with the screening of the current
state of European power generation, networks and electricity market. This included the
examination of energy dependencies, nuclear power controversy, and cross-border in-
terconnections. General energy generation history, habits, systems and sources are in-
cluded from the European perspective, but more in detail discussion focus is on the elec-
tricity generation, systems and sources. To avoid confusion, it is here clarified that the
term energy includes electricity and other energy types such as heat for example. Hence

the term power referring mainly to electricity in the scope of this thesis.

Overall, this thesis explores and combines the authoritative publications and research
outcomes to create a solid architecture model for the future power grid, which can han-
dle additional flexibility and new innovative applications coming. Existing architecture

models of modern power systems were also discussed to find the most suitable one for
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the specific needs of the European SSG. The model structure is intentionally kept rela-

tively simple, yet effective in order to enhance the visualisation of the complex system.

1.2 Structure of Thesis

The research of this thesis is divided into two main parts, which complement and sup-
port each other according to the mixed-methods approach. First, a comprehensive the-
oretical framework is conducted, through a literature review. To accompany this, a new
control system architecture model is constructed based on the research question, re-
search gap and literature review findings. The theoretical framework goes through the
European SSG development considering past, present and future aspects, together with

the analysis of control strategies and hierarchies.

The methodology section defines and elaborates the chosen implementation elements
of the thesis. This chapter illustrates the reasoning behind the chosen research method,
and the total process of the theoretical information collection and forming of the final
model. This leads to the model chapter where, based on the foundation of the literature
review, a supportive and complimentary model structure is created, explained and ex-

amined.

The results and findings from the model creation and simulations are then covered with
discussions about the future aspects of power system development. The viability and
possible use cases of the created model are assessed further, with critical evaluation and
from several perspectives. The final chapter presents a summary of the research and

concludes the complete thesis.
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2 Theoretical Framework

To aggregate a solid background and obtain deeper understanding of the topic, a com-
prehensive integrative literature review was conducted. This theoretical framework pre-
sents the relevant European level legislative publications, regulations and objectives to-
gether with opposing and supporting research findings around the topic of super and
smart grid operations. The integrative nature of the literature review enables the re-
search to go beyond of not only summarizing studies but enhancing the generation of
new insights and perspectives. This then advances the development of the future frame-

works or improvements.

The theoretical section of this thesis research is built by intentionally introducing and
exploring all the major factors and events shaping the European power system to its
current form, with the future intentions in mind. This way the broad subject is easier to
absorb and comprehend. Each section of this chapter focuses on one topic related to the

development of the European SSG objectively.

2.1 The European Energy Transition and Pan-European Network Objec-

tives

The energy sector causes more than 75 % of greenhouse gas emissions in the European
Union. Renewable energy, energy efficiency, and energy security are crucial topics to
reach European Union’s ambitious climate-neutrality aims — the main one is becoming
the first climate neutral continent by 2050. The key priority is to ensure that all Europe-
ans have secure, clean, and affordable energy available. To achieve appointed climate
objectives, major improvements to the power grids are to be executed momentarily.
Therefore, EU has designated various plans and incentives to support diverse cross-bor-
der energy infrastructure projects, which enable the creation of a distributed energy sys-

tem. (Energy and the Green Deal, 2022)
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When EU was founded, one of the foundational treaties included the proposal of a single
internal market and free movement. The key proposal is that people, goods, capital, and
services can be traded cross-border between Member States without unjustified re-
strictions. Free movement of these four constructs form the fundamental of economic
freedom in the European Union. The liberalization of electricity and gas markets during
1990s enabled grid interconnections, to create better security of supply and increase
competition. Since then, the new objectives such as sustainability and risk-preparedness,
have emerged. In order for EU to maintain the fundamental right of the free movement,
the ideology needs to be stretched to gain stronger coverage also over the energy and
electricity sector, by linking together networks, generation sites, market platforms and
all operators across the continent. The goal is to have unified system which is powered
by renewable energy and operates on latest technologies, by providing affordable and
sustainable energy without any dependencies on external suppliers. To achieve this,
there are several past and present impactful factors, which require inquiry. As the share
of renewable energy has been increasing tremendously during recent years, the focus
has to be moved on towards the power transportation. (Free Movement of Goods - EUR-
Lex, n.d.; Internal Energy Market | Fact Sheets on the European Union | European Par-

liament, 2023)

2.1.1 Power Generation in European Union Area

Approximately a 46 % share of European Union’s primary energy generation came from
renewable sources in 2023. During the same year, 67 % of the total gross available energy
was produced by fossil fuels. The share of renewable energy has more than doubled in
the past two decades and the expansion is expected to accelerate, due to EU’s climate
neutrality objectives. Main energy sources and consumption practises differ significantly.
The large amount of fossil fuel-based generation in the gross available energy is ex-
plained by the differences in energy infrastructure, policies and investments between
Member States. The share of renewables in electricity generation in 2023 for example
ranged from over 90 % to even less than 15 % between states. Renewable energy sources

cover the largest share of power generation, followed by fossil fuels and nuclear power.
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As mentioned, the source variation between countries is a sum of several influencing
factors which are generally either geographical, political or economic. (Energy Statistics

- an Overview, n.d.; How Is EU Electricity Produced and Sold?, n.d.)

Renewable Energy Directive was first introduced in 2009, and since then, the share of
renewables in EU has been increasing gradually. In 2024 renewable energy share from
final consumption in EU was 25,2 %. The new minimum target set by EU to be achieved
by 2030 is a 42,5 % share of renewables in energy consumption. The revised Renewable
Energy Directive published in 2023 already increased the target from previous 30 %, to
the aim of achieving a 45 % final share. All Member States are obligated to contribute to
this target. The final consumption includes energy consumed as electricity, transporta-
tion, industry and heating. As touched on previously, the differences in renewable en-
ergy utilisation between Member States are vast. In 2024 Sweden had the largest share
of renewables with 62,8 % out of final consumption, followed by Finland with 52,1 %
share. This is primarily due to their large hydro and wind power industries, and the utili-
sation of biofuels in heating. The complete variation between Member States is shown
in Figure 1. (Directive (EU) 2023/2413, 2023; Renewable Energy Directive, n.d.; Share of

Energy from Renewable Sources, by Country, 2025)
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Figure 1 Share of renewable energy in final consumption by country, adapted from Eurostat
(2025).

Electricity production has been leading the decarbonisation efforts, and in 2024 the
share of 47 % of all electricity in EU was generated renewably. Overall, EU is leading the
technological development of renewable energy generation. With net electricity produc-
tion in EU, the most common renewable energy sources in 2023 were wind power with
18,5 %, hydro power with 13,5 % and solar power with 9,1 %, as shown in Figure 2 below.

(How Is EU Electricity Produced and Sold?, n.d.; Renewable Energy Directive, n.d.)
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Net electricity generation from renewable energy, by
source

m Wind = Hydro = Solar Biomass Geothermal

Figure 2 Net electricity generation by renewable energy sources in 2023, adapted from a web
article by the Council of European Union (2025).

Natural resources, climate and landscape all shape each individual energy generation
palette. When it comes to energy sources, the potential and possibilities are relatively
uneven due to the geographical locations, even with renewable energy sources like wind
and solar. Northern European countries have longer and darker winters, but the yearly
amount of sunlight is around the same level as in central parts of Europe. Generally,
coastal areas are more ideal for wind power production. Also, the strong winds in the
North Sea for example, are beneficial. This makes Denmark the leading country with the
share of primary energy generation of wind power being 56 % in 2024. Other wind power
reliant and coastal countries are Ireland, Sweden and Germany, all with over 30 % share
of wind power in their total electricity palette. (Electricity Production, Consumption and
Market Overview, n.d.; How Is EU Electricity Produced and Sold?, n.d.; “Wind Energy in

Europe,” n.d.)

Fossil fuels play a more significant role in countries and regions with domestic deposit
or easy access to coal or natural gas resources. Poland’s largest source of electricity pro-

duction is coal with 56 % share of the total generation in 2024, for example. For countries
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like Poland to completely abandon fossil fuels, major changes in attitudes, investments
and national policy choices are required, which can take time. Overall, fossil fuels cov-
ered 31,7 % of the total net electricity generation in 2023, with the most popular ones
being gas (17 %) and coal (11,7 %). (How Is EU Electricity Produced and Sold?, n.d.; Po-

land - Countries & Regions, n.d.)

The third largest share of the net electricity generation in 2023 was covered by nuclear
power, which underlines the political reasons behind energy source breakdown between
Member States. The political reasons clarify and determine what is seen as socially and
strategically acceptable or viable. While EU sets the emission targets, the national policy
choices reform the actual energy palette, which creates diversity. This diversity can be
seen beneficial for different types of expertise and as a great asset from the perspective
of energy security inside EU. Historical policy decisions and public opinions have sharply
shaped the investment in nuclear power, so that other Member States are strictly against
it, while others continue to expand the development of new power plants, as this is seen
as a domestic alternative to imported fossil fuels. The net electricity production by the
type of fuel is shown in Figure 3. (How Is EU Electricity Produced and Sold?, n.d.; Nuclear

Power in the European Union - World Nuclear Association, n.d.)
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Net electricity production by fuel type

®m Renewables = Nuclear Fossil fuels

Figure 3 Net electricity production by fuel type in 2023, adapted from web article by Council
of the European Union (2025).

The political reasons are rather interrelated to the economic reasons, which define what
is realistic and economical. Wealthier Member States are able to make large changes
into their energy portfolio quickly, while less wealthy countries must rely on existing in-
frastructure, which is primarily fossil fuel-based generation, for longer periods, and pos-
sibly wait for EU funding to make significant changes towards the climate goals. This also
indicates that the industrial structure dominates the job markets and market integration.
Energy sector contains several jobs in different fields and retraining and recruitment
takes time and effort. (Commission Continues Action to Lower Energy Bills with New
Guidance on Renewables, Grids Infrastructure and Network Tariffs - European Commis-

sion, n.d.; In Focus, n.d.)

Energy in EU is used for heating, lighting, producing and transporting. Different trans-
portation activities had the highest energy consumption in 2023 with 32 % of the total
available energy. This lifts petroleum products to be the top energy product of the final
consumption. However, electricity had the second largest share as an energy product
with 23 % out of the final energy consumption, and the share is expected to increase in

the future. Most of the utilised renewable energy production is included in the final
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electricity consumption. The direct use of renewable energy in 2023 was only 13 %,
when the real consumption was 25 %, including the generation and consumption of re-

newable electricity. (Shedding Light on Energy in the EU, n.d.)

As mentioned, EU has been working towards a single internal market and free movement,
where also electricity and gas are able to flow freely across borders. Therefore, increase
in power network interconnections would enhance a more integrated market, where the
price of electricity would decrease and converge across all countries. A cooperative and
controlled multi-layer strategy with smart and super grid operations, aims to connect all
the diverse pieces of the EU’s power puzzle and create new innovations, jobs and better
security across the continent. In the context of future European super smart grid, the
diversity in power generation and consumption habits between Member States must be
identified as an asset to multifunctional expertise and versatile possibilities. The key is
that the distribution of generation and responsibilities increase the number of options
available. This then naturally increases the efficiency, safety and security of the compre-

hensive power system.

2.1.2 European Electricity Market

The European electricity market represents the world’s largest integrated electricity mar-
ket, by delivering electricity to 266 million customers with 11,3 million km of lines and
cables across Europe. The integrated market is the best and most efficient way to ensure
secure, sustainable and affordable power to all Europeans. The aim is that through com-
mon market rules and regulations paired with interconnections, the electricity produced
in one Member State, could be transported and utilised in another one. The electricity
market rules are being reformed as a part of the European Green Deal, to better match

the future development requirements. (Electricity Market Design, n.d.)

Reformation of the electricity market rules began with a proposal in 2023, and the new
revised rules, Directive 2024/1711 and Regulation 2024/1747, were adopted in 2024. By

2025 the Member States were obligated to transpose the new rules into their national
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law. The new market rules are focusing on making the market more responsive and re-
silient. Overall, the market reformation also benefits the larger integration of renewable
energy, and supports better protection, stability and predictability of electricity prices,
which then contributes to the competitiveness of European industry. All this can be
achieved by increased interconnections and communication cross-borders. (Electricity

Market Design, n.d.)

Wholesale electricity prices have conventionally been linked to the wholesale gas prices,
which has caused an increase of fluctuations and quickly evolving market price spikes.
Due to these events, EU wants to ensure the independence of European companies and
consumers by protecting them from these unpredictable and inevitable price spikes.
Long-term contracts like power purchase agreement (PPA) are market-based solutions

to achieve this with. (Affordable Energy, n.d.; Electricity Market Design, n.d.)

The electricity market in Europe is structured zonally, including several designated bid-
ding or pricing areas. Some countries operate as one bidding area and some have been
divided into several zones. The bidding zones are areas where the constrains or limita-
tions of the transmission capacity or congestion are not affected, as all actions in most
cases happen inside the specific zone. Each bidding zone has one electricity wholesale
price. Finland, for example operates as one bidding zone, but in Sweden and Italy, there
are in total four different price zones. Generally, the bidding zone borders follow the

national borders. (Bidding Zone Review, n.d.; Cartaxo et al., 2022)

Electricity market is then the platform where power is traded across the different regions
through various participants. The same market rules apply to each bidding zone. The
market consists of balancing market, day-ahead market and intraday market. The Euro-
pean electricity market is often divided into several regions across the continent. How-
ever, there is no official definition for these regions, so the presentation varies between
sources. The division is done to clarify the connections and statistical aggregation. The

typical market regions are presented in Figure 4 below. (Cartaxo et al., 2022)
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Figure 4 European electricity market regions, constructed based on Cartaxo et al. (2022).

There are Nominated Electricity Market Operators or NEMOs in each EU Member State,
and their role is to run the day-ahead and intraday integrated markets inside the Union.
A NEMO is basically an entity which operates in cooperation with the TSOs as a market
operator in either national or regional markets. The NEMOs are also required to work in
coordination within each other, since they are responsible for publishing their resulted
prices simultaneously across Europe. NEMOs do not decide the prices, they produce the

prices through rules set. According to Regulation 2015/1222 NEMOs must operate with
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harmony, transparently and equally. (Cartaxo et al., 2022; nemo_committee, n.d.; Regu-

lation (EU) 2015/1222, 2015)

If bidding zones are the map and NEMOs the countries on the map, the transmission
lines operate as the roads. As with the physical interconnections of the electricity net-
work, the trading happens typically between neighbouring areas or countries. By unify-
ing the electricity market actions in Europe, the physical network system and connec-
tions could be utilised to the full potential. (Cartaxo et al., 2022; Directive (EU)
2024/1711, 2024; Electricity Market Design, n.d.; Regulation (EU) 2024/1747, 2024)

This brings us to market coupling, which has been recognised as one of the key solutions
to achieve the grid reinforcement objectives. Bidding zones can be seen as the invisible
element when it comes to market coupling. As a refined approach, market coupling links
together multiple electricity markets across various geographical regions with coordi-
nated operation. Market coupling aims to create an integrated, unified and liquid flexible
market, which enables efficient cross-border electricity trading, reduces price differ-
ences and improves grid stability and security of supply. Several regions inside EU have
already been coupled, synchronised or connected, but the larger implementation of such
approach is more complex, yet increasingly inevitable in the future. The creation of a
European internal electricity market depends on coupling of both day-ahead and intra-
day prices over the bidding zones. Currently, the day-ahead market is more advanced in
the coupling and unification process, with larger number of participants also. A single
European electricity market would be better aligned with the physical reality of inter-
connections and power flows. (Cartaxo et al., 2022; Electricity Market Design, n.d.; Reg-

ulation (EU) 2019/943, 2019)

The market unification took a huge step forward in September 2025, when the EU day-
ahead electricity market transformed from the hourly interval to 15-minute interval trad-
ing. Thus, electricity prices are calculated every 15 minutes, which reflects more accu-

rately the short-term variations between electricity supply and demand. The finer
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granulation gives power systems the much-required flexibility. The aim is to create a sin-
gle EU level intraday market, where all market participants can operate continuously,
promoting necessary competitiveness. These mentioned activities are initiated in the
Electricity Regulation (EU/2019/943) and in the reformed electricity market design rules
Directive (EU/2024/1711) and Regulation (EU/2024/1747), the latter ones entered into
force as a part of the Green Deal Industrial Plan in 2024. (Directive (EU) 2024/1711, 2024;
Electricity Market Design, n.d.; EU Electricity Trading in the Day-Ahead Markets Becomes
More Dynamic - European Commission, n.d.-a; Regulation (EU) 2019/943, 2019; Regula-
tion (EU) 2024/1747, 2024)

As the European electricity market is the largest in the world, the architectural and con-
trol related challenges inevitably reflect on that. The wide range of rules, incentives and
regulations together with the tight cooperation and coordination are all highly appreci-
ated and required actions to ensure the adequate operations. The complexity of the sys-
tem requires multiple authoritarian entities, since no single central authority can control

everything, not the physical grid or the electricity market.

2.1.3 External Energy Dependencies

Energy imports are divided into primary and secondary products. Primary products refer
to raw, unprocessed natural energy source, while secondary energy products are refined
or converted from the primary sources. The same terms and definitions are used in other
energy related contexts. Primary energy products are for example fossil fuels like natural
gas, oil and coal and secondary product would be the electricity produced with these

sources.

EU’s domestic energy generation is not enough to satisfy the total demand, so making
external imports necessary. In 2023 the imported energy dependency rate was over 58 %,
including primary and secondary energy products. This means that almost 60 % of the
energy required was met with net imports coming from outside of the Union. The de-

pendency rate varies highly between Member States. Most of the imported energy is
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fossil fuel based primary energy products, used for electricity production, heating, trans-
portation and industrial processes. This chapter takes a deeper look into the primary
energy products used in electricity generation. The main imported energy product was
oil, primarily used as a fuel in the transport sector, followed by natural gas, which for the
most part is used in electricity and heat generation. Approximately 30 % of households
inside the Union are heated with gas, especially in the southern parts of the continent.
Still over 31 % of natural gas is used for electricity and heat generation. (Energy Statistics

- an Overview, n.d.; Where Does the EU’s Gas Come from?, n.d.)

EU has historically been heavily reliant on Russian fossil fuels, more specifically gas and
oil. Russia has large gas, coal and oil natural reserves and energy trading was seen as
viable way of binding Russia into cooperation with other European countries. The geo-
graphical location and vague pipeline network made Russian fossil fuels affordable,
which helped European industries to stay competitive in the global market. (Gritz & Wolff,

2024)

Gas was the main fossil fuel in EU’s electricity generation scene in 2023, with 17 % share
of the total production. Overall, natural gas in EU is used for power generation, industrial
activities and household heating. In 2024 the natural gas dependency rate was 85,6 %,
so most of the gas consumed has been imported from outside the Union. The natural
gas production inside EU has been steadily declining. Romania and the Netherlands have
been the largest natural gas producers in 2023 and 2024. (How Is EU Electricity Produced
and Sold?, n.d.; Natural Gas Supply Statistics, n.d.)

In 2021 over 40 % of imported pipeline gas in EU came from Russia. After Russia invaded
Ukraine in February 2022, EU has deliberately reduced the reliance on Russian fossil fuels,
and the share of imported pipeline gas came down to 11 % in 2023. The overall reduction
in gas consumption together with the rapid increase in liquefied Natural Gas or LNG

made the drop possible. Before the downgrading to a marginal supplier, Russia was the
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main importer of all three main fossil fuels — oil, gas and coal. (Where Does the EU’s Gas

Come from?, n.d.)

EU has decided to gradually give up Russian import of gas and oil completely by 2027.
This has led Russia to act by intentionally weaponizing the energy supply. The systematic
blackmailing and sabotage are about to end under the legislative proposal by the Euro-
pean Commission. In May 2022 EU launched REPowerEU, a recover plan with a roadmap
on phasing out Russian fossil fuels in solidarity between all Member States. The roadmap
was updated in May 2025, and a regulation was proposed in June 2025 to end EU’s de-
pendency on Russian fossil fuels and to phase out the imports completely. The proposal
ensures that the energy supply will be kept safe, while avoiding increases in prices or
other possible market disruptions. Due to the existing pipeline connections across EU
and alternative suppliers in the global or local market, the transition can be done
smoothly. The inevitable phase-out will overall enhance and accelerate several EU’s ac-
tion plans regarding, competitiveness, climate goals and affordable energy. Ultimately,
the goal is to replace all the imported fossil fuels targeted to electricity generation with
renewable energy. (REPowerEU, 2022; REPowerEU — Phase out of Russian Energy Im-
ports - Energy, n.d.)

In addition, dependence on Russian nuclear power supplies is a worldwide phenomenon.
However, the sanctions of nuclear power dependence in EU have gone under the radar,
compared to fossil fuels. Inside the Union area, there are several nuclear power plants
build and calibrated to operate with fuel elements provided by the Russian State Atomic
Energy Corporation or Rosatom. Fourth of all nuclear power plants in the world are con-
nected to Russia. (“Dependencies of the European Union and the World on Russian Nu-

clear Fuel Cycle Services, and How to Reduce Them,” 2025)

In 2023 Russia also supplied 23,5 % of the uranium used in nuclear power reactors in EU.
Some of the Member States have independently suspended all relations and dependen-

cies, since EU has yet not been directly targeting Rosatom with sanctions. For example,
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Finland cancelled projects definitively on building new power plants. Finland has also
signed contracts about nuclear fuel supply with the United States based Westinghouse
Nuclear together with Bulgaria and Czechia. Currently, there is no active domestic ura-
nium mining, or it is very limited, due to environmental, social and political concerns. In
2024, a Finnish mining company Terrafame started to recover natural uranium as a by-
product of the production of other metals. The full capacity of uranium production is to
be reached in 2026 with the total output of 200 tonnes a year. A French-owned nuclear
company Framatome has also been said to be developing European based nuclear fuel
products. However, Framatome has signed a cooperation agreement with Rosatom, to
produce nuclear fuel in collaboration. Framatome is intending to supply nuclear fuel,
which is produced in Germany, under the license of Rosatom and from uranium and fuel
pellets coming from Russia. Generally, nuclear power is overall more sensitive topic than
fossil fuels. which creates even more tension to the sanctions and action, with the mas-
sive role Russia has over the whole global nuclear industry. And Framatome’s businesses
show, that even if Russian nuclear supply would be ruled out with sanctions on Rosatom
for example, the connections and motives are deep and complicated. The change takes
time and there is not one ready-to-go solution, but many innovative and bold actions
and decisions to be made. Terrafame’s approach is a great example of this. (“Dependen-
cies of the European Union and the World on Russian Nuclear Fuel Cycle Services, and
How to Reduce Them,” 2025; Terrafame Has Started Uranium Recovery, n.d.; Digges,

2025; Ihédate & ihedate, 2025)

The European Commission launched REPowerEU plan with 300 billion euros, with the
focus in Recovery and Resilience Facility. The aim is to decrease the dependence on all
sort of imports, but especially energy related ones. The funds are targeted towards pro-
jects of energy storage, grid modernisation and acceleration of renewable energy de-
ployment. Member States in the need of this type of funding, are required to include
REPowerEU as a part of their own Recover and Resilience Plan (RRP). The Recovery and
Resilience Facility (RRF) is EU’s temporary instrument when funding new projects and

investments. The temporary Facility was formed during the pandemic in 2020 and is
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active until 2026. (Recovery and Resilience Facility - European Commission, 2021; RE-

PowerEU, 2022)

After the incidents in 2022, EU’s main fossil fuel importers have been The United States
for oil, Norway for gas and Australia for solid fossil fuels such as coal. EU’s energy de-
pendency rate is relatively high, but progress to decrease the number of imports has
already been done. In 2024 the total imports decreased over 16 % in value and over 7 %
in net mass, compared to the previous year. The total worth of imported energy was
€375,9 million euros and 720,4 million tonnes. (Imports of Energy Products to the EU
down in 2024, 2025; Shedding Light on Energy in the EU, n.d.)

2.1.4 Nuclear Power in EU Area

From political perspective, national policy choices reform the differences between coun-
tries. A great example of this is the different approaches on nuclear power. In 2023 nu-
clear power held a 22,8 % share of the total net electricity generation in EU. This makes
it the largest single energy source in electricity generation. (How Is EU Electricity Pro-

duced and Sold?, n.d.)

Germany, one of the most influential of the Member States, phased out nuclear power

completely. In 2002 German policy makers made the decision to gradually let go of nu-

clear power by 2032, but the process got accelerated after the Fukushima accident in

March 2011. Originally Germany had 17 nuclear power reactors in action and the last

three of these were shut down in April 2023. This led Germany to temporarily increase

fossil fuel-based energy generation to meet the demand. Since then, Germany has the

largest installed wind power capacity in EU today. (“Latest Wind Energy Data for Europe,”
n.d.; Nuclear Phase-Out, n.d.; Murray, 2019)

At the same time, France has the second most nuclear power generation in the world
and most inside EU. In 2023 65 % of the generated electricity in France came from nu-

clear power plants, and 54,6 % share of the total generated nuclear power in EU. Other
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Member States with large nuclear power production were Spain with 9,2 %, Sweden with
7,8 % and Belgium with 5,3 % out of the EU total. These four countries alone produced
76,9 % of all electricity generated in nuclear power plants inside the EU in 2023. This
indicates the vast contrast between some of the countries. (Nuclear Energy Statistics,

n.d.)

The overall atmosphere in EU with nuclear power is neutral or cautiously encouraging.
As referred, Member States hold the freedom to make the decisions regarding integrat-
ing or maintaining nuclear power as a part of their own energy palettes, according to
Article 194(2) of the Treaty on the Functioning of the European Union. There were in
2023 a total of 12 Member States out of 27 with operational nuclear power plants. How-
ever, the Nuclear Safety Directive and Directive for the Management of Radioactive
Waste and Spent Fuel, together with common EU rules and regulations, are binding on
all Member States. Some states have no nuclear power generation or the interest for it,
such as Austria and Denmark, who both have banned the production and development
of it completely. Vice versa, there are states that have previously phased out the possi-
bility of nuclear power generation but are since interested in integrating it as a part of
their energy mix. Nuclear power accounted for over one third of the total electricity gen-
eration in eight of the 12 Member States that operated nuclear power plants in 2023.
(EPRS, European Parliamentary Research Service, n.d.; Nuclear Energy Statistics, n.d.;

OPOCE, n.d.)

France is promoting a coalition of Member States, that aims to create energy sovereignty
and to boost decarbonation. This so-called nuclear alliance enables the growth, research,
and development of nuclear power inside EU by also improving the movement away
from solely fossil fuels. The alliance is focused on creating a solid foundation and frame-
work to scale up the European nuclear industry in order to succeed in the global compe-

tition. (EPRS, European Parliamentary Research Service, n.d.)
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Overall, nuclear energy holds a relatively large share of the Union’s total electricity gen-
eration source palette and the interest towards it has been gradually gaining more trust.
There are still big questions to answer and problems to find solutions for, referring to the
dependence on Russian nuclear supply. EU’s approach to nuclear power has been about
evaluating the opportunities and challenges in a rather neutral way. This is anticipated,
since the Member States have the freedom to choose, but when it comes to Russia’s
manipulation and ruling the market sector, much bolder actions, guidance and regula-

tions are required.

2.1.5 The European Green Deal and Decarbonization Goals

Europe is striving to become the first climate neutral continent by the year 2050. The
European Green Deal is an action plan affecting several policy areas, transforming the
European economy, energy and industries. The aim is to promote clean transition with
investments in new innovative approaches, clean technology and sustainable infrastruc-
ture. The clean transition is aimed at being done by protecting people and maintaining
economic security and social fairness. (The European Green Deal - European Commission,

n.d.)

The direct actions on climate neutrality and reduction of emissions are bound by Euro-
pean Climate Law, which is the legal backbone of the Green Deal. The agreement is to
reduce emissions by at least 55 % by 2030, compared to 1990 level and 90 % before 2040.
These targets are crucial intermediate steps on the path to achieve final climate neutral-

ity by 2050. (The European Green Deal - European Commission, n.d.)

The European Council has stated that the objective of a climate neutral continent is co-
herent with the United Nation Paris Agreement, a legally binding international treaty,
which sets the goal to hold the global average temperature increase below 2°C compared
to pre-industrial levels. The Climate Law, published and entered into force in 2021, op-
erates as the framework on how to achieve climate neutrality objectives, and what man-

datory changes are to be made in the future to do so. The Commission notices that
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previous energy infrastructure investments have been insufficient, and changes are re-
quired in order to effectively support the energy transition, accelerated electrification
and the scaling up of renewable electricity generation. Therefore, the Climate Law pro-
motes the interconnection of the networks in the trans-European energy infrastructure.
Relevant stakeholders and authorities are required to work together within given frame-
work to develop connections so that rural and isolated regions are also taken part in
trans-European network infrastructure. (European Climate Law - Climate Action - Euro-
pean Commission, n.d.; Regulation (EU) 2021/1119, 2021; The Paris Agreement | UN-
FCCC, n.d.)

A high-performance, well-connected and modernized infrastructure network is a crucial
base not only for energy, but also for transportation and digital services. Regulation (EU)
2021/1153 of the European Parliament and of the Council states, that all islands, regions
and outermost areas need to be connected to enable a smart and sustainable growth
with the promised free movement of all goods and people. The Regulation (EU)
2021/1153 also establishes the Connecting Europe Facility or the CEF with the purpose
to accelerate the investments, funding and legal matters related. The contribution of the
CEF also naturally includes all the actions against climate change with the objectives of
the European Green Deal and the Paris Agreement. However, the primary function of
the Facility is to create clear and transparent financial support for prioritized infrastruc-
ture projects, such as cross-border network connections, which are strategically signifi-
cant to the whole Union, but Member States might not provide necessary funding alone.
CEF could also fund other crucial projects such as discussed smart and super grid devel-
opment. (About the Connecting Europe Facility - European Climate, Infrastructure and

Environment Executive Agency, n.d.; Regulation (EU) 2021/1153, 2021)

Alongside the emission reduction, related objectives and regulations include creating
measures and monitoring to track progress by governance progress. For Member States
this is included in their National Energy and Climate Plans (NECPs). With these existing

systems, progress will be reviewed and assessed no fewer than every five years. The
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European Green Deal is purposed to be more than just the targets set. Same goes with
the Climate Law, one key feature is to strengthen and concrete the adaptation actions to
climate change itself. The aim is to create the right kind of enabling environment, which
refers to making the conditions to build green transition approachable and attractive.
This ideology can be described as the backbone or a catalyst to the multi-layer control
strategy for the grid operations. Without the right conditions, this type of system could
not be funded, built or utilized effectively. Primarily, European Green Deal sets common
goals, which then spawn other official and EU level plans, acts, rules and regulations.
Operators in several sectors and industries are then encouraged and ready to implement
within these guidelines. (National Energy and Climate Plans, n.d.; Regulation (EU)

2021/1119, 2021)

2.1.6 Grid Interconnections

European energy infrastructure is going through major transformations due to climate
actions and geopolitical challenges. New interconnections and updates to the conven-
tional grid are finally seen as a necessity for optimal operations. Previous investments
have been guided towards renewable energy generation, and the grid itself has been left
with less attention. This is now causing the grid to become the bottleneck of the energy
infrastructure modernization. Significant delays in grid development, also delay EU’s ef-
forts to achieve climate neutrality and decarbonisation of the economy. The grid is the
backbone of the system. Strengthening the grid has various environmental and financial
benefits. A modern network enables efficient flow of electricity across borders, acceler-
ated electrification and lower clean energy prices. In addition, global competitiveness
and security of supply are crucial priorities together with the climate objectives. (Elec-

tricity Interconnection Targets, n.d.-a; Grids Package, n.d.-a)

The lack of regulatory frameworks was recognised as one of the obstacles on the way of
grid modernisation. Other related risks were rather socio-economical, than necessary
technological. Now there are several EU level actions and regulatory sets created to en-

hance the development, so European grids can be connected to the continental level.
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The European power networks have interconnections and synchronisation between
neighbouring regions. The several synchronised regions of different sizes distribute
power through AC lines, with interconnected HVDC lines also across regions. The larger
synchronisation of European regions enhances the creation of stronger Energy Union
and increases safety and security. In February 2025, the Baltic region power networks
were synchronised to the largest region the Central Europe Synchronous Area due to the
security aspects and future development plans. This was a huge milestone, when
strengthening the European cooperation and moving away from external dependencies.
(ENTSO-E Confirms Successful Synchronization of the Continental European Electricity
System with the Systems of the Baltic Countries, n.d.; Hofmann et al., 2020; Zahid et al.,
2025)

On 10t of December 2025, EU presented the European Grids Package which operates as
the latest policy and legislative framework for the grid development plans and projects.
The Grids Package includes legislative proposals to solve the urgent structural issues in
the European energy infrastructure in order to create a genuine Energy Union. The Grids
Package was created to operate as a wider policy response to update and unify the rules,
regulations and binding legislation related. The legislative proposals promote immediate
actions, which then complement the Grid Action Plan incentives and implementation
tools. The Grid Action Plan, alongside with other Action Plans, identify the practical ac-
tions and showcases the roadmap on how and when to implement them. The Grids Pack-
age is designed to cross and support several other ongoing acts, for example the strategic
driver REPowerEU published in 2022 to ensure the movement away from Russian fossil
fuel imports. (An EU Action Plan for Grids, 2023; European Grids - European Commission,

n.d.-a)

The European Commission presented in May 2025 a guidance document on proactive
investments for future electricity networks. The document is directed to both transmis-
sion and distribution system operators and to national authorities as a guidance in en-

hancing the formation of right conditions to the grid investments to reflect future
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requirements, competitiveness of industry and to promise affordable energy to consum-
ers. Grid investment requirements by 2040 were projected at estimated 730 billion euros
for distribution networks and 477 billion euros for transmission networks. All mentioned
initiatives are in line with the European Grid Action Plan and the Affordable Energy Ac-
tion Plan. These proactive investments enable the multi-layer strategy implementation,
since the target of the investments is in innovative long-term network development
plans. (EU Guidance on Ensuring Electricity Grids Are Fit for the Future - European Com-

mission, n.d.)

The Grid Action Plan includes concrete implementation tools to help guide investments
towards projects which accelerate the European electricity network modernization. The
Action Plan was issued in November 2023 as a part of the European Green Deal incen-
tives. According to the plan, the consumption of electricity is expected to increase by
more than 60 % by 2030. As a response to this growth and to the climate incentives, the
electricity networks require more flexibility, decentralisation and digitalisation. The Ac-
tion Plan is targeting 584 billion euros funding to grid development, due to over 40 % of
the grids in Europe being over 40 years old. As for European Network of Transmission
System Operators for Electricity (ENTSO-E) is investing 700 million euros until 2050 to
the same cause, to modernise the conventional grid with intelligent applications and to
create more cross-border connections. (European Grids - European Commission, n.d.-a;

Zahid et al., 2025)

Seven different action focus areas are identified in the Action Plan, to concrete the in-
vestment directions and to accelerate the delivery of intentions. Accelerated and effec-
tive unlocking of investments and enhancing access to finances is crucial, since the actual
grid construction takes time. Time consuming construction is therefore listed as one of
the seven focus actions. When the finances are flowing more efficiently towards the high
requirement projects, the development and achievement of climate objectives can stay
on the planned timeline by also accelerating the deployment of the new projects with

faster permitting. (European Grids - European Commission, n.d.-a)
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Part of the Grid Action Plan and the Grids Package objectives is to make affordable en-
ergy matter for all citizens. Therefore, EU published a separate Affordable Energy Action
Plan, including eight actions which are mostly carried through already in 2025. The well-
functioning connections and markets must be a priority even with high-end projects, and
the costs of a modern, digitalized and flexible network cannot in any case fall on the
citizens. According to the Commission, modernizing the energy infrastructure is the most

cost-effective way to acclaim climate goals. (Affordable Energy, n.d.)

The European Green Deal connects to and overlaps with several concrete implementa-
tion regulations and plans. Trans-European Networks for Energy or TEN-E is a separate
but intertwined EU instrument, which rules the policies for specifically cross-border net-
work connections in a collaborative and solitary way. The first TEN-E regulations were
published in 2013 and since then the aim has been to improve market integration, re-
duce the risks of bottlenecks, and increase healthy competitiveness between EU coun-
tries. TEN-E regulations are legally binding for the Member States. The revised Regula-
tion (EU) 2022/869 came into practise with the same aims in 2022, together with up-
dates on the energy infrastructure categories and priority corridors. (Regulation (EU)

2022/869, 2022; Trans-European Networks for Energy, n.d.-a)

Every two years since 2013, as a part of the revised TEN-E policy, new Projects of Com-
mon Interest (PCls) have been identified. The fifth PCl list came in action in 2022. How-
ever, in November 2023 the European Union created a new delegated list, which in-
cluded Projects of Mutual Interest (PMIs) together with updated PCls. The new list was
the first to include both PCls and PMIs, and in the future this Commission delegated list
will be revised every two years the next revision in November 2025 and later publication
during 2026. PCls are projects between at least two EU countries and PMls are projects
which occupy EU countries and countries outside the Union. Primarily the projects are
implemented together with countries in the Energy Community Contracting Parties and

the European Economic Area. The candidate countries are expected to have aligned
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energy and climate objectives with the EU and be stable and supportive in terms of sup-
ply of service in the continent. (PCI and PMI Selection Process, n.d.; Regulation (EU)

2022/869, 2022; Trans-European Networks for Energy, n.d.-a)

Even though the European power grid is the largest integrated network and the most
resilient one in the world, as a continent Europe is relatively small, geographically and
politically. EU is mighty but responsible alliance and with the increasing global tension
and climate risks, a strong bond between Member States and other European countries
is more crucial than ever. Therefore, focusing on every two-year revision of the PMIs will
strengthen the alliance and harmonize the energy infrastructure cross-border, which will
then increase security of supply and global competitiveness. Overall, PCI and PMI pro-
jects support the thematic areas of the priority corridors and chosen energy sector in-
frastructure categories. (PCI and PMI Selection Process, n.d.; Trans-European Networks

for Energy, n.d.-a)

The revised TEN-E policy includes a total of eleven priority corridors that cover different
geographic regions in EU. The corridors respond to the requirement to connect the cur-
rently isolated regions in the sectors of electricity, offshore grid, and hydrogen infrastruc-
ture. The three priority thematics named are smart electricity grids, smart gas grids and

CO2 networks. (Trans-European Networks for Energy, n.d.-a)

Many Member States and neighbouring countries have existing interconnections within
their electricity grids, but the long-term plan is to expand the network to cover the whole
Europe. The plan agrees with the original ideology stated when establishing the Euro-
pean Union - a single internal market and free movement for all goods and people. As
stated in the Climate Law, with the sustainable growth strategy set with the European
Green Deal, future EU will be a just and prosperous society, with modern, efficient and
competitive economy. Europe is a small continent and by strengthening the connections
and relations between Union Member States, the security of supply, overall resilience

and reliability of operation increases. (Regulation (EU) 2021/1119, 2021)
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TSOs all over Europe are obliged to make grid accommodations for the larger integration
of renewable energy. By 2024 only five grid operators in Europe had made the promise
to have a completely decarbonized network by 2035, even though 13 EU countries have
carbon neutrality objectives set to meet by the same year. EU has set the targets and
changed related legislations and more of similar actions from the local governments are
necessary. Governments and local authorities through political leadership must deter-
mine clear incentives and clarified grid targets. (Grids Package, n.d.-b; What Is Stalling

Europe’s Transition to Renewable Electricity?, 16:30:22 +02:00a)

Less bureaucracy and faster permitting enhance the implementation of projects. Accord-
ing to ENTSO-E more than 50 % of the projects which are expected and required to be
done by 2030 are still waiting on accepted permits. Both ENSTO-E and the Commission’s
Grids Package suggest a plan to provide simplification and clarification of the dedicated
legislation to all decision-making stakeholders of the grid. The relevant rules should be
harmonized between all Member States to avoid overlaps with the existing frameworks
and to reduce additional complexity. With shorten ruling deadlines to accelerate the per-
mitting process, especially PMIs and PCls should be prioritized. (European Grids - Euro-

pean Commission, n.d.-b; Grids Package, n.d.-b)

Another significant note is the attention towards energy and electricity infrastructure
planning. The new truly European perspective of unified Energy Union aims to bring out
full potential from the existing infrastructure, while developing the grids across Europe.
The European perspective indicates the manufacturers and other stakeholders to prior-
itize the local markets over their global competitive position, due to limited capacity and
project delays. The term Energy Union refers to the final product of market and grid uni-
fication development. Energy Union is the goal state where the Commission and all
Member States work together to meet and go beyond the climate goals in the future.
The Commission publishes a yearly report about the state of the Energy Union creation,

the newest one published on 6t of November 2025. The yearly report published since
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2015, monitors the progress of the key priorities and tracks that the Energy Union Strat-
egy will be achieved someday. Currently, the emphasis is on meeting the climate goals
set for 2030, before the focus moves on the larger objectives to be met by 2050. The 10t
edition of the Energy Union Strategy being the latest one has a clear statement. There is
a lot of progress made, but all the actions are required to accelerate to meet the ambi-
tious but crucial goals by the set timeframe. The Energy Union report observes the Eu-
ropean Union as one author but recognises the differences between Member States.
Truly European Energy Union is connected, unified and independent. The suggested vi-
sion is that Member States realise they depend on each other when delivering secure
and clean energy to all. With true solidarity, trust and support the Energy Union ideally
speaks with one voice in the global context. (10th Report on the State of the Energy Un-
ion - Energy - European Commission, n.d.; Energy Union - European Commission, n.d.;
REPORT FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, THE
EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE RE-
GIONS State of the Energy Union Report 2025 (Pursuant to Regulation (EU)2018/1999

on the Governance of the Energy Union and Climate Action), 2025)

The Energy Union Strategy naturally promotes sharing the funding principles and project
costs. Bundling and sharing costs, as well as the bureaucracy between all associated
Member States and stakeholders, accelerates the final implementation of the projects.
The Grid Package also mentions the aim to create more fairness and benefits among all
participants, while speeding up the processes overall. The cross-border projects create
benefits for much larger region than the one they are built on. The Member States are
required to open their perspective and be more generous and ambitious with cross-bor-
der project funding, permitting and implementing. The Energy union is here to
strengthen the European Union’s ties with the Member States across the continent. As
many projects concern only neighbouring countries, the climate objectives still bind us
all. (10th Report on the State of the Energy Union - Energy - European Commission, n.d.;
Energy Union - European Commission, n.d.; REPORT FROM THE COMMISSION TO THE
EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND SOCIAL



38

COMMITTEE AND THE COMMITTEE OF THE REGIONS State of the Energy Union Report
2025 (Pursuant to Regulation (EU)2018/1999 on the Governance of the Energy Union
and Climate Action), 2025)

The level of interconnectivity between Member States has not reached the level where
an Energy Union could be created. The goal was to have 15 % interconnectivity by 2030,
which means that each Member State should have cross-border connections with neigh-
bouring countries so that 15 % of the electricity generated would allow to be imported.
By 2025 only 14 countries had met the goal, and five countries were above 10 % of the
target, which was the original one set to achieve by 2020. There are still eight countries
below current and previous targets. If the interconnection projects are finished on time,
the increased connectivity is expected to further assist the carbon neutrality objectives

set to be met by 2050. (Electricity Interconnection Targets, n.d.-b)

Noticeably, European Union and Commission hold together a large palette of different
overlapping projects, plans and policies on improving the energy and electricity sector.
The updated development of the grid connections comes up in almost every plan and
project, together with the digitalization and affordability of electricity, without ruling out
the driving force of climate neutrality objectives. The strategies and policies are designed
to defend and complete each other in the big picture. The wide-ranging palette creates
an accessible environment for new advancements within all sectors inside the frame-
work. This type of regulative but also innovative framework is also the enabler and in-
spiration for the multi-layer control strategy of combining smart and super grid opera-
tions across EU area. The framework processes are still evolving, but all acts are paving

the way to the creation of the European SSG.

2.2 Multi-layer Structure Management

The fluctuating and intermittent nature of renewable energy has created a challenge for
the grid. During recent years two solutions have risen to solve or improve the perfor-

mance, since the accelerated increase in renewable energy generation. Super grid and
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smart grid strategies are viable solutions to improve the efficiency and effectiveness of
the renewable energy utilization further in the future. Smart grid has been identified as
a local strategy and super grid more of a cross-system with larger continental coverage
and increased interconnections. These concepts can be seen as separate systems or as
complementary grid actions. In this thesis research, the strategies are seen as supportive
of each other, operating in coordination, rather than in isolation. However, this section
of the study thoroughly examines the concepts from different perspectives, to gain a
profound understanding. Generally, the need for a framework which covers and merges

the two concepts is essential. (Zahid et al., 2025)

2.2.1 Super Grid

Traditional grid infrastructure has not been keeping up with the evolvement of the
power sector and accelerated electrification of the modern economy. The term super
grid implies to a wide-area electricity network which covers multinational areas or even
continents. The key to a super grid is to increase connectivity by expanding and conjoin-
ing transmission grids cross-borders. New technologies and innovations are in the core
of a successful and viable implementation of this sort of grid infrastructure. The leading
technology currently being High Voltage Direct Current (HVDC). Ideally, a super grid en-
ables the movement of large amounts of electricity across large geographical areas and
long distances. This also connects remote renewable energy generation areas to the
populated and occupied areas with high demand. (Adnan et al., 2024; Blarke & Jenkins,
2013; Zahid et al., 2025)

Increased connectivity naturally also increases the safety and security of supply by
providing more possibilities for the supply and demand to meet even with unexpected
hazardous events or simply with changing weather conditions. In the European context,
a super grid enhances the unification of the European electricity market and connects
already existing transmission networks. The planned continent-wide grid operates as the
backbone of the regional and national grids. This decreases dependency on fossil fuel

and imported energy, while increasing security, diversity of supply sources and
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integration of renewable energy overall. This should lead to more affordable and reliable

electricity across the continent. (Zahid et al., 2025)

There are studies both against and with super grid approaches worldwide. An almost
utopian idea is to create a grid which would expand across the globe. The benefits of this
have been studies, but however, the problems are more political than financial or tech-
nological. A more rational idea is to connect the European grid with China or other parts

of Eastern Asia with HVDC lines. (Kristina Hojckova et al., 2022)

A continent-wide super grid in Europe would enable the utilization of renewable energy
to its full potential. Due to the increased connectivity, the large solar power plants in
southern Europe could provide large amounts of electricity during the day and the off-
shore wind power plants in the North Sea could generate electricity during the nighttime
or when the sun is not shining, for example. The produced power could then be trans-
ported where needed inside the continental grid with the HVDC cables. This is how the
super grid actions address the fluctuations and intermittency of renewable energy, while
enhancing the diversity of energy sources. With HVDC the generated electricity can be
transmitted for long distances without excessive losses. Essentially, a super grid supports
the idea of distributed energy generation and takes it a step further with large-scale ap-

proach. (Adnan et al., 2024; Zahid et al., 2025)

As the fundamental part of the system, the lines and cables are required to accommo-
date all the changing patterns of generation, consumption and transportation. Unavoid-
ably, the network is required to expand relatively rapidly. Reflecting on the European
Green Deal objectives of 2050, the grid is estimated to expand with 500 000 kilometres
of transmission lines and 3 000 000 kilometres of distribution lines by the same year in
the Union area. According to the Clean Energy Technology Observatory (CETO), an addi-
tional 7 000 000 kilometres of existing mainly distribution lines are to be replaced by

2050. (Smart Grids in the European Union, 2024)
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Most of the existing and operational electricity lines globally are AC lines. The popularity
of AC lines is explained by the relatively low losses and simple voltage transformation.
Historically, AC lines have been more affordable and accessible, due to most power
plants generating electricity naturally as AC, so there has not been a need for expensive
converters. Therefore, the existing infrastructure and industries are build based on AC.
However, as mentioned, the increasing amounts of inverter-based electricity generation,
like solar or wind power, the popularity of DC technology is increasing, especially solu-
tions such as HVDC. However, even if HVDC is gaining interest and investments, new AC
lines are still required, due to the existing structure of the grid. (Electricity Grids in the

European Union, 2025; Smart Grids in the European Union, 2024)

HVDC system transports electricity by using direct current (DC) instead of more conven-
tional alternating current (AC), with high voltages. This type of system performs excep-
tionally well with longer distances, due to lower reactive power transmission losses and
increased capacity. HVDC enables wider connectivity by connecting distant power net-
works with different frequencies or stability conditions, as well as connecting offshore
wind plants for example. HVDC method is also ideal for underwater cable connections,
which makes the overall performance suitable for high demand and large coverage
power systems like the European SSG. Several areas in Europe or in EU are already syn-
chronised, but in order to connect all the areas to each other, HVDC can be a key method.
As the plan is to transmit electricity by direct current, the system requires HVDC semi-
conductor devices which convert the generated AC to DC for transmission and then back
to AC. (Electricity Grids in the European Union, 2025; Neubauer et al., 2025; Zhou et al.,
2026)

The materials and substations built for HVDC system cover most of the required costs.
However, when comparing the transmission costs by length between AC and DC lines,
the compensation of the relatively high costs of HVDC are inevitable for longer distances.
With shorter distances, transporting electricity with AC lines is more affordable, since

there is no need for substations in each end of the line. A study included in the CETO
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report Electricity Grids in the European Union from 2025 showed that DC lines are more
cost-effective with distances over 300 miles or 482,8 kilometres, but the best efficiency
is achieved at over 2000 miles or 3128,7 kilometres. The overall performance of HVDC
lines are from hundreds of kilometres to few thousands for distances and with power
transmission from hundreds of megawatts to a few gigawatt. (Electricity Grids in the Eu-
ropean Union, 2025; Smart Grids in the European Union, 2023; Smart Grids in the Euro-

pean Union, 2024; Neubauer et al., 2025)

DC cables are mainly made of the same materials as more traditional AC lines. Since
HVDC cables are meant for long distances, they are required to be viable in underground
and undersea conditions as well. Underground cables are mostly made of copper and
insulation, as the overhead lines require mainly just steel and aluminium. HVDC lines and
cables require less physical material compared to the three-phase AC lines and with the
higher voltage level the same amount of material reaches higher transmission capacity.
The overall cost of materials has been increasing, but when compared to the total cost
of the demanded grid infrastructure update the investment in efficient and mature tech-
nologies such as HVDC are worth the costs and will pay themselves back eventually.
(Electricity Grids in the European Union, 2025; Smart Grids in the European Union, 2023;
Neubauer et al., 2025)

One major risk for new large-scale innovations is the long lead times. Supply levels for
different grid infrastructure projects have increased, which naturally increases the lead
times of components manufactured. More uniform and simple implementation of the
project run-throughs for the Member States with the EU tendering laws could accelerate
the process. However, according to stakeholders and operational parties in the EU job
market, the lack of or incompetent workforce are not risks to tackle. (Electricity Grids in

the European Union, 2025; Neubauer et al., 2025)

Overall, the European super grid is evolving and forming strongly in the future. Large-

scale connectivity enables market coupling and engages the EU Member States to each
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other, eventually creating the unified Energy Union. Thus, the power systems work as
one, not as a patchwork of several national grids. This not only promotes reliability and
resilience, but also solidarity. The cross-border connections allow the Member States to
support each other during different crises. This became extremely visible and important

during the recent power supply disruptions.

2.2.2 Smart Grid

Intelligent and smart applications have already been growing popularity with the accel-
erated technological development in the 21st century. The mature innovations have
been spreading across sectors reaching applicability in the electricity grid operations as
well. By modern day definition, a smart grid is an information-based bi-directional elec-
tricity network which minimizes the costs and environmental impact and maximizes sys-
tem reliability, resilience and flexibility. The aim is to utilise digital and intelligent tech-
nologies to automate, optimize, control and monitor the electricity system between gen-
eration, transmission, distribution and end-users bi-directionally. Based on the infor-
mation collected and the bi-directional operations, the supply and varying demand are
meeting effectively and efficiently, while the grid stays stable. (Rodriguez-Perez et al.,

2024; Smart Grids, n.d.)

Generally, a smart grid links together all grid stakeholders with the use of automation
and modern communication technologies to always function as a coordinated system. A
real-time monitoring enables quick and effective demand responses with load manage-
ment. A smart grid is ideally a self-recovering system, which can automatically detect
faults and hazardous activities and make the necessary actions to recover without fur-
ther harm. All this is based on the two-way or bi-directional communication and trans-
portation of power. Therefore, smart technologies fundamentally transform both power
distribution and transmission. Grid updates are required to improve efficiency, economy,
safety and security. A smart grid gives power generators and users the ability to control

the flow of electricity for both ways and therefore to optimize the supply, demand and
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consumption. The control and communication can be implemented with different de-

vices, sensors and computers. (Blarke & Jenkins, 2013; Smart Grids, n.d.)

As a term smart grid does not necessarily illustrate only one solution, but rather multiple
applications and approaches with smart characteristics. In conventional sense, smart
grid functions resemble and project distributed energy resources or DERs in many ways.
However, depending on the context, these solutions can rather be seen as supportive of
each other and working in unity to increase efficiency and achieve better results. In the
context of European plans and actions towards climate neutrality, smart grid indicates a
network of somewhat individual automative and intelligent local solutions, which to-
gether enable smart controlling of the grid actions all over the Union area. Smart grid
functions, like communication, automation, optimization and self-recovery are to be uti-
lized also as a part of the large-scale power network, so the term does not apply only to
small DERs in the context of this thesis, even though DERs play a rather significant role

in the future development of the grid. (Blarke & Jenkins, 2013)

Under the European Commission as an in-house project operates the Clean Energy Tech-
nology Observatory (CETO), which monitors sustainable, clean and innovative research
activities of the EU energy technologies, value chains and markets. CETO targets both
mature and emerging technologies with particularly innovative solutions. A series of an-
nual reports concerning the chosen themes published includes a status report about
smart grids in Europe. CETO is a common initiative between the European Commission
and the Joint Research Centre, which publishes the annual research status reports. CETO
was founded by the European Commission in 2022 to tackle the complexity of transition
to a climate-neutral Europe. As a part of the CETO annual exercise project, smart or ad-
vanced metering infrastructure has become one of the key subjects. There are several
acknowledged factors and regulative level drivers behind the support of the updating
conventional meters. Smart metering is the main solution to create a smart grid. Smart

meters are in the core of EU’s plans on unifying electricity market and network. (Clean
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Energy Technology Observatory - SETIS - SET Plan Information System, n.d.; Smart Grids

in the European Union, 2023; Smart Grids in the European Union, 2024)

Smart meters have been emerging as important tools to the global digitalisation. Smart
meters track the real-time movement of electricity in the grid, what is fed into and con-
sumed from. The smart metering infrastructure indicates that smart meters are used in
all parts of the electricity network. The real-time monitoring and tracking of the distri-
bution system enables better visibility and mitigates outages and decreases the reaction
time to such hazardous events. Ideally, all electricity end-users are monitoring the elec-
tricity prices, and their own consumption and reactions are made accordingly based on
the data. This applies to the power generators and all stakeholders as well. With real-
time visibility to all actions in the grid, real-time reactions are enabled, and certain
changes can be made accordingly as a response to that. With the overall live insight on
consumption behaviour, both consumers and generators can moderate their own ac-
tions and habits to save not only capital but also energy and resources. (Al Khafaf et al.,

2026; Smart Grids in the European Union, 2023)

This enhances a greater balance between supply and demand. Data and automation are
the key components, as with a larger understanding of all the occurring habits and be-
haviours can gain new perspective. Smart metering is revolutionizing the historical roles
of conventional electricity networks, by blurring the lines between producers and con-
sumers. Smart metering endorses DERs to be a stable piece of the energy and electricity
sector together with the overall distribution of the resources while connecting the whole
system through communication and automation. In many cases the smart solutions feed
the complete system and enable or accelerate future development within several linked
parties or functions. The knowledge and insight on each one of the activities in the grid
is allowing the network operators to better plan and focus their investments and re-
sources where needed the most. The better management of the infrastructure reduces

the operational and maintenance costs. The digitalisation also enables better connection
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between the TSOs and DSOs. In 2020 there were over 100 million smart meters installed.

(Al Khafaf et al., 2026; Smart Grids in the European Union, 2023)

The normalisation of smart meters creates room for new innovations such as the devel-
opment of smart appliances, which are then able to communicate with the electricity
meters on their own and adjust accordingly. These possibilities create even more new
market openings and increase competitiveness. Only relying on the availability of infor-
mation is insufficient. The true efficiency of the smart grid system comes from the data
utilisation. This is where data analytic and artificial intelligence programmes come to the
picture. With the smart characteristics of these functions, all the communication, moni-
toring and related acts can be done automatically, within the rules set. Integrated artifi-
cial intelligent can recognize patterns and learn to react with different occasions. With-
out the use of Al, the electricity end-users can control the functions manually. In con-
crete, this is extremely helpful especially with peak hours, when electricity consumption
is suddenly higher than expected, or there is a lack of supply for some reason, and in
other words —demand and supply are not coherent. The training of Al to do the required
controls automatically will enhance efficiency and effectiveness to the full potential. (Al

Khafaf et al., 2026)

To create a full infrastructure, there are several Union and national level initiatives on
changing the meters into smart ones. EU level regulations and policies are to be re-
guested, since the smart applications support and ease the larger integration of renew-
able energy due to the automatic reactiveness to the fluctuations of renewable sources
as mentioned. The smart meters are required to be equipped with functionalities ruled
in the Electricity Directive EU/2019/944. In addition, national authorities need to make
sure that the deployment of new meters is done so that the update serves the whole
system but also individual consumers and businesses. This requires effective and system-
atic installation and commissioning. According to the European Union Agency for the
Cooperation of Energy Regulators (ACER), in 2021 already 54 % of European households

had a smart electricity meter. In 13 EU countries the percentage of smart meter
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deployment was over 80 % in 2022. Back in 2019 the Commission published a report
which studied the benchmarks the smart meter deployment in all 28 Member States at
the time. According to the published study, the investment in smart meters is estimated
to reach 47 billion euros in EU by 2030, which indicates over 260 million installed smart
meters. The cost of a single smart meter installation is between 180 € and 200 €. (Di-

rective (EU) 2019/944, 2019; Smart Grids and Meters, n.d.)

Overall, the electricity distribution is regulated by National Regulatory Authority or NRA
in Europe. NRA is making sure that each EU Member State is on track with their energy
targets. ACER is supporting NRA to supervise the correct performance of all regulatory
policies and coordination of the contributions. NRA also rules the penalties and incen-
tives of the DSOs, and now they are also supervising and evaluating the Member States
development projects towards smarter grids, together with the integration of renewable
energy objective achievements. NRA is therefore ruling the smart meter change in EU.
(National Regulatory Authorities (NRAs) | Www.Acer.Europa.Eu, n.d.; Rodriguez-Perez
et al., 2024)

Accelerating the meter change, EU electricity market made the change from hourly to
15-minute or quarterly trading intervals. Electricity prices are then calculated every 15
minutes hence the growing share of alternating renewable energy. The quarter interval
enables more accurate predictions of demand and supply with increasing system’s relia-
bility and flexibility. This also benefits consumers, who are now paying more precisely on
their actual consumption every 15 minutes. In concrete, the change has meant that all
electricity meters were to be swapped into ones which could handle the 15-minute
measurement and pricing. The target is to have all meters changed by 2028. All Member
States and market areas are gradually moving to the 15-minute interval model. The move
was planned to be done in two stages. In the first stage, the imbalance settlement was
adapted to the 15-minute interval model and the deadline for this was set to the end of
2020. However, for example the Nordic transmission system operators applied extension

to the transition, and the final deployment of the new interval service was made on 22™
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of May 2023. The second stage was to change the electricity spot price into 15-minute
intervals, which was when the Union’s day-ahead electricity market made the change on
30t of October 2025. (Directive (EU) 2019/944, 2019; EU Electricity Trading in the Day-
Ahead Markets Becomes More Dynamic - European Commission, n.d.-b; Smart Grids in

the European Union, 2023)

The aim with the new trajectory is to harmonize the market and network in EU, and the
standardization of the 15-minute interval electricity market is a great act towards those
aims. Together with the meter changes and renewable energy integration, new desper-
ately required investments are on their way. A large amount of the REPowerEU and EU
Climate Law investments are targeted to the distribution grid updates, especially to dig-
ital solutions. Smart grids and therefore smart metering have been named as one of the
priority thematic areas of the TEN-E, with the aim to enhance the integration of renew-
able energy. Smart Grid Regional Group evaluates all smart grid projects under the TEN-
E Regulations. (EU Electricity Trading in the Day-Ahead Markets Becomes More Dynamic
- European Commission, n.d.-b; REPowerEU, 2022; Trans-European Networks for Energy,

n.d.-b)

2.2.3 Distributed Energy Resources and Decentralisation

Traditionally, electricity has been produced in large facilities far from populated areas.
The idea of consumers becoming prosumers, which indicates that they can produce their
own electricity and even store it, has been gaining popularity in the past decades. The
amount of consumer-scale solar panel installations went through a final increase in Eu-
rope since the rise of electricity prices due to the Russian invasion of Ukraine in 2022.
The distribution of electricity production across the stakeholders in the network sup-
ports the climate neutrality aims but also brings out challenges. Similarly, as smart and
super grid innovations, DERs challenge the way to produce, trade, transport and con-
sume electricity. (Executive Summary — Unlocking the Potential of Distributed Energy Re-

sources — Analysis, n.d.; Russia’s War on Ukraine — Topics, n.d.)
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DER is initially an umbrella term, which combines distributed generation, storage, elec-
tric vehicles (EV), demand response and combined heat and power. The key idea is to
spread and connect generation, storage and flexible loads. Ideally, DERs increase flexi-
bility and efficiency, since conventionally power is best to be used where and when gen-
erated. However, this does not strictly apply to super grid and HVDC type of applications,
which are specifically meant to transport electricity for long distances. To maximize the
climate neutrality potential, several innovations and approaches are required, and DERs
are a relatively mature and easily adaptable solution, which creates new opportunities
to expand the concept concretely to the grid. DER is a great concept already in use, which
is meant to be a supplement for the conventional power operations. For example, DERs
can be combined with smart grid applications such as smart metering and automation.
This enables all generated electricity to be either used, stored or sold to the general grid,
so no electricity would go to waste due to the bi-directional lines. The digital manage-
ment could also enable DERs to contribute to balancing, capacity services and ancillary
services. With digital visibility to all operations and opening of the markets, the DERs
could possibly help adjust electricity prices and mitigate frequency fluctuations in ex-
treme situations. (Adnan et al., 2024; Executive Summary — Unlocking the Potential of

Distributed Energy Resources — Analysis, n.d.)

According to the International Energy Agency (IEA), the electricity market and grid infra-
structure regulation and design require a transformation, in order to gain full potential
from the DERs in the big picture. There has been constant disparity between interests of
DER owners and grid operators, due to the inadequate consumer incentives, which has
formed to be the restrictive factor in the way of beneficial collaborative operations. (Ex-
ecutive Summary — Unlocking the Potential of Distributed Energy Resources — Analysis,

n.d.)

The contribution of DERs is to be valued thoroughly and regulations modified so that the
services required are integrated into the grid system and electricity market. Policy mak-

ers and regulators are required to develop a new market model with established updated
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rules, roles and responsibilities, which can better accumulate innovative and emerging
solutions and resources. The future market and grid designs are to be transformed to be
open to small-scale participants to serve and allow the bi-directional movement of elec-
tricity between stakeholders. Increased connectivity and open markets enhance compe-
tition, system efficiency and resilience. (Executive Summary — Unlocking the Potential of

Distributed Energy Resources — Analysis, n.d.)

DERs include the concept of distributed generation DG, which implies that the genera-
tion of electricity is not only based on one or two resources, but rather on several differ-
ent types of power resources scattered geographically. In some cases, the distribution of
power generation between multiple sources comes naturally or out of convenience. A
great example of this is Finland, where the generation system is relatively evenly divided
between number of resources. The distribution of generation increases security of sup-
ply and safety, since the required energy can be obtained from other sources if one is
unavailable for some reason. This is the core intention behind all the grid development
and connectivity update requirements. A limited and deliberated number of energy
sources and overarching interconnections around the continent of Europe will be the key
to climate neutrality success. (“Electricity Generation,” n.d.; Executive Summary — Un-
locking the Potential of Distributed Energy Resources — Analysis, n.d.; Understanding the

Value of Distributed Energy Resources, 2023)

2.2.4 Network Topology

In traditional or conventional power networks the flow of electric energy is unidirec-
tional. Increased amounts of distributed and renewable energy generation together with
the power electronic technology development are forcing the change of grid topology.
Super smart grid functions introduce the bidirectional flow of electricity to be the stand-
ard across networks. Distributed generation and renewable energy generation are added
to the distribution network level, which is designed originally to not have any production
on it. The complexity of the future power system forces the network topology to evolve.

(Nichita et al., 2013; Prakash et al., 2016)
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With radial network topology, power flows through a single path from source to each
load. The system structure makes power flow outwards like tree branches. The flow is
then unidirectional from the single substation through one main feeder to each load
point with distribution transformers to customers. There are no closed loops. The radial
topology is simple and affordable to design, operate and maintain, and the structure is
mainly used in low voltage distribution level applications such as residential areas or ru-
ral networks with overhead lines. The tree-branch-structures vulnerability comes from
the fact that if any element or component on the path fails, the power flow stops to that
point. Since there is no looped structure or alternative route, the downstream customers
lose all supply. However, this is also one of the advantages of the radial network, since
the failure on one path will not have any impact on the wider system. (Nichita et al.,

2013; Prakash et al., 2016)

The real issue is that radial network topology is planned specifically for passive loads,
which has made it a popular choice as a distribution network design globally, since it was
also originally planned to operate without any power generation on it. The introduction
and inclusion of distributed generation do not serve the purpose of either one. Especially,
the fluctuating and intermittent renewable energy generation disrupts the simple radial
flow of power and causes voltage instability and various protection coordination issues.
This accelerates the reconfiguration of the distribution networks, so that the increased

integration of renewable energy is accommodated accordingly. (Nichita et al., 2013)

Ring, round or loop network topology serves the renewable energy generation and ad-
dition of DGs in general much better compared to the radial structure. With the ring
topology, there are two or more feeders delivering power to the load points. The feeders
are connected to each other forming a loop. This is a hybrid between the radial and
meshed topology. The ring structure provides two paths for the power flow from substa-
tion to each load branch, increasing the reliability of the system in case of a failure, since

there is always an alternative route for the power flow. The ring system requires higher
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investments compared to the radial one, but the reliability of the operation and supply
continuity is also much higher. The power and voltage losses are also relatively smaller.
As the system is more complex than the radial tree-like-structure, the maintenance is

more expensive and arduous. (Ahmad et al., 2018; Prakash et al., 2016)

An interconnected or a meshed network topology has several connected paths between
sources and loads. Several loops operate simultaneously and power flows to multiple
directions. The structure is similar to the ring topology, but with redundant lines with
various alternative routes as organized backups in the case of a failure. This configuration
is the most complex, which makes the operation and protection of the system challeng-
ing. Generally, a meshed network is configured based on the already existing grid, so the
structure is greatly adaptable, since there is no installing of a totally new network.

(Nichita et al., 2013)

Network’s structure and architecture have major impact on the quality of power, relia-
bility and overall stability of the system. When creating an SSG, it is crucial to understand
and consider the performance, benefits, disadvantages and applications of each network
topology. Power networks in the future are evolving towards the meshed topology, since
the great adaptability, reliability and receptiveness for distributed renewable energy
generation. However, transmission and distribution networks serve different roles, and
they have evolved with different priorities in the past. (Espejo et al., 2018; Nichita et al.,
2013; Yue et al., 2020)

Transmission network transports large amounts of high voltage power over long dis-
tances from power plants to distribution networks. The transmission network’s intercon-
nections go beyond different regions, countries and synchronous areas, which makes the
cross-border electricity trading possible. This means that any failure or instability can
possibly result in huge impact across various areas or countries. Therefore, the meshed
topology has been utilized on the transmission level. Transmission networks are required

to meet N-1 security, which indicates that the loss of any single element will not interrupt
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the system. There must always be an alternative route or path for the power flow. (Es-

pejo et al., 2018; Nichita et al., 2013)

Distribution networks have traditionally been radial, since the original design is to deliver
electricity locally. Therefore, the failures have also been local without necessarily impact-
ing other parts of the system. The radial structure has been efficient and affordable in
the past. Due to accelerated electrification and urbanization, the ring structure became
more convenient for distribution networks to adapt to. Ring and meshed structures are
always created on top of the radial one. As mentioned previously, the distribution net-
work is facing challenges with the integration of distributed and renewable energy gen-

eration. (Nichita et al., 2013; Prakash et al., 2016)

Inevitably, the transmission and distribution network topologies are functionally becom-
ing more unified in the future. Distribution networks are becoming more flexible by en-
abling bidirectional power flow together with active control and monitoring practices.
The network is not passive anymore and communication between distribution and trans-
mission levels is crucial and inevitable when reaching to achieve EU’s climate goals. Ex-
changing data increases knowledge and stability and reliability of both networks. One of
the major changes is the unified control philosophy for both transmission and distribu-

tion level operations.

2.2.5 Cooperative Control and Coordination Between TSO and DSO

The European Network of Transmission System Operators for Electricity (ENTSO-E) links
together 40 transmission system operators from 36 European countries to create the
world's largest interconnected grid with secure and coordinated operations. ENTSO-E
was created with a legal mandate under the EU Law to support and provide technical
and strategical contribution towards the common climate neutrality objectives. ENTSO-
E’s mission is to guard the European electricity system by bringing together the expertise

of all TSOs and DSOs to ensure a secure, safe, sustainable and affordable electricity
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system now and in the future. The association connects and mandates authorities and

grid operators across and beyond EU. (Mission Statement, n.d.)

ENTSO-E also delivers important outlooks of the pan-European electricity systems and
networks. The deliver outlooks are short, mid or long-term investigations. The most val-
uable of the outlooks currently is the long-term one, TYNDP or the Ten-Year Network
Development Plan. TYNDP is the base for all European electricity network infrastructure
development plans. The plan is revised biannually, the latest revision done in 2024.
TYNDP investigates and studies what the electricity system needs in 2030 and 2040. By
connecting and complementing national grid development plans, the TYNDP provides
European-wide view of how the electricity system is required to evolve. It examines how
the cross-border interconnections and transmission together with storage solutions can
support the energy transition in a secure and cost-efficient manner. According to ENTSO-
E, every euro invested into the grid development projects will translate into more than
two euros saved in system costs. The 2024 TYNDP has the same key findings mentioned
in several factual connections — the existing network infrastructure projects are not
enough. More investments, effort and actions are crucially needed to enable the project
implementation in the set timeframe. (ENTOG, 2024; Power Outlooks, n.d.; TYNDP 2024,
n.d.)

To optimize the controlling of the total electricity system and to enable the energy tran-
sition, a close cooperation between the TSOs and DSOs is highly valued. ENTSO-E to-
gether with the new EU DSO Entity aim to enhance this collaboration. DSO Entity is an
association for distribution level system operators around Europe. Established in 2021
the DSO Entity connects and supports DSOs like what ENTSO-E does with TSOs. The le-
gally mandated by the EU Electricity Market Regulation 2019/943, the association aims
to attract more investments and interested towards DSO level development plans and
projects. The 2022 revision of the TEN-E Regulations acknowledges the increased rele-
vance of DSO level actions such as the smart grids. Previously, several reports and regu-

lations regarding the grid development and energy transition have focused on TSO level
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implementations. Now the EU DSO Entity is also included in the biannual updates of the
TYNDP. (DSO Entity — Pillar of Europe’s Energy Transition, n.d.; Regulation (EU) 2019/943,
2019; TSO/DSO Cooperation, n.d.)

The increasing integration of distributed energy resources (DERs) is significantly chang-
ing the network system dynamics. Technical and operational issues can occur more often
within both networks. Conflicting control actions, lack of visibility and observability, un-
safe utilization of flexibility and inefficient congestion management cause disruption be-
tween transmission and distribution systems. Generally, the distribution and transmis-
sion system operators are responsible for their own networks, however, the comprehen-
sive charge of the overall system security has been on TSOs. Since many of the DERSs are
connected to distribution networks, a new type of interdependency is required, which
in the best case of scenario can solve the imbalance between system and local level
needs and constraints in a distributed energy resource dominated network. Coordinated
cooperation can even enhance the most common grid operation challenges such as con-

gestion and voltage and frequency control. (Gerard et al., 2018; Yoon et al., 2024)

Before the energy transition, the cooperation between DSOs and TSOs has not been seen
as a primary solution for mentioned issues, since DSOs have generally not had the ability
to engage in any flexibility actions. In many cases TSOs operate directly with the distrib-
uted renewable energy generators by providing ancillary services to maintain the system
stability. TSOs activate and procure flexibility services from resources connected to the
distribution network, without technical validation from the DSOs. This creates a systemic
coordination gap. Sharing the responsibilities, actions and production of ancillary ser-
vices is the next step, since DSOs are no longer passive network operators. By allowing
the DSOs to acquire flexibility, they can actively influence the power flows inside their
own network. This way the DSOs are able to contract, activate and procure changes in
generation or consumption from connected energy generation resources. The technical
validation of the connected resources is then done on the distribution level. By accessing

overall wider range of flexibility and potential flexibility services, the technical and
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operational issues can be tackled. With collaborative communication, the unpredictable
and possibly conflicting flexibility activities and the consequences are to be minimized.

(Gerard et al., 2018; Yoon et al., 2024)

Better grid visibility and observability support the previous statement about cooperation
and communication benefits. Even if DSOs are to be more in charge of their own network
services in the future, the visibility over transmission systems and their operational ac-
tions have been very limited or non-existent. To efficiently and successfully cooperate,
DSOs and TSOs are expected to have improved level of visibility and observability over
other’s networks, since some actions and decisions done by either of the system opera-
tors can have an impact on the other. The need for better visibility and observability is
linked to the need for improved data exchange between the networks. The existing ex-
change of information is expected to intensify with the interoperability practices and
additional standardization. DSOs and TSOs produce and require different types of data,
and the defined roles should be based on that, so that data with higher quality and min-
imized delays can be shared effectively. A stronger engagement of general standards en-
hances the system operators to adopt a more systematic approach for the communica-
tion and data exchange between them. The related regulatory framework has been in-
cluded in different international and EU level publications, such as the Electricity Net-
work Codes and International Electrotechnical Commission (IEC) Common Information
model (CIM) standards. (Common Information Model, n.d.; Gerard et al., 2018; Yoon et

al., 2024)

Congestion management, frequency response and voltage control are concrete grid re-
lated issues which are expected to increasingly occur with the large-scale DERS integra-
tion. Conventional energy management methods have been identified to be somewhat
incompetent. As the flexibility, communication and visibility are brought to the next level,
the accompanying actions help to work out the existing but now highlighted issues. DSOs
and TSOs handle congestion differently. DSOs with DERSs are battling with general line

congestion, frequency problems and uncertainty of the power generation. High
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penetration of fluctuating renewable energy sources together with accelerated electrifi-
cation seen as the increase in EVs and heat pumps, cause local clustering inside the dis-
tribution networks. Besides the renewable energy generation fluctuations, in transmis-
sion networks, congestion is caused by lack of transmission capacity, large power trans-
ports across wide areas and market-driven activities not being aligned with physical ca-

pabilities. (Attar et al., 2024; Gerard et al., 2018; Yoon et al., 2024)

Congestion management is a real-time operational necessity, which can’t be completely
avoided with planning. If congestion is not managed appropriately, it can cause voltage
violations, protection outages and equipment damages. Traditionally, congestion has
been managed through grid reinforcement, by updating components or adding lines to
the system. These actions are expensive and time-consuming. There are new innovative
and more flexible ways to handle congestion in the future networks, such as market-

based solutions. (Esmaeel Nezhad et al., 2025; Yoon et al., 2024)

As an additional ancillary service, congestion management can be implemented through
a marketplace. For example, in Finland, the national transmission system operator Fin-
grid has launched a congestion management market, which is a joined marketplace for
both transmission and distribution networks. Fingrid and Helsinki region distribution sys-
tem operator Helen Electricity Network both utilize the marketplace offers as primary
method for congestion management. Currently the marketplace is an experiment be-
tween the Finnish TSO and one DSO, but the results and things learned will act as the
base for creating a national congestion management market in the future. The experi-
ment is going on until December 2027. Market-based congestion management solutions
have more allowance for customization, since they are based on flexibility. (Esmaeel

Nezhad et al., 2025; TSO-DSO Congestion Management Market, 2025)

To successfully solve the identified challenges and issues, the interactions between TSOs
and DSOs is required to intensify in a more standardized and structured manner. While

TSOs and DSOs are expected to collaboratively create a set of common European level
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standard actions and principles to enhance coordination, a certain degree of flexibility
and freedom must be preserved to allow individual system operators to adapt the prin-
ciples to their national circumstances and specific needs. Not all information, activities
and practices are to be shared but rather expand the conventional roles of the system
operators to be more responsive and resilient. The key is to breakdown the previous

control hierarchy and distribute the responsibilities accordingly.

2.2.6 Control Structures

Existing control structures designed for grid purposes are quite conventional, for the
complexity of an SSG. The most common one being the hierarchical structure, with pri-
mary, secondary and tertiary control levels. This model is the dominant one around the
world. The control is centralised around TSOs and synchronous power generation. The
hierarchy indicates that decisions are made from top to down. This control system is
relatively simple and works well with predictable and synchronous systems. (Suehiro &

Namerikawal, 2014)

As mentioned, traditionally in energy networks, the power of control has been divided
so that the upper levels have the most responsibilities and concentrated authoritarian
power, which then drains downwards. This uneven deviation creates the hierarchical
structure of the system. This type of control structure is most suitable for a system with
straightforward objectives and operational boundaries. Structures like this are most ef-
fective when the system aims stay stable, as each level executes their defined functions
with a limited scope. Usually, this also indicates that the interactions between the levels
and stakeholders are limited. A diagram of the hierarchical structure is presented in Fig-
ure 5 below. The structure and its limitations are too rigid for the flexibility requirements

of the SSG. (Ai et al., 2018; Kouveliotis - Lysikatos et al., 2020)
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Figure 5 Hierarchical power system control, adapted from Ai et al., 2018; Kouveliotis — Lysikatos
et al., 2020.

One of the standardised architecture models, which does not take accountability about
the final control hierarchy, is the smart grid architecture model (SGAM). The basic idea
of SGAM is that all the related activities are divided into five interoperability layers,
which are further separated into domains and zones, according to the hierarchy of the
power system. SGAM layers are presented in Figure 6 below. SGAM supports the archi-
tectural design approach of the future implementation of the grid, and it is generally
utilised to assess smart grid use cases in a technologically neutral way. The three-dimen-
sional model supports system planning and is generally used to outline new smart grid

related solutions. (CEN-CENELEC-ETSI, 2012)
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Figure 6 SGAM layers, adapted from Panda & Das 2021.

The cube-like-structure enhances the systematic modelling of the interoperability of all
components and stakeholders. The model is designed especially for large and intention-
ally increasing integration of renewable energy sources. SGAM has great potential and
flexibility through the interoperability characteristics, enhancing greater communication,
data exchange and parallel development across layers. The different domains and zones
address and present relevant smart grid stakeholders and their hierarchy, as seen in Fig-

ure 7. (CEN-CENELEC-ETSI, 2012; Panda & Das, 2021a)
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Figure 7 SGAM domains and zones, adapted from Panda & Das 2021.

Multiple previous studies have identified SGAM as the most viable conceptual models,
due to the visualisation and clarity created for further analysis, modelling and design.
SGAM was created by several European institutions including European Committee of
Standardisation (CEN), European Committee of Electrotechnical Standardisation
(CENELEC) and European Telecommunication Standards Institute (ETSI). The creation
was a response to the European Commission’s standardisation mandate M/490 and was
done in cooperation with the smart grid coordination group. (Albano et al., 2015; Panda

& Das, 2021a)

Similar standardised architecture model is the smart grid conceptual model by the Na-
tional Institute of Standards and Technology (NIST) from the United States. This model

only acts as the reference framework for the future development of smart properties of
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the grid. It includes relatively strong standardisation and regulation orientation but lacks
on with the formal structure and control practices. There are also other architecture
models specifically for smart grid applications, but the methods and approaches vary
drastically. Through the strong belief and foundation of standardisation, the smart grid
conceptual model by NIST is the closest to SGAM. (Albano et al., 2015; Panda & Das,
2021b)

As mentioned, SGAM itself does not take note on the concrete control structure of the
power system. However, it has potential and space to adapt the control levels and ele-
ments, as the conceptual model gives a clarified and solid foundation to serve all the
requirements of future power grids. Based on the SGAM, a control structure could be

designed, with the addition of super grid elements. (Panda & Das, 2021b)

2.2.7 Super Smart Grid

A super smart grid (SSG) unifies the capabilities of both super and smart grid concepts
as an advanced wide-area electricity network with large connectivity. The system sus-
tains the network infrastructure of several interconnected nations with increasing
amounts of renewable energy by also decreasing the production of greenhouse gas
emissions. Ideally, SSG operates as bi-directional system providing the exchange of data
and electricity, through communication and transmission between the sources, demand
and supply. Overall, SSG has been a futuristic concept that has been emerging and com-
ing into form slowly during modern times. The intelligent system is self-reliant with mod-

ern communication devices and sophisticated control methods. (Zahid et al., 2025)

As SSG is the combination of two relevant grid concepts, there has been discussion about
whether the two concepts are complementary or competing. The differences between
super and smart grid basics are certainly acknowledged and considered within EUs de-
velopment plans, but the comparison of the two as separate strategies has not been
seen as necessary. A study published by Energy Policy in 2013 compares the two in detail

and identifies conflict of interest with technological and socio-economic topics between
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the two. The study appoints the concepts as mutually exclusive, with proposed inde-
pendent strategies for each one. The Energy Policy article identifies the differences be-
tween a domestic strategy for smart grids and a cross-system strategy for super grids,
and how the authorities and grid operators must comprehend that both concepts are to

develop and evolve as united and in parallel. (Blarke & Jenkins, 2013)

However, these developments are to happen in different premises with different inte-
gration strategies, without the one concept diminishing the other one’s feasibility and
viability. The main concern of the article is that even though the two concepts operate
and benefit from similar market settings, the competition would not be fair. According
to the Energy Policy article, the technologies and characteristics of the super grid are
already well-established and more mature, which helps them gain institutional develop-
ment status with accordable investments. Whereas the smart grid operations include
more immature technologies and the market is not as welcoming to this type of innova-

tion. (Blarke & Jenkins, 2013)

Another concrete battle of visions started in early 2000s between Eurosolar and De-
sertec, two organisations who aimed to pursue the same goal of completely renewable
sourced electricity in Europe through different actions. Eurosolar’s ideology was to de-
centralise renewable energy generation by distributing solar power production across
European cities, communities and households. Whereas Desertec planned to install
large-scale solar power generation sites specifically to deserts or other rural areas. At
the time, the two organisations also had different views about nuclear power, and they
were heavily criticising one another. Since then, the decentralised vision has gained more
popularity, although the ideology behind Desertec’s objectives is linked to the super grid
operational actions, as the renewably produced electricity would have been transported
for long distances from the rural areas to consumers. The battle between Eurosolar and
Desertec does not fully reflect the conflicts between smart grid and super grid concepts,
but the question between decentralised and centralised electricity production ap-

proaches. (Lilliestam & Hanger, 2016)
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It is noteworthy to acknowledge, that these differentiating approaches are slightly out-
dated and since then the technological development as taken huge steps forward and
the market has evolved to be more innovative, open and even in the lookout for new
applications. The differences between technological applications and operation prem-
ises, as well as the similar beneficial market settings, can also be identified as the factors
which bind the super and smart grid concepts together. Enough differences, with the
same aims and markets can be ideal in the long run for achieving and solving as complex

objectives as the climate change. (Blarke & Jenkins, 2013; Zahid et al., 2025)

EU has proven to see the two operating as a combined system with different control
strategies, which complement and support each other. This creates more perspective to
the future development of all related systems and gives room for new innovations to
thrive. Even the Energy Policy article mentions that EU has had dissenting view about
the future of electricity networks. For example, the United States of America had a
strong belief that smart grids, advanced metering and bi-directional communication are
the correct solutions for the modernization of the network. Even though these ap-
proaches serve the increased integration of intermittent renewable energy, the resolu-
tions are quite local. However, the US has recently also explored the super grid concept,
with the focus being on HVDC technology deployment as a part of the federal grid mod-
ernization plans. Long-distance high-capacity transmission lines are required when in-
creasing the amount of decentralized renewable energy. Investments have been tar-
geted towards connecting the three major interconnections, Eastern, Western and Texas.
By connecting remote or distant areas which are rich in resources, the full potential of
renewable energy can be obtained. The conclusions are same as in the EU. The connec-
tions improve security of supply, resilience, and sustainability. Even if the US does not
have nearly the same environmental aims as what the EU has set. The motivation to
improve the grid in the US is stated to be more about increasing security when it comes

to hazardous events and natural disasters. (Blarke & Jenkins, 2013; Connecting the
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Country with HVDC, n.d.; Grid Resilience and Innovation Partnerships (GRIP) Program

Projects, n.d.)

This even further proves that both super and smart grid concepts are necessary in the
future of electricity networks and that they can operate in parallel. SSG is evolving as a
concept strategy to not only being a buzzword, a trend or a utopic scenario, but to be
the feasible reference on what modern electricity networks look like. Both concepts have
reached maturity and are now vital for the planning of future networks. The motives
behind this developmental step might not be the same for all nations or network regions,
but the requirements are. The world is more connected than ever, which increases over-
all knowledge and understanding. The same characteristics are to be incorporated into
the context of electricity networks. More connections and data spawn more opportuni-
ties and options to contribute, control and optimize all activities related. (Zahid et al.,

2025)

As all large-scale innovative projects, naturally the development of SSG infrastructure
includes risks and challenges. As the knowledge and information increase through larger
connectivity, so does the pain and hardship, or in this case the challenges. As mentioned
earlier, the primary complications of the SSG development and deployment are more
related to the management of investments and political and socio-economic situations
than to the lack of technological competence. The main technological or operational
challenges are the proper planning, prediction and preparation of the grid to withstand
different contingency issues. Appropriate transmission network topology can mitigate
the interconnectivity and instability issues, such as load demand curtailment and ensure
the optimized balance of load flow throughout the system. A proactive transmission net-
work planning strategy is growing interest among power regulatory authorities. The to-
pology of the network would be planned so that it accommodates the flexibility of re-
newable energy generation and is ready to act whenever changes or challenges occur,
rather than what the current grid condition in many regions is. Even though the concerns

of the load flow balance are named as one of the technological issues with SSGs, the
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reality is that the current grid capacity is not enough to transport all generated renewa-
ble electricity. For example, Finland wasted 400 GWh of renewable electricity due to
inadequate grid conditions in 2024. Many TSOs do not even track the curtailed electricity
of the costs of it. Inevitably, SSG will face technical issues and challenges, but first and
foremost the designed concept is here to answer the covered load flow issues and to
enhance a better match between demand and supply. Therefore, it is stated that the
related issues remain elsewhere, rather than in technological approaches. In the last re-
sort, appropriate network topology planning is an obligation of the power regulatory
authorities. Only three TSOs have taken the transformation of the grid by 2035 as their
priority, with the proactive topology in focus. (Adnan et al., 2023, 2024; Blarke & Jenkins,
2013; What Is Stalling Europe’s Transition to Renewable Electricity?, 16:30:22 +02:00b)

Verbong & Geels (2010) suggests that there are three different pathways, with which the
electricity network can be modernized: transformation, reconfiguration and alignment.
The pathways are not necessarily mutually exclusive and are based on then recent socio-
technical theories. As we can notice, in 2010s the scheme around the grid infrastructure
modernization has been somewhat compartmentalized especially about the differences
between modernization strategies and approaches. However, not one pathway is better
than the others or to be chosen for implementation. All three are primarily portraying
the various possibilities of future network infrastructure evolution outcomes. In addition,
the pathways describe and include the characteristics of super and smart grid concepts

comprehensively. (Verbong & Geels, 2010)

The transformation pathway presents a hybrid model which combines a few large-scale
power plants and multiple small local units. With incremental changes the grid infra-
structure would enable bi-directional flow on both transmission and distribution levels
through smart metering. This pathway is considered as the safest one, as the conven-
tional incumbent operators of the grid recognize the pressure and they want to make

more sustainable choices and maintain their power among the grid stakeholders. There
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is no one crash of changes, but rather gradual and guided integration of new innovations

to increase renewable energy generation. (Verbong & Geels, 2010)

The reconfiguration pathway promotes the future development towards a European su-
per grid. This pathway introduces the increase of renewable energy to happen with large
generation clusters around the area of Europe and even North-Africa. The widespread
generation capacity requires better connectivity and stronger network infrastructure.
Through these requirements and motives, the network gradually evolves into a Euro-
pean super grid. With this pathway, the reasoning behind the development requires are
related to EU’s external pressure to increase security of supply and global competitive-
ness. The reconfiguration pathway aims to create a high-tech interconnected interna-
tional network. To achieve the aims, a more significant hierarchical and architectural
changes are necessary, such as new rules and regulations and a more complex control

strategy. (Verbong & Geels, 2010)

The third pathway, alignment or more specifically de-alignment and re-alignment, is
roughly the most radical one with the idea of disrupting the conventional centralized grid
into heavily decentralized. The conventional grid with only a few large-scale generation
units would operate as the backup for larger consumers of electricity such as the industry
sector, while local cities, neighbourhoods, communities and households generate, store
and use their own electricity. These are then considered as micro grids and when neces-
sary, they could operate in isolation or practise exchange of electricity with other similar
systems to increase reliability and cost optimization. Unpredictability and fluctuations
make the balancing of supply and demand with this type of systems difficult. Therefore,
the involvement of advanced metering is seemly, as the monitoring and controlling of
the supply and demand can both be done automatically. This helps the micro grid stake-
holders to always gain full potential of their system. The alignment pathway de-aligns
the traditional centralized and network operator focused grid and tears it a part to re-
align the power structure of the stakeholders. This new order transposes the power to

the consumers or their communities, making them prosumers and the general
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centralized grid a secondary actor. This then combines seamlessly the decentralized,
smart grid and micro grid concepts roughly and radically together as an alternative net-

work development option. (Verbong & Geels, 2010)

The concrete current outlook on the emerging European SSG, is a network system con-
nects different countries with different power generation backgrounds, so that all par-
ticipants can benefit from each other’s expertise. The simplified conceptual diagram in

Figure 8 showcases the complexity and connectiveness of the system. (Zahid et al., 2025)

Country "D” — Off-shore wind turbines Country "A” — Smart grid

Country "B” —Smart grid

Figure 8 Conceptual diagram of SSG involving four countries, adapted from Zahid et al. (2025).

As noticed, all the named pathways resemble some parts of the SSG system concept.
The pathways are a great display of the different power structure changes within the grid
stakeholders in each scenario. As the SSG concept is a combination of various factors and
developmental innovations involved in the pathways, the importance of a unified frame-
work is inevitable. New rules, regulations and legislations are necessary and will guide
the change further. The integration of innovative solutions can be done deliberately,

without power structure crashes, if planned accordingly. To simplify, the SSG is based on
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the background automation and advanced technologies with wide area connectivity. (Za-

hid et al., 2025)
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3 Methodology

This thesis research approach is to conduct a dual study, combining literature review
with the creation of an architecture model about the discussed multi-layer control sys-
tem for the European SSG. The combination of conceptual and computational studies
endorses each other and enhances the creation of a wider perspective of the topic. The
concrete model visualises the concepts of the theoretical framework and deepens the
understanding of the future necessities. This is the main reasoning behind the chosen
multi-method approach. The integrative literature review consists of related and existing
architecture and control models, together with the EU and the Commission level rules,
incentives and regulatory policies. One of the studied architecture models was chosen
as the most viable one, and the final model created as a part of this thesis research is

based on this model.

3.1 Methods

Concretely, the multi-method research combines the exploration of relevant literature
with supportive system modelling. The focus is on the extensive literature review, and in
the well-reasoned conclusions. Applied research model is done to support and develop
the findings further. The model approach is the combination of conceptual and hierar-

chical architecture model for the SSG control.

The chosen model implemented, is based on the SGAM structure, with some additions
and changes to better serve the European grids in the future. The hierarchical elements
of the conventional grid are still somewhat there in the background, but the meshed
configuration and bi-directional flows of power and data are changing the comprehen-
sive dynamics. The SGAM was identified to be a suitable one, due to the multi-layered
yet connected structure. Traditional hierarchical control system architecture where
power and decisions move from top to bottom, are too rigid, as the SSG particularly
emphasises the need for flexibility. As the SSG includes several somewhat individual con-

cepts, a wider perspective for the control architecture model is also required. However,
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the model still needs to be simple enough to not over complicate the system structure.
The multi-layer type of ideology fits these requirements, and therefore is the suggested
model in this research, based on the literature review and especially considered EU’s
climate and grid objectives. Same drivers are behind the network topology chosen,
which impacts the operational layer of the grid and the control model. A meshed topol-
ogy was recognised as what serves the SSG and the bi-directional power flow the best.
As the regulative background around the subject is comprehensive and strong, the lay-
ered structure has space to acknowledge this and has space for future expansion incen-

tivised by new legislation or technological development.

3.1.1 Creating the Theoretical Framework

The purpose of the theoretical framework is to structure and synchronise the literature
insights into a coherent system model. This is done by objectively analysing existing lit-
erature and alternative frameworks around the related topic, which includes extensive
study of the European Union and the Commission level legislation publications, rules and
regulations together with relevant articles and previous studies. This improves the un-
derstanding of the current state and future aspects of the legislation procedures related.
The identification of gaps, challenges and requirements then define the assumptions and
design criteria. The foundation of the thesis research is built by studying and undergoing
the identified requirements for change regarding climate change, accelerated electrifi-

cation, energy revolution and the socio-economic and political states.

As the topics of energy revolution, grid interconnections and smart applications are par-
ticularly relevant in the current phase of development, there is a huge amount of discus-
sion and research published. Especially in the context of EU and the ambitious decar-
bonisation goals, there are several intentionally overlapping action plans and regulatory
sets and the proper undergoing of them takes time and effort. This is partially the reason

for the extensiveness of the integrative literature review within this thesis.
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In the research literature, the related topics have been discussed for decades, with in-
terestingly opposing and supporting measures. The processing of these was important
to gain understanding about the possible prejudice but also about the risks. Some papers
even identify the two as mutually exclusionary. The evaluation of such founding and the
argumentation around it is extremely interesting and appropriately challenges and
forces to see the other point of view. Super and smart grid characteristics and technolo-
gies are studied and represented in academic literature in addition to different occasions
and scenarios. Often as a background framework of some more specific research target.
The variety of analysed research enhances the absorption of the multitude of possibili-
ties these innovations hold. Many smart applications are mature technologies, just like
the smart grid as a concept. Smart operations can have multiple meanings inside the
scope, but in the context of electricity networks, the main idea is clear. However, the
acknowledgement of external utilisation of the term and technology outside the scope
of this thesis is also seen valuable within the big picture. There is room for future discov-
eries and especially different types of smart applications are already becoming more

common in our everyday lives.

Smart applications are also noted in many more EU level publications, compared to the
super grid operations. However, the European super grid is generally identified to be
implemented through the increased cross-border interconnections and with market cou-
pling in a way. The importance of interconnections has been emphasised nicely in all the
EU level publications and incentives directly or indirectly. TEN-E policies and regulations
are to enforce the European grid connections and to create a unified Union wide struc-
ture of power networks. Also, in the more particular context of distributed generation

overall the super grid characteristics are discussed.

Only some academic papers refer to the cooperative concepts with the term SSG, even
though the actual conceptual utilisation of both operational technologies would be in-
volved. The publications done by the European Union or the Commission also rarely

mention the SSG as a term, even though this is the approach EU is pursuing. To simplify
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and emphasise the concept cooperation, the use of the term was seen as necessary in
this thesis research, since in the end all the future actions and objectives inside the EU

context are aimed towards the creation of a such network.

Due to the vast amount of information and publications, the focus scope of this thesis
research was targeted to emphasise the extensiveness of the literature review. The gath-
ering, combining and arranging relevant information from various sources formed a clear
structure and mission to this thesis. However, to further prove and support the conclu-
sions, a structure model was seen as necessary addition. The gained information re-
quires integrated compiling to answer the thesis research questions and create new con-

clusions.

The control objectives and structures of power systems are evaluated through relevant
sources. This then leads to the structure and architecture of the SSG. Different network
topologies are covered together with architecture models, mainly designed for smart
grids. The conventional grid hierarchy is studied and a clear need for better communica-

tion and cooperation between DSOs and TSOs is identified.

The conceptual framework was created to define the incentives, system necessities,
boundaries, key stakeholders and control levels. In addition, the connections and flow of
information between different stakeholders and levels was taken into consideration. The
framework lays the foundation to the model by presenting the assumptions, findings and
design principles in a structured manner. Structuring the concepts systematically from

the literature review defines the basics of the system.

3.1.2 Model Design Approach

The core of the SSG control is decentralised physical control, coordinated operational
control and harmonious market-based optimisation. The control architecture model in-
cludes a large variety of the characteristics, approaches, and factors discussed and con-

cerned in the scope of the theoretical framework. The model aims to implement the
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desired ideal functions of a multi-layer control system as simply as possible, based on
the gained knowledge and design requirements. The existing system designs were stud-
ied and analysed, to create assumptions about the current state of the architecture to

build the suggested model on to.

From the existing architecture models, SGAM was recognised to be the most influential
and potential one in the terms of this study. As SGAM is designed to accommodate smart
grids, the elements and characteristics of the design are desirable. Naturally, some addi-
tions and changes to the model are required for it to suit the needs of the super grid
functions as well. Therefore, the model created complements the structure and ele-
ments of SGAM, with the addition of super grid operations and focus on the comprehen-
sive multi-layer connectivity. The layered design separates and presents the different
functions of the whole system, so that each element and operation can be examined and
taken into account individually, but also within the complete system. This serves the

complexity of the SSG and the relevant rules and regulations.

The physical topology of the power network drives the control structure. The SSG system
not only includes the physical network topology, but each sector has its own topology,
which must be acknowledged. In the scope of this thesis, the detailed evaluation and
examination of other than the physical network topology have been marked off, but the
other topologies are assumed or abstracted, as a topology-aware control strategy pro-

vides efficiency and effectiveness while distributing the responsibilities accordingly.

The topology of power networks can be seen as the underlying base for the multi-layer
control architecture. Based on the literature review, a meshed topology approach was
chosen, even though the distribution networks can still in many cased have the more
conventional radial structure. However, in the context of European power networks, re-
newable generation objectives and general technological advancements, all power net-

works will in some point be turned into meshed ones. As the meshed topology is already
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in use on the transmission network side, the flexibility and security it offers is necessary

for the complete system to have.

The meshed connections inspire the connectivity between the different sectors and lay-
ers in control purposes as well. Meshed and interlinked topology supports distributed
control, as there are certain local autonomy and scaled coordination. Overall, distribu-
tion is the key term of the whole SSG and the control architecture, as not one entity can

control everything in such complex system.

With the desired characteristics from SGAM in addition with the advanced meshed to-
pology, the created control model aims to concretise and visualise the grid system re-
guirements, in a way that can be further developed into simulations. This type of con-
ceptual models benefits from being a part of a hybrid model with additional test simu-
lations. However, the scope of this thesis was identified to be not enough for such, but

there is room for further research and development around the specific topic.

Due to the accelerated technological development, new innovations and additional ap-
plications linked to the power system operations have emerged, and the conceptual ar-
chitecture models have not been updated within the same pace. Therefore, this thesis
proposes a control architecture model with the intention of cooperative control, with an
extended SGAM inspired framework to serve the European SSG. A clear system architec-
ture enhances future development by providing a usable framework where new innova-
tions are easily adaptable. Decentralised system requires structure to understand and
control the actions across the network cost-effectively. Correctly implemented flexibility
increases expense savings and decreases the environmental impact. The simultaneously
happening global digitalisation, together with fairness and transparency are also to be

obtained. These are all key aspects of EU’s future development plans.
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3.2 The Control Structure Architecture Model

The cooperative control hierarchy divides the responsibilities between all stakeholders
of the grid according to each one’s competence. Well-structured control hierarchy oper-
ates as a coordination mechanism in the complex yet flexible system. Certain hierarchies
are to be maintained, in order to ensure secure and safe operations. This ensures the
system-wide coherence and allocation of responsibilities. The hierarchy is then built ac-
cording to security, not to power. In the core of the cooperative control is the deviation
of power together with the transparency of all actions and communications. Sharing re-
sources, data and information engage all stakeholders together, ultimately creating the
European Energy Union. Under the European Union, same rules and regulations commit

for the common good.

The extended architecture model includes several interoperability layers with additional
connections and control responsibilities. The cube-like layered structure is flexible and
comprehensive framework to accommodate the European SSG. The SSG operations and
control objectives are mapped based on similar layering as in SGAM, with more concep-
tual approach. The base layer of the model is the component layer, including all concrete
stakeholders and operators inside the European SSG. These are the domains of the
model architecture. All the layers are accommodative and supportive levels for the op-
erations of the named components. Each of the layers is presented with specific colour-

ing and operational objectives.

The component layer itself presents the physical distribution of participating operators
and components, including applications, grid infrastructure, system devices and equip-
ment. The component layer provides the description of the physical connections be-
tween components, as a foundation for the interoperability categories. The interopera-
bility layers are relatively abstract, but the domains, zones, connections and control hi-

erarchies secure them together, so that the model structure is easier to comprehend.
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The communication layer addresses the data exchange and data management practises.
The layer’s primary aim is to provide interoperability between all the physical system
components. As with the system complexity, there is no one communication technology
used, but rather several ones creating a heterogenous communication system. As one of
the key features of the SSG is increase the data sharing between TSOs and DSOs, as well
as between customers and system operators, the layer protocols are extended to serve
this. The layered model presents the relevant technologies and clarifies the system op-

erability and visibility, by showing how the coordination Is enabled.

As the communication layer defines the technology and practises, the information layer
goes deeper into the specific data and information exchanged between operators, and
the motivation and necessities behind it all. The aim is clarification and to create com-
mon understanding of the used and shared data, which allows the combability and in-
terconnections. As one of the viable features of the SSG is to increase connectivity and
data sharing between TSOs and DSOs, as well as between customers and system opera-

tors, the information layer protocols are extended.

The function layer describes the required services, functions and relationships with an
architectural overview of the structure. It incorporates and introduces the extended op-
erational functions within the European SSG scope. The level of coordination and scale
for super and smart grid operations are differentiating, but compatible. This layer can be
identified as the most important one in the SSG model, since it presents the operational
logic of the system architecture. Without the actions on the function layer, there would
just be data, but nothing done with it. This layer makes enables the intelligence of the

system.

Arguably the second most important factor is the proposed addition to the business layer,
which defines why the SSG functions exist and are necessary. The business layer models
the institutional intention through EU’s regulatory framework, in addition to the busi-

ness models and market structures, so the overall business view on the concerned
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information. With this SSG architecture model the business layer focuses on mapping
the policy and regulatory structures, which direct the system from above and beyond.

As on the top layer of the model, the EU governance covers and impacts all domains

directly and zones indirectly.
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4 Multi-layer System Architecture Model

As power systems are becoming seemingly more complex, the thorough yet straightfor-
ward modelling of them becomes more important. Through modelling and simulations,
the vast systems can be examined, explored or tested part by part beforehand without
any excess risks or inconveniences. The SSG system requires structural separation and
clarification of system elements and control objectives. A system architecture model en-
hances the comprehension of the large-scale construction and highlights the future ne-

cessities.

4.1 Control Objectives and Performance Criteria

Controlling and directing actions on several levels is complex, but with adaptable regu-
latory work and structured operations the maximum effectiveness can be reached. In
this chapter, the objectives and criteria of the multi-layer control structure are presented.
The next chapter presents the concrete model architecture and detailed structure. The
core objective before this was to identify all relevant stakeholders, functions and actions

inside modern grid systems, with the challenges and opportunities in mind.

Not one entity or authority can oversee all control actions and requirements. Hierar-
chical control system distributes the power of control and decision making based on the
shared data and connections to several stakeholders between interoperability layers, to
ensure safe, secure and efficient operations. The multi-layer system identifies the spe-
cific qualities of different parts of the system and structures the communication, con-

nections and control actions accordingly.

The primary objective when creating a viable model is to enable proper analysis and
design of the system coordination. The aims and goals of the model can be divided be-
tween the system objectives and system performance criteria. The performance of the
control system architecture model can be assessed by the adaptability. Architectural con-

sistency, with clear separation and mapping of the layers and the correct placement of
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components and functions are crucial aspects in the performance criteria assessment.
The same way, the model structure should be understandable by relevant researchers
and authorities, with appropriate governance considered. Overall compliance and com-
pleteness at a conceptual architecture level without any operationally critical aspects
missing, but with no unnecessary details. The control objectives of each relevant stake-
holder should be traceable so that correct functions are linked to correct operations and

components.

The system objectives to achieve are more related to the inclusion of certain crucial ele-
ments in the context of the European SSG. The primary objective being the integration
of super and smart grid capabilities, through preserving the existing smart grid pourabil-
ities with the incorporation of operational super grid coordination, by also avoiding du-
plication, confusion and conflict. The layered model needs to embed the EU governance
inside the system operations, by connecting the operational control to related regula-

tions.

The final objective is to have the model accommodate and implement the flexibility and
resilience requirements of the future power networks. The model must ensure to be
scalable and extensible in order to evolve with future developments, increasing number
of participant actors and changing regulations. The structural and architectural exten-

sions represent the upgrades necessary and the control-aware modelling.

4.2 Extended Architecture Model for the European Super Smart Grid

The extended architecture model is designed to emphasise the cooperation of the SSG,
therefore the operational elements presented are mutually inclusive. Each layer present
different parts of the grid operations with specific interactions, including both super and
smart grid characteristics. The three-dimensional model provides an organized map of
the SSG system, with the functions intentionally overlapping each section they effect on.
The system enhances the analyzation of different use cases and identification of com-

munication and interconnection gaps. This model is easily modified based on the
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zones and their reshaped purposes are explained in Table 1 below.

Table 1 Extended architecture model zones and explanations.

Zone Explanation In SSG
Power transformation, physical pro- Long-distance power transmission,
Process cesses and equipment (generators, distributed power generation, HVDC
transformers, lines, cables, loads, sen- | lines across continent.
sors and actuators).
Monitoring and controlling equipment, | Instability and fault detection, re-
Field local and immediate actions, measure- | newable generation output moni-
ment of system conditions in real-time. | toring, monitoring of cross-border
flows.
Substation automation systems, HVDC | Local control strategies, more pre-
Station converter control systems, protection cise controlling of renewable gener-
coordination. ation, controlling of substations and
converters.
Power system control management Real-time balancing across conti-
over several domains. Virtual power nent, coordination between TSOs,
Opera- plant management syste.msf en(?rgy controlling the cro.?s—bon:der power
tion management systems, distribution flows. The central intelligence of
management systems, microgrid man- | the European SSG.
agement systems, electric vehicle man-
agement systems.
Aggregator and flexibility providers, or- | Cross-border forecasting and plan-
Enter- ganizatignal processes, infrastructure ning, T?O—DSO coordinz.ﬂti?n, §ys—
prise and service management, workforce tem-wide resource optimization.
and training management, relation
management.
Fully integrated European electricity Market coupling, power flows are
Market | markets, trading, retail market. driven by market signals.

The control aspects of the system are divided between the component and function lay-
ers. Even with the distributed and cooperative control hierarchy, the real-time control-
ling is done on the generation domain on the component layer, due to safety and security.
Overall, the system hierarchy is shown through the model zones, which represent the
level of control from physical processes to economic decision making. It is important to
notice, that the hierarchy does not intent to isolate the layers, zones or domains, but

rather enable the correct flow of information and control. The domains represent the
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roles and locations of the power system stakeholders. More precise explanation on each

domain is shown in Table 2 below.

Table 2 Extended architecture model domains and explanations.

Domain Explanation In SSG
Large-scale generation, connected to | Renewable and distributed geo-
Gepera- the transmission network, graphically, offshore wind farms,
tion large solar parks.
Infrastructure which transports large Use of HVDC, cross-border inter-
Transmis- | amounts of electricity across coun- connections, balancing of regional
sion tries and over long distances. differences, demand response,
TSO-DSO cooperation.
Infrastructure which distributes elec- | Large integration of DERs, local
Distribu- | tricity to end-users. power flow management, local de-
tion mand response, TSO-DSO coopera-
tion.
Distributed energy resources, tradi- Demand flexibility, local genera-
tionally connected to the distribution | tion, storage, enhances larger in-
DER network (rooftop solar, EVs, energy volvement of prosumers, aggre-
storage). gated and actively controlled.
End-users and prosumers. Active participation, consumption
Customer adjustments, flexibility market par-
ticipation.

All zones and domains are included in each interoperability layer, where different ele-
ments fall on to different locations and hierarchical statuses accordingly. Figure 9 pre-

sents the cube-like structure and the order of layers.
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Figure 9 Extended architecture model layers.

Each layer has a designated colouring. The order of layers is the same as with the tradi-
tional SGAM. The next chapters go through each extended layer structure and qualities

linked to the European SSG.

4.2.1 Component Layer

The component layer’s purpose is to present the physical entities and elements of the
system. In the case of the European SSG, the component layer consists of the physical
hardware, from renewable power generation to control centres and controllers. HVDC
infrastructure covers the lines, substations and converters together with the wide-area
monitoring systems and automation devices, which enable the efficient and intelligent
operations all around the SSG. These devices and systems must reach across layers, in
order to cover all operations. The control centres are responsible for the real-time con-
trol execution and coordination functions of the operations. From the hierarchical point,
TSOs come before DSOs, but to highlight the interoperability and communication re-
guirements they are presented in contact with the operation zone. The real-time au-

tomative controlling of the system is to happen on this level, creating the base also for
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the control hierarchy. Similarly, as with traditional fossil fuel power plants, the level zero

control responsibility and protection are on the renewable generation sites.

The component layer creates the foundation of the grid system, with the physical infra-
structure. The super grid components are easily adapted to the layered structure. Figure

10 presents the component layer with SSG related hardware.

b
Market
Enterprise
TSO control centres _ .
Regional coordination centres Operation
o2
190
Station
Field
Renewable energy
Eeneration
Generation Transmission Distribution DER Customer Process
4

'y

Domains

Figure 10 Extended architecture model - component layer.

Aggregator platforms are to be involved in modern grid systems, due to the complexity.
They operate as the bridge between the distributed power resources and large-scale grid
and market operators. Aggregator platform collects, manages and controls multiple DERs

as if they were one entity. The control system of these and the information technology

hardware are placed on the component layer.
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4.2.2 Communication Layer

On top of the physical infrastructure constructed in the component layer, the communi-
cation layer elements can be built on. The purpose of this layer is to show the required
connections, and how all components and elements communicate with each other. The
aim is to enable real-time communication across the grid. This layer enables the smart

grid characteristics with the extended data exchange.

The operational communication happens between HVDC converters, substations and
TSO control centres. Through high reliability, this communication link is used to maintain
grid stability and to control frequency and voltage. The layer rather represents the con-
nections and links than specific technologies used. However, the most crucial transmis-
sion level communication is executed with fibre optic networks, while the distributed
resources and smart meters generally utilize wireless communication. The communica-

tion layer structure is presented in Figure 11.
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Figure 11 Extended architecture model - communication layer.

The monitoring communication between smart meters, sensors and the wide-area co-
ordination communication enable the real-time grid visibility and enhance early detec-
tion of disturbances. The same applies to the communication between TSOs and DSOs,
so that the links can be utilized for market forecasting and cross-border coordination.
Overall, the SSG relies on safe, secure and interoperable communication across borders

and organisational boundaries. Data is in modern structures is seen as value and power.

4.2.3 Information Layer

The information layer then showcases what information is being exchanged through the
communication layers links. With the SSG this means measurements, device states, flex-
ibility availability, power flows and aggregated system states. The SSG introduces a new

level of data aggregation and abstraction in order to enable cooperative coordination
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while also maintaining the data sovereignty. The information elements are placed ac-
cording to the system organisational scope. With this layer, the engaging of customer
domain is crucial as the prosumer approach is expanding together with the smart and

advanced metering infrastructure. The defined elements are shown in Figure 12.

Figure 12 Extended architecture model - information layer.

The operational data includes voltage, frequency, current with power flows and compo-
nent statuses. The forecasted data is critical for the renewable energy integration. The
data includes output predictions, generation forecasts and demand forecasts. With uni-
fied electricity markets in mind, the exchange of market data like prices, bids and offers
are non-negotiables for the cross-border electricity markets. Flexibility data through ag-
gregators and DERs provide availability and demand response information, which further

permits the smart behaviour of the grid.
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The main aim of the information layer is to make sure all the European SSG stakeholders
share, structure and interpret the data the same way consistently. Data exchange and
increased communication are the key elements when coordinating operations across the
complex energy system. The physical connections lay the groundwork, and the infor-

mation components make the system valuable and modern.

4.2.4 Function Layer

The function layer is the most important layer in the SSG context. It creates the opera-
tional intelligence and makes the decisions regarding the collected data. Without the
function layer actions, there would be data, but nothing done with it. To attain the op-
erational intelligence, challenges such as cross-border coordination, renewable variabil-
ity and integration of DERs are to be handled. The SSG is to answer and improve all these

above.

The function layer turns the information layer’s data into actions. The control over ele-
ment and actions is crucial. Key functions include power flow control, direction and mag-
nitude of power and the power balancing between Member States. The function layer
ties together the sole purpose of the SGG creation by being the central enabler of the
intelligent actions across the European power system. Cross-border interconnections,
increase in renewable generation and digital control requirements together create a
complex and highly dynamic system, which the function layer’s actions are able to man-

age.

Real-time or automatic system stability control is a priority function to make the SSG an
operational network system. The function layer coordinates frequency stability, voltage
control and load balancing adaptively across stakeholders. This increases system reliabil-
ity and predictability. The high-level control and coordination are also the factors which
enable the implementation of super and smart grid characteristics simultaneously in re-

ality. Through these actions, the function layer connects all the grid operators and unifies
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the actions, meaning, all TSOs are coordinated similarly as well as the aggregators and

DERs.

When it comes to strictly super or smart grid characteristics, the function coordination
enables the controllability of the HVDC. This indicates that the power flows are actively
controlled with functions such as voltage regulation, setpoints and power routing. The
grid is no longer passive, which is also seen with the integration of aggregators and in-
crease in DERs. The distribution of such flexibility creates the ability to decrease, increase
or shift the generation or consumption of power. However, individual DERs can be rela-
tively small to control or manage directly, and this is where aggregators come into the
picture. By combining several small units, they can act as one controllable resource and
have interactions with TSOs, DSOs and markets. The function layer enables the formation
of virtual power plants. Similarly, the function layer actions enable the grid to become
intelligent or smart, when relevant data is collected, decisions automated and coordina-

tion of control is adaptive, the system can react dynamically to each occurrence.

With the structure of the function layer, the vertical alighnment of elements presents the
required operational hierarchy. The layer provides the control logic and coordination
functions necessary for the optimal operation of the European SSG. The functions range
from local smart grid control to coordination and control functions across the continent.
The placement of each function represents the primary operational area and the level
of responsibility. Some of the areas are overlapping, which indicates that these functions

need coordination across various domains and zones, as shown in Figure 13.
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Figure 13 Extended architecture model - function layer.

Overall, the system stability reassurance and real-time reactions to all disturbances and
anomalies are the baseline of the operations. With the increased renewable energy in-
tegration, congestion management and demand response are also happening through
the function layer. Optimal, efficient and stable performance are the responsibilities of

this layer.

4.2.5 Business Layer

The purpose of the business layer is to discover the system’s organisational roles and
responsibilities, together with the regulatory actions. As the responsibilities are shared
among several stakeholders, the elements span across domains engaging the coordi-

nated operations. Coordinated governance structure is necessary due to the complexity
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of the grid and the inclusion of multiple nations and operators. Figure 14 presents the

visualisation of the business layer.
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Figure 14 Extended architecture model - business layer.

From business and governance points, the European SSG could be seen to cover all do-
mains and zones in the model structure, as the comprehensive engagement and coop-
eration is the aim. However, key elements include regulatory frameworks, electricity
markets and market coupling. This layer presents the market and operational rules
through the EU governance. With the SSG aspects, the market design is updated to bet-
ter serve renewable energy and further enable accelerated prosumer and aggregator

participation.

As discovered through the integrative literature review, the SSG links to several regula-

tory policies and authorities. The governance structure is formed between stakeholders
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responsible for all parts of the power generation and network. As EU and the Commis-
sion dictate the rules and regulations, each stakeholder entity is responsible for the su-
pervision and execution of the set rules within their own area of actions and expertise.
For example, ENTSO-E is the entity responsible for the TSOs and the coordination of the
European power grid. Similarly, DSO Entity is corresponding to DSOs across Europe and
coordinates their operations. Overall, EU governance covers the market design, energy

policy and cross-border regulation.

With the model the EU governance is shown as one figure expanding across all relevant
domains and zones, even though most related stakeholders focus on one domain. Mainly,
this is done to keep the model structure clearer and simpler, but the governance impact
is also intended to be recognised as one source. The expansion of the figure indicates
the regulatory complexity and the immense force of EU level legislative work. There are
several policies and regulations to follow, and similarly there are several entities to en-
hance the correct implementation, with several participant operators or countries. The
interconnected, intelligent and unified European SSG requires multiple levels of govern-
ance to distribute responsibilities and manage preferred outcomes. All mentioned stake-

holders operate under and in close contact with the EU and the Commission.

In the extended model the EU governance is to touch market, enterprise and operation
zones, as well as all domains. The unified market rules, market coupling, cross-border
trading and exchange are all coordinated under EU governance inside the market zone
of the model. This also then includes the electricity market design and price formation,
which within the SSG can be influenced by the power flows between countries or market
areas. The TSO-TSO and TSO-DSO coordination are all covered within the enterprise zone,
together with network codes and other operational guidelines. This therefore includes
the TYNDP by ENSTO-E as a long-term framework plan. The operation zone is indirectly
influenced by the EU governance as the governance does not operate the power grid

directly. However, the security of supply rules and regulations together with reliability
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related standards are shaping the operations of TSOs through the EU level governance,

the impact exists. Therefore, the model figure is stretched to touch the operation zone.

Overall, all regulations across nations are to be aligned. The business layer secures the
economic viability and coordination through the EU area, by ensuring the system-wide

coordination of all operations across Member States and participating countries.

4.2.6 Model Overview

The complete extended architecture model includes all interoperability layers inside the
overview. The model provides a structured framework which helps to design, construct,
understand and adjust the European SSG coherently. The order of the layers indicates
the hierarchy and structure of any architectural concept, where the bottom layer is the
physical foundation and the top layer represents the purpose and operational incentives.
Basically, the order goes from physical to abstract. Each layer evolves and builds on the
capabilities of the previous one, which enables a coherent progression. All layers have
their own detailed characteristics related to the European SSG or later to a specific stud-
ied use case. The complete model overview including all layers, domains and zones is

shown in Figure 15.
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Figure 15 Complete overview of the extended architecture model.

The cube-like structure with overlapping layers represents the layers’ capabilities to top
up each other, but also that the elements of each layer are somewhat free to move be-
tween layers or to cover other parts of the structure as well. This also indicates the larger
utilisation of the meshed network topology in European girds in the future. As the
meshed structure enables true flexibility and enhances system stability by creating alter-
native routes in the case of disturbances. Overall, the model structure leaves room for
innovation, adjustment and development. The model can be examined through three
dimensions and perspectives simultaneously. The dimensions enable compliance and in-
teractions to happen and to be observed as complete. However, every element is al-

lowed to be examined and analysed by its specific the position, control and operation.
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The domains and zones remain the same throughout the layers due to the defining struc-
ture of the power system. The key is to be able to examine multiple views inside the
same system, while only changing the type of interaction. The layers then describe the
various perspectives of the same system structure. The permanent placement of the do-
mains and zones potentiates traceability of actions through several layers. This develops
the system predictability further and helps to align consequential operations across lay-
ers. Therefore, the relations between layers can be mapped for future observations.
Overall, the domains provide structure to the grid, zones provide necessary control hier-

archy guidelines and layers present the types of interactions going on.

By structuring the complexity of the system, the technical, digital and market aspects
can be linked together effectively and efficiently. The system model enhances the navi-

gation of stakeholders and Member States through different grid stages.
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5 Conclusions

EU’s ambitious climate objectives are shaping the power system markets, structures and
ways of operation. New innovations and approaches are necessary. The focus is on uni-
fication across Member States, stakeholders and platforms. EU has been the predecessor
when it comes to climate actions and by strengthening the collaborative operations. Le-
gally binding targets force all Member States and stakeholders to be involved and partic-
ipate to a certain extend. However, as discovered through the theoretical framework,
the differences in economical states, geographical locations, historical backgrounds and
current attitudes shape the execution of set rules and regulations between countries.

The achievement of the European Green Deal’s goal of climate neutrality by 2050 re-
quires more unified and concrete implementation strategies. This is where the creation
of a European SSG comes to the picture. A unified system architecture which forces the
power system stakeholders to cooperate with each other on a whole new level. The task

is not simple but proven to be doable and the most viable solution in the long run.

This thesis addresses the challenges related to the representation and structuring of the
future European SSG. An extended system architecture model is executed to obtain the
challenges. The primary contribution of this thesis is to create and propose a cooperative
extended layered model, which is based on an existing system architecture model SGAM,
which traditionally only includes the smart grid characteristics. The study investigates
whether the extended framework can comprehend the necessary increase in integration
of renewable energy, interconnections, cross-border power exchange together with the
growing coordinated operation across system operators, all actions related to the

achievement of the set climate goals.

The theoretical framework conducted through an integrative literature review exposed
the extensiveness of the common European regulations and the lack of models including
both super and smart grid functions. The integrative nature of the literature study
showed all the impactful factors behind the European energy revolution and the regula-

tory decision making. Europe is a small continent with a long history and great aims to
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maintain the value of life in the future. The strength and volume of EU governance and

the ability to unify practises when necessary was found to be groundbreaking.

The literature review also brought up several aspects and factors to consider when cre-
ating the extended model. The main finding was the multi-level complexity of the Euro-
pean SSG system. As the true restrictions are hardly technical but rather economical,
operational or organizational. However, these were also found to be the key factors the

architecture models were to solve or unpack.

Therefore, the main outcome of this thesis research was to extend the existing architec-
ture model with the addition of super grid characteristics and control objectives. The
proposed model enriches the existing model layers. Super grid and smart grid coexist
within the same layers, but in different time scales and scopes, interoperating in coordi-
nation with each other as one complete system. The super grid and advanced smart grid
functions and operations are built on to the existing SGAM inspired control architecture
model, so that nothing is being replaced or removed, and new layers to the original
structure are not added. The further separation of each layer gives a more detailed out-
look on the additional functions and protocols, which deepens the impact of the model.
As the structure is flexible, there is room for future additions and adjustments, but the

base of the model is comprehensively strong.

The proposed model includes and complies the key factors recognised within the litera-
ture review, with the concrete and visual implementation of the framework. The model
is kept architectural, to enhance comprehension of the system complexity and the rela-
tions between stakeholders. The extended architecture model was seen as a useful tool
for the further development of the European SSG, since the model structures the system
complexity and ensures interoperability, while connecting technical functions with mar-
ket mechanisms cross-borders. The additional aim was to portray the value of the archi-
tecture-based approach for such power systems, with hierarchical aspects. However, it

is to be noted that additional simulations and mathematical formulations with
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guantitative performance would support the findings and push the development further.
This does not erase the importance of the extended architecture model. The SSG is not
just technically complicated, it includes structural, economical and organizational com-

plexity.

Ultimately, this thesis research shows the importance of the transition towards the Eu-
ropean SSG, as a crucial and mandatory implementation element in order to effectively
and efficiently achieve the climate goals. The SSG is not solely about the expansion of
the physical infrastructure, but the reconstruction of control, coordination and respon-
sibility, which are the core of system development. Through an extended and revised
architecture model the mentioned aspects are strongly represented, creating a coherent
and comprehensive framework designed to expand further with the future of European

power systems.



99

References

10th report on the state of the energy union—Energy—European Commission. (n.d.). Re-
trieved February 4, 2026, from https://energy.ec.europa.eu/strategy/energy-un-
ion/10th-report-state-energy-union_en

About the Connecting Europe Facility—European Climate, Infrastructure and Environ-
ment Executive Agency. (n.d.). Retrieved February 4, 2026, from
https://cinea.ec.europa.eu/programmes/connecting-europe-facility/about-con-
necting-europe-facility_en

Adnan, M., Ahmed, |., & Igbal, S. (2024). Load flow balancing in super smart grids: A
review of technical challenges, possible solutions and future trends from Euro-
pean prospective. Computers and Electrical Engineering, 117, 109265.
https://doi.org/10.1016/j.compeleceng.2024.109265

Adnan, M., Ghadi, Y., Ahmed, |., & Ali, M. (2023). Transmission Network Planning in Super
Smart Grids: A Survey. IEEE Access, 11, 77163-77227.
https://doi.org/10.1109/ACCESS.2023.3296152

Affordable energy. (n.d.). Retrieved February 4, 2026, from https://energy.ec.eu-
ropa.eu/strategy/affordable-energy _en

Ahmad, S., Afzal, M. J., & Kazmi, S. A. A. (2018). Comparative Analysis of Radial and
Looped Distribution Network Against Voltage Stability and Loadability with Dis-
tributed Generation. 2018 5th International Symposium on Environment-Friendly
Energies and Applications (EFEA), 1-6.
https://doi.org/10.1109/EFEA.2018.8617083

Ai, O., Teh, J., Lai, C.-M., Muhamad, N. A., Cheng, Y.-H., Ishak, M. K., Zainuri, M., & Ooi, C.
A. (2018). Prospects of Using The Dynamic Thermal Rating System for Reliable
Electrical Networks: A Review. IEEE Access, PP, 1-1. https://doi.org/10.1109/AC-
CESS.2018.2824238

Al Khafaf, N., Song, H., Kamoona, A., Sabar, N., McGrath, B., Yu, X., & Jalili, M. (2026).
Smart meter data intelligence for sustainable distribution network operations:

State-of-the-Art applications and pathways toward net-zero. Renewable and



100

Sustainable Energy Reviews, 231, 116723.
https://doi.org/10.1016/j.rser.2026.116723

Albano, M., Ferreira, L. L., & Pinho, L. M. (2015). Convergence of Smart Grid ICT Archi-
tectures for the Last Mile. IEEE Transactions on Industrial Informatics, 11(1), 187—-
197. https://doi.org/10.1109/TI1.2014.2379436

An EU Action Plan for Grids (2023). https://eur-lex.europa.eu/legal-con-
tent/EN/TXT/?uri=COM%3A2023%3A757%3AFIN&qid=1701167355682

Attar, M., Repo, S., Mutanen, A., Rinta-Luoma, J., Vare, T., & Kukk, K. (2024). Market in-
tegration and TSO-DSO coordination for viable Market-based congestion man-
agement in power systems. Applied Energy, 353, 122180.
https://doi.org/10.1016/j.apenergy.2023.122180

Bidding Zone Review. (n.d.). Retrieved February 11, 2026, from https://www.en-
tsoe.eu/network_codes/bzr/#what-is-bidding-zone-review-bzr

Blarke, M. B., & Jenkins, B. M. (2013). SuperGrid or SmartGrid: Competing strategies for
large-scale integration of intermittent renewables? Energy Policy, 58, 381-390.
https://doi.org/10.1016/j.enpol.2013.03.039

Cartaxo, R., Casaleiro, A., Pastor, R., Pinho da Silva, N., Wei, Y., Souza e Silva, N., Bin, H.,
Hui, C., & Cai, Z. (2022). Market Coupling in Europe — Principles and Characteris-
tics. 2022 4th International Conference on Power and Energy Technology (ICPET),
882-887. https://doi.org/10.1109/ICPET55165.2022.9918387

CEN-CENELEC-ETSI. (2012, November). CEN-CENELEC-ETSI Smart Grid Coordination
Group Smart Grid Reference Architecture. CEN-CENELEC-ETSI.

Clean Energy Technology Observatory—SETIS - SET Plan information system. (n.d.). Re-
trieved February 5, 2026, from https://setis.ec.europa.eu/publications-and-doc-
uments/clean-energy-technology-observatory_en

Commission continues action to lower energy bills with new guidance on renewables,
grids infrastructure and network tariffs—European Commission. (n.d.). Retrieved
February 4, 2026, from https://energy.ec.europa.eu/news/commission-contin-
ues-action-lower-energy-bills-new-guidance-renewables-grids-infrastructure-

and-2025-07-02_en



101

Common Information Model. (n.d.). Retrieved February 12, 2026, from https://www.en-
tsoe.eu/data/cim/

Connecting the Country with HVDC. (n.d.). Energy.Gov. Retrieved February 12, 2026,
from https://www.energy.gov/oe/articles/connecting-country-hvdc

Dependencies of the European Union and the world on Russian nuclear fuel cycle ser-
vices, and how to reduce them. (2025). Energy Strategy Reviews, 62, 101923.
https://doi.org/10.1016/j.esr.2025.101923

Digges, C. (2025, January 9). This German Town Could Decide the Future of EU Reliance
on Russian Nuclear Fuel. Bellona.Org. https://bellona.org/news/nuclear-is-
sues/2025-01-this-german-town-could-decide-the-future-of-eu-reliance-on-rus-
sian-nuclear-fuel

Directive (EU) 2019/944, EP, CONSIL, 158 OJ L (2019). http://data.eu-
ropa.eu/eli/dir/2019/944/0j

Directive (EV) 2023/2413, CONSIL, EP (2023). http://data.eu-
ropa.eu/eli/dir/2023/2413/0j

Directive (EV) 2024/1711, CONSIL, EP (2024). http://data.eu-
ropa.eu/eli/dir/2024/1711/0j

DSO Entity — Pillar of Europe’s Energy Transition. (n.d.). DSO. Retrieved February 12, 2026,
from https://eudsoentity.eu/

Electricity generation. (n.d.). Finnish Energy. Retrieved February 9, 2026, from
https://energia.fi/en/energy-sector-in-finland/energy-production/electricity-
generation/

Electricity Grids in the European Union. (2025). Joint Research Centre (JRC).

Electricity interconnection targets. (n.d.-a). Retrieved March 6, 2024, from https://en-
ergy.ec.europa.eu/topics/infrastructure/electricity-interconnection-targets_en

Electricity interconnection targets. (n.d.-b). Retrieved February 4, 2026, from https://en-
ergy.ec.europa.eu/topics/infrastructure/electricity-interconnection-targets_en

Electricity market design. (n.d.). Retrieved January 27, 2026, from https://energy.ec.eu-

ropa.eu/topics/markets-and-consumers/electricity-market-design_en



102

Electricity production, consumption and market overview. (n.d.). Retrieved February 3,
2026, from https://ec.europa.eu/eurostat/statistics-explained/index.php?ti-
tle=Electricity_production, consumption_and_market_overview

Energy and the Green Deal. (2022, April 8). https://commission.europa.eu/topics/en-
ergy/energy-and-green-deal_en

Energy statistics—An overview. (n.d.). Retrieved February 3, 2026, from https://ec.eu-
ropa.eu/eurostat/statistics-explained/index.php?title=Energy_statistics_-
_an_overview

Energy union—European Commission. (n.d.). Retrieved February 3, 2026, from
https://energy.ec.europa.eu/strategy/energy-union_en

ENTOG. (2024, May 14). ENTSO-E and ENTSOG TYNDP 2024 Draft Scenarios Report.
https://2024.entsos-tyndp-scenarios.eu/

ENTSO-E confirms successful synchronization of the Continental European electricity sys-
tem with the systems of the Baltic countries. (n.d.). Retrieved February 12, 2026,
from  https://www.entsoe.eu/news/2025/02/09/entso-e-confirms-successful-
synchronization-of-the-continental-european-electricity-system-with-the-sys-
tems-of-the-baltic-countries/

EPRS, European Parliamentary Research Service. (n.d.). Nuclear energy in the European
Union.

Esmaeel Nezhad, A., Tavakkoli Sabour, T., & Joshi, R. P. (2025). Coordinated TSO-DSO op-
erational planning for congestion management in day-ahead and real-time mar-
kets. E-Prime - Advances in Electrical Engineering, Electronics and Energy, 12,
100981. https://doi.org/10.1016/j.prime.2025.100981

Espejo, R., Lumbreras, S., & Ramos, A. (2018). Analysis of transmission-power-grid topol-
ogy and scalability, the European case study. Physica A: Statistical Mechanics and
Its Applications, 509, 383—395. https://doi.org/10.1016/j.physa.2018.06.019

EU electricity trading in the day-ahead markets becomes more dynamic—European Com-
mission. (n.d.-a). Retrieved February 4, 2026, from https://energy.ec.eu-
ropa.eu/news/eu-electricity-trading-day-ahead-markets-becomes-more-dy-

namic-2025-10-01_en



103

EU electricity trading in the day-ahead markets becomes more dynamic—European Com-
mission. (n.d.-b). Retrieved February 6, 2026, from https://energy.ec.eu-
ropa.eu/news/eu-electricity-trading-day-ahead-markets-becomes-more-dy-
namic-2025-10-01_en

EU guidance on ensuring electricity grids are fit for the future—European Commission.
(n.d.). Retrieved February 4, 2026, from https://energy.ec.europa.eu/news/eu-
guidance-ensuring-electricity-grids-are-fit-future-2025-06-02_en

European Climate Law—Climate Action—European Commission. (n.d.). Retrieved Febru-
ary 4, 2026, from https://climate.ec.europa.eu/eu-action/european-climate-
law_en

European grids—European Commission. (n.d.-a). Retrieved December 22, 2025, from
https://energy.ec.europa.eu/topics/infrastructure/european-grids_en

European grids—European Commission. (n.d.-b). Retrieved February 3, 2026, from
https://energy.ec.europa.eu/topics/infrastructure/european-grids_en

Executive summary — Unlocking the Potential of Distributed Energy Resources — Analysis.
(n.d.). IEA. Retrieved February 6, 2026, from https://www.iea.org/reports/un-
locking-the-potential-of-distributed-energy-resources/executive-summary

Free movement of goods—EUR-Lex. (n.d.). Retrieved February 3, 2026, from https://eur-
lex.europa.eu/EN/legal-content/glossary/free-movement-of-goods.html

Gerard, H., Rivero Puente, E. |., & Six, D. (2018). Coordination between transmission and
distribution system operators in the electricity sector: A conceptual framework.
Utilities Policy, 50, 40—48. https://doi.org/10.1016/j.jup.2017.09.011

Greenhouse gas emission accounts. (n.d.). Retrieved November 24, 2025, from
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Green-
house_gas_emission_accounts

Greenhouse gas emission intensity of electricity generation in Europe. (2025, November
6). https://www.eea.europa.eu/en/analysis/indicators/greenhouse-gas-emis-

sion-intensity-of-1



104

Grid Resilience and Innovation Partnerships (GRIP) Program Projects. (n.d.). Energy.Gov.
Retrieved December 9, 2025, from https://www.energy.gov/gdo/grid-resilience-
and-innovation-partnerships-grip-program-projects

Grids Package. (n.d.-a). Retrieved February 4, 2026, from https://www.entsoe.eu/euro-
pean-grids-package/

Grids Package. (n.d.-b). Retrieved February 4, 2026, from https://www.entsoe.eu/euro-
pean-grids-package/

Gritz, A., & Wolff, G. (2024). Gas and energy security in Germany and central and Eastern
Europe. Energy Policy, 184, 113885. https://doi.org/10.1016/j.en-
pol.2023.113885

Hofmann, F.,, Schlott, M., Kies, A., & Stocker, H. (2020). Flow Allocation in Meshed AC-DC
Electricity Grids. https://doi.org/10.20944/preprints202001.0352.v1

How is EU electricity produced and sold? (n.d.). Consilium. Retrieved February 3, 2026,
from https://www.consilium.europa.eu/en/infographics/how-is-eu-electricity-
produced-and-sold/

Ihédate, & ihedate. (2025, December 16). Explainer: Why Russia’s nuclear industry has
escaped major sanctions. World Nuclear Industry Status Report.
https://www.worldnuclearreport.org/Explainer-Why-Russia-s-nuclear-industry-
has-escaped-major-sanctions

Imports of energy products to the EU down in 2024. (2025, March 21). https://ec.eu-
ropa.eu/eurostat/web/products-eurostat-news/w/ddn-20250321-1

In focus: Towards a just and clean energy transition - European Commission. (n.d.). Re-
trieved February 4, 2026, from https://commission.europa.eu/news-and-me-
dia/news/focus-towards-just-and-clean-energy-transition-2020-10-01_en

Internal energy market | Fact Sheets on the European Union | European Parliament.
(2023, October 31). https://www.europarl.europa.eu/fact-
sheets/en/sheet/45/internal-energy-market

Kouveliotis - Lysikatos, I., Liu, Y., & Wu, F. (2020). Towards an Internet-Like Power Grid.
Journal of Modern Power Systems and Clean Energy, 10, 1-11.
https://doi.org/10.35833/MPCE.2020.000154



105

Kristina Hojckova, Helene Ahlborg, & Bjorn A. Sandén. (2022). A global super-grid: Soci-
otechnical drivers and barriers. ResearchGate. https://doi.org/10.1186/s13705-
022-00368-y

Latest wind energy data for Europe: Autumn 2025. (n.d.). WindEurope. Retrieved Febru-
ary 4, 2026, from https://windeurope.org/data/products/latest-wind-energy-
data-for-europe-autumn-2025/?utm_source=chatgpt.com

Lilliestam, J., & Hanger, S. (2016). Shades of green: Centralisation, decentralisation and
controversy among European renewable electricity visions. Energy Research &
Social Science, 17, 20-29. https://doi.org/10.1016/j.erss.2016.03.011

Mission Statement. (n.d.). Retrieved February 12, 2026, from https://www.en-
tsoe.eu/about/inside-entsoe/mission-statement/

Murray, L. (2019). The need to rethink German Nuclear Power. The Electricity Journal,
32(6), 13-19. https://doi.org/10.1016/j.tej.2019.05.018

National energy and climate plans. (n.d.). Retrieved February 4, 2026, from https://com-
mission.europa.eu/energy-climate-change-environment/implementation-eu-
countries/energy-and-climate-governance-and-reporting/national-energy-and-
climate-plans_en

National regulatory authorities (NRAs) | www.acer.europa.eu. (n.d.). Retrieved February
5, 2026, from https://www.acer.europa.eu/remit/cooperation/national-regula-
tory-authorities

Natural gas supply statistics. (n.d.). Retrieved February 4, 2026, from https://ec.eu-
ropa.eu/eurostat/statistics-explained/index.php?title=Natural_gas_supply_sta-
tistics

Nemo_committee. (n.d.). Retrieved February 11, 2026, from https://www.nemo-com-
mittee.eu/nemo_committeetwhats_is_a_nemo

Neubauer, S., Madlener, R., & Morgan, M. G. (2025). Future high-voltage-direct-current
cable supply and demand as a potential threat to the European Union’s energy
transition. Energy Strategy Reviews, 61, 101821.
https://doi.org/10.1016/j.esr.2025.101821



106

Nichita, C., Al-Ameri, A., & Dakyo, B. (2013). Impact Analysis of Distributed Generation
on Mesh and Radial distribution network. Overview and State of the art. Power.

Nuclear energy statistics. (n.d.). Retrieved February 3, 2026, from https://ec.eu-
ropa.eu/eurostat/statistics-explained/index.php?title=Nuclear_energy_statistics

Nuclear phase-out. (n.d.). Bundesamt Fir Die Sicherheit Der Nuklearen Entsorgung. Re-
trieved February 4, 2026, from https://www.base.bund.de/en/nuclear-
safety/nuclear-phase-out/nuclear-phase-out_content.html

Nuclear Power in the European Union—World Nuclear Association. (n.d.). Retrieved Feb-
ruary 4, 2026, from https://world-nuclear.org/information-library/country-pro-
files/others/european-union

OPOCE. (n.d.). EUR-Lex—12008E194—EN [Text/html; charset=UTF-8]. Official Journal
115, 09/05/2008 P. 0134 - 0134; Retrieved February 4, 2026, from https://eur-
lex.europa.eu/eli/treaty/tfeu_2008/art_194/oj/eng

Panda, D. K., & Das, S. (2021a). Smart grid architecture model for control, optimization
and data analytics of future power networks with more renewable energy. Jour-
nal of Cleaner Production, 301, 126877. https://doi.org/10.1016/j.jcle-
pro.2021.126877

Panda, D. K., & Das, S. (2021b). Smart grid architecture model for control, optimization
and data analytics of future power networks with more renewable energy. Jour-
nal of Cleaner Production, 301, 126877. https://doi.org/10.1016/j.jcle-
pro.2021.126877

PCl and PMI selection process. (n.d.). Retrieved February 4, 2026, from https://en-
ergy.ec.europa.eu/topics/infrastructure/projects-common-interest-and-pro-
jects-mutual-interest/pci-and-pmi-selection-process_en

Poland—Countries & Regions. (n.d.). IEA. Retrieved February 4, 2026, from
https://www.iea.org/countries/poland/electricity

Power Outlooks. (n.d.). Retrieved February 12, 2026, from https://www.entsoe.eu/out-
looks/



107

Prakash, K., Lallu, A., Islam, F., & Mamun, K. (2016). Review of Power System Distribution
Network Architecture. 124-130. https://doi.org/10.1109/APWC-on-
CSE.2016.030

Recovery and Resilience Facility—European Commission. (2021, February 12).
https://commission.europa.eu/business-economy-euro/economic-recovery/re-
covery-and-resilience-facility_en

Regulation (EU) 2015/1222 (2015). http://data.europa.eu/eli/reg/2015/1222/2021-03-
15

Regulation (EU) 2019/943, 158 OJ L (2019). http://data.europa.eu/eli/reg/2019/943/0j

Regulation  (EU)  2021/1119, 243 OJ L  (2021).  http://data.eu-
ropa.eu/eli/reg/2021/1119/0j

Regulation (EV) 2021/1153, 249 0J L (2021). http://data.eu-
ropa.eu/eli/reg/2021/1153/0j

Regulation (EU) 2022/869, 152 OJ L (2022). http://data.europa.eu/eli/reg/2022/869/0j

Regulation (EU) 2024/1747 (2024). http://data.europa.eu/eli/reg/2024/1747/oj

Renewable Energy Directive. (n.d.). Retrieved February 10, 2026, from https://en-
ergy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-tar-
gets-and-rules/renewable-energy-directive_en

REPORT FROM THE COMMISSION TO THE EUROPEAN PARLIAMENT, THE COUNCIL, THE
EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE
REGIONS State of the Energy Union Report 2025 (Pursuant to Regulation
(EU)2018/1999 on the Governance of the Energy Union and Climate Action)
(2025). https://eur-lex.europa.eu/legal-con-
tent/EN/TXT/?uri=CELEX%3A52025DC0667&qid=1762869324977

REPowerEU. (2022, May 18). https://commission.europa.eu/topics/energy/repow-
ereu_en

REPowerEU — phase out of Russian energy imports—Energy. (n.d.). Retrieved February
4, 2026, from https://energy.ec.europa.eu/strategy/repowereu-phase-out-rus-

sian-energy-imports_en



108

Rodriguez-Perez, N., Matanza, J., Lopez, G., Cossent, R., Chaves Avila, J. P., Mateo, C,,
Gomez San Roman, T., & Sanchez Fornie, M. A. (2024). Measuring the digitalisa-
tion of electricity distribution systems in Europe: Towards the smart grid. Inter-
national Journal of Electrical Power & Energy Systems, 159, 1100009.
https://doi.org/10.1016/j.ijepes.2024.110009

Russia’s War on Ukraine — Topics. (n.d.). IEA. Retrieved February 6, 2026, from
https://www.iea.org/topics/russias-war-on-ukraine

Share of energy from renewable sources, by country. (2025, November 6).
https://www.eea.europa.eu/en/analysis/indicators/share-of-energy-consump-
tion-from/share-of-energy-from-renewable-1

Shedding light on energy in the EU: Share of energy products in total energy available.
(n.d.). Shedding Light on Energy in the EU: Share of Energy Products in Total En-
ergy Available. Retrieved January 27, 2026, from https://ec.europa.eu/euro-
stat/cache/interactive-publications/energy/2025/01/index.html?lang=en&sim-
ple=true

Smart grids. (n.d.). IEA. Retrieved February 4, 2026, from https://www.iea.org/energy-
system/electricity/smart-grids

Smart grids and meters. (n.d.). Retrieved February 6, 2026, from https://energy.ec.eu-
ropa.eu/topics/markets-and-consumers/smart-grids-and-meters_en

Smart grids in the European Union. (2023). Joint Research Centre (JRC).

Smart Grids in the European Union. (2024). Joint Research Centre (JRC).

Suehiro, T., & Namerikawal, T. (2014). Hierarchical control of power networks by using
overlapping information. 2014 14th International Conference on Control, Auto-
mation and Systems (ICCAS 2014), 1140-1145. https://doi.org/10.1109/IC-
CAS.2014.6987551

Terrafame has started uranium recovery. (n.d.). Terrafame. Retrieved December 2, 2025,
from  https://www.terrafame.com/newsroom/media-releases/terrafame-has-

started-uranium-recovery.html



109

The European Green Deal—European Commission. (n.d.). Retrieved February 3, 2026,
from https://commission.europa.eu/strategy-and-policy/priorities-2019-
2024/european-green-deal_en

The Paris Agreement | UNFCCC. (n.d.). Retrieved February 4, 2026, from https://un-
fccc.int/process-and-meetings/the-paris-agreement

Trans-European Networks for Energy. (n.d.-a). Retrieved February 4, 2026, from
https://energy.ec.europa.eu/topics/infrastructure/trans-european-networks-
energy_en

Trans-European Networks for Energy. (n.d.-b). Retrieved February 6, 2026, from
https://energy.ec.europa.eu/topics/infrastructure/trans-european-networks-
energy_en

TSO-DSO congestion management market. (2025, April 22). Fingrid. https://www.fin-
grid.fi/en/grid/power-transmission/transmission-management/congestion-
management-market/

TSO/DSO Cooperation. (n.d.). Retrieved December 30, 2025, from https://www.en-
tsoe.eu/publications/tso-dso/

TYNDP 2024. (n.d.). Retrieved February 12, 2026, from https://www.entsoe.eu/out-
looks/tyndp/2024/#

Understanding the Value of Distributed Energy Resources. (2023, March 20). Yale Envi-
ronment Review. https://environment-review.yale.edu/understanding-value-dis-
tributed-energy-resources

Verbong, G. P. J., & Geels, F. W. (2010). Exploring sustainability transitions in the electric-
ity sector with socio-technical pathways. Technological Forecasting and Social
Change, Issue Includes a Special Section on “Infrastructures and Transitions,”
77(8), 1214-1221. https://doi.org/10.1016/j.techfore.2010.04.008

What is stalling Europe’s transition to renewable electricity? (16:30:22 +02:00a). Eu-
ronews. https://www.euronews.com/green/2025/05/13/europes-electricity-

grid-is-outdated-and-risks-derailing-fossil-fuel-phase-out-report-find



110

What is stalling Europe’s transition to renewable electricity? (16:30:22 +02:00b). Eu-
ronews. http://www.euronews.com/green/2025/05/13/europes-electricity-
grid-is-outdated-and-risks-derailing-fossil-fuel-phase-out-report-find

Where does the EU’s gas come from? (n.d.). Consilium. Retrieved February 4, 2026, from
https://www.consilium.europa.eu/en/infographics/where-does-the-eu-s-gas-
come-from/

Wind energy in Europe: 2024 Statistics and the outlook for 2025-2030. (n.d.).
WindEurope. Retrieved February 4, 2026, from
https://windeurope.org/data/products/wind-energy-in-europe-2024-statistics-
and-the-outlook-for-2025-2030/

Yoon, K., Leem, J., Lee, S. H., & Park, J.-W. (2024). Cooperative Control of TSO and DSO:
Management of Line Congestion and Frequency Response. IEEE Access, 12,
47373-47384. https://doi.org/10.1109/ACCESS.2024.3382996

Yue, J., Cai, S., Xie, N., Zhang, Z., Xiang, X., & Dong, X. (2020). Research on Distribution
Network Topology and Energy Management Considering Energy Router Port In-
terconnection. 2020 IEEE 4th Conference on Energy Internet and Energy System
Integration (El2), 3636—3640. https://doi.org/10.1109/E1250167.2020.9346983

Zahid, H., Zulfigar, A., Adnan, M., Igbal, S., & Mohamed, S. E. G. (2025). A review on
socio-technical transition pathway to European super smart grid: Trends, chal-
lenges and way forward via enabling technologies. Results in Engineering, 25,
104155. https://doi.org/10.1016/j.rineng.2025.104155

Zhou, Y., Liu, Y., Huang, S., Guo, C., Cao, Y., & Li, Y. (2026). A review of HVDC-based trans-
mission congestion alleviation strategies for modern power systems. Electric
Power Systems Research, 255, 112748.
https://doi.org/10.1016/j.epsr.2026.112748



	1 Introduction
	1.1 Scope
	1.2 Structure of Thesis

	2 Theoretical Framework
	2.1 The European Energy Transition and Pan-European Network Objectives
	2.1.1 Power Generation in European Union Area
	2.1.2 European Electricity Market
	2.1.3 External Energy Dependencies
	2.1.4 Nuclear Power in EU Area
	2.1.5 The European Green Deal and Decarbonization Goals
	2.1.6 Grid Interconnections

	2.2 Multi-layer Structure Management
	2.2.1 Super Grid
	2.2.2 Smart Grid
	2.2.3 Distributed Energy Resources and Decentralisation
	2.2.4 Network Topology
	2.2.5 Cooperative Control and Coordination Between TSO and DSO
	2.2.6 Control Structures
	2.2.7 Super Smart Grid


	3 Methodology
	3.1 Methods
	3.1.1 Creating the Theoretical Framework
	3.1.2 Model Design Approach

	3.2 The Control Structure Architecture Model

	4 Multi-layer System Architecture Model
	4.1 Control Objectives and Performance Criteria
	4.2 Extended Architecture Model for the European Super Smart Grid
	4.2.1 Component Layer
	4.2.2 Communication Layer
	4.2.3 Information Layer
	4.2.4 Function Layer
	4.2.5 Business Layer
	4.2.6 Model Overview


	5 Conclusions
	References

