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(DNDP). It is based on the assumptions and outcomes of the Scenario Report 2040 —
Version 2024, published on 27 June 2025. The Scenario Report was developed in
alignment with the objectives of Luxembourg’s National Energy and Climate Plan

(NECP), released on 17 July 2024.
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Executive Summary 1

1. Executive Summary

As the operator of both transmission and distribution grids, Creos Luxembourg S.A. carries
responsibility for maintaining the reliability and resilience of the electricity system across all
voltage levels while enabling the energy transition defined by national and European policy,
legal and regulatory frameworks.

The Distribution Network Development Plan (DNDP) 2025 presents Creos’ strategic vision for
the long-term evolution of Luxembourg’s electricity distribution infrastructure, including high,
medium and low-voltage levels. The plan is aligned with the Transmission Network
Development Plan (TNDP [1]) and outlines the measures required to ensure a secure, efficient,
and sustainable electricity supply in the face of rapidly increasing electrification and the large-
scale integration of renewable energy sources.

The document builds on the results of the Scenario Report 2040 [2], which translates the policy
targets from National Energy and Climate Plan (NECP) into quantitative projections for
electricity demand and generation. These projections form the foundation for analysing grid
capacity needs and defining regional and voltage-level development priorities. The DNDP
forms the link between national policy objectives and concrete infrastructure planning. It covers
a ten-year horizon, focusing on the reference years 2030 and 2035, and will be updated
biennially to reflect new scenarios and policies, stakeholder input, and evolving technologies.

Creos applies a data-driven and model-based planning approach, combining detailed load flow
simulations with probabilistic assessments and economic evaluation. The plan identifies
network constraints, defines the corresponding optimization, reinforcement or expansion
measures, and assesses, where applicable, the potential of flexibility solutions as cost-
effective alternatives through cost-benefit analysis.

The DNDP is structured in four main parts.

- Chapter 2 explains the legal framework, the objectives of the DNDP, and the applied
planning tools and principles.

- Chapter 3 presents the scenarios and assumptions derived from the Scenario Report,
including the regionalisation and voltage-level distribution of demand and generation.

- Chapter 4 introduces the cost-benefit-analysis methodology used to evaluate the role
of flexibility in deferring or complementing grid reinforcements.

- Chapters 5, 6 and 7 analyse in detail the high-, medium-, and low-voltage networks,
identifying the required projects and investment needs for the planning horizon up to
2035.

By consolidating technical, regulatory, and economic aspects of distribution grid planning, the
DNDP establishes a transparent framework for investment planning and stakeholder dialogue
through a public consultation process. It represents a decisive step toward a modern, resilient,
and flexible electricity distribution system capable of supporting Luxembourg’s climate-neutral
future.
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2. Introduction

This Distribution Network Development Plan (DNDP) for the electricity grid is the first edition
published by Creos Luxembourg S.A., operator of electricity and natural gas networks in
Luxembourg. For electricity, Creos has a unique role as both the national transmission system
operator (TSO) and the largest distribution system operator (DSO) and is responsible for the
planning, construction, maintenance, and operation of high-, medium- and low-voltage
networks.

As this document focusses solely on the 110, 65, 20 kV and 400 V distribution grids, the
measures foreseen for the 380 and 220 kV transmission grid can be consulted in the
Transmission Network Development Plan published in 2024, with an update foreseen for 2026.

[1]

The following sections detail Creos’ responsibilities in long-term electricity grid planning
(section 2.1) and describe the approach taken to fulfil these duties (section 2.2). Section 2.3
provides an overview of the structure of Creos’ electricity grids across all voltage levels, while
section 2.4 introduces the tools commonly used in grid planning, enabling the reader to follow
the approach to load flow simulation and capacity calculation. The final subchapter offers
background information on standard grid planning practices, supporting the general
understanding of this document.

2.1 Legal and regulatory requirements

As the Scenario Report, published in June 2025 [2], has already examined in detail the
international and European framework surrounding the energy transition and the various
climate objectives, this section will only focus on the national legal and regulatory requirements
to be fulfilled by the network operator with regard to long-term network development.

According to Article 27bis of the Luxembourgish Electricity Law published in 2007 and
applicable in its latest amended version from 2025 (Loi modifiée du 1er ao(t 2007 relative a
I'organisation du marché de I'électricité), electricity grid operators are required to publish ten-
year network development plans (NDPs) for their transmission and distribution grids. These
plans must be updated every two years. It is only with the amendment of 2023 of the Electricity
Law that the obligation to publish a Distribution Network Development Plan (DNDP) has come
into force, in line with an EU directive [3]. This document represents its first edition. [4]

The NDPs must provide information on planned investments and projects aimed at
maintaining, reinforcing, and extending the grid, indicating a timeline and budgeted costs.
Paragraph (8) of Article 27bis of the Electricity Law, which specifically addresses the contents
of the DNDP, states that the focus should be on the main infrastructure projects necessary to
connect renewable energy sources and new loads, including EV charging infrastructure. [4]

Furthermore, a transparent assessment of the need for flexibility services in the medium and
long term is required, and alternatives to traditional grid reinforcement, such as demand-side
management and electricity storage, should be considered. [4]
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Both the transmission and distribution NDPs should undergo public consultation, offering the
possibility to all interested parties and stakeholders to contribute with their questions and
observations. The results should be made public after the process. [4]

The NDPs should be based on estimates of future electricity demand and generation, coherent
with the National Energy and Climate Plan (NECP) published by the Luxembourg government
[5]. These estimates need to consider various scenarios, including demographic, economic,
and social developments, as well as national objectives and the measures set by the current
government to achieve them. The recently published Scenario Report provides these forecasts
as a basis for the NDPs and, like the NDPs, should be updated biennially and is subject to
public consultation. [4]

2.2 Goal and approach

For Creos, as for many other European Distribution System Operators (DSOs), it is currently
the first time that the elaboration of a Distribution Network Development Plan (DNDP) is
required under its current form. Therefore, Creos analyses the recommendations of various
entities. Insights and actions are presented in section 2.2.1. The structure of the present
document is outlined in section 2.2.2, and several surveys that have been conducted to refine
the assessment of grid capacities, are highlighted in section 2.2.3.

2.2.1 Guidance on Distribution Network Development Plans

Guidelines from different entities have been published to support the preparation of DNDPs.
Creos specifically analyses the following three documents:

- ILR Oirientations et recommandations relatives aux processus d’établissement et de
mise a jour des plans décennaux de développement des réseaux d’électricité [6]: ILR
is the Luxembourgish regulator responsible for overseeing electricity grids and
markets. This document describes the general establishment of a Network
Development Plan in the Luxembourgish context and the ILR’s expectations regarding
the elements it should contain.

- ACER-CEER guidance on Electricity Distribution Planning [7]: ACER is the European
Union Agency for the Cooperation of Energy Regulators, while CEER represents the
Council of European Energy Regulators. This document provides practical
recommendations for European DSOs on the planning of distribution grids, aligned with
Europe’s decarbonisation goals.

- DSO Entity’s identified good practices on Distribution Network Development Plans [8]:
The DSO Entity is the association representing DSOs of all sizes in Europe. Its report
identifies prevailing practices and offers initial insights into DNDPs, as outlined by
various European DSOs.

Table 2.1 below lists the key recommendations extracted from the publications above, along
with the indication of the planned implementation by Creos:
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Recommendation

The planning process should
look at least ten years into the
future with an adequate level
of granularity.

Creos action

Creos analyses necessary grid capacities over a ten-year
horizon, with annual granularity for the 110/65 kV distri-
bution infrastructure and a focus on 2030 and 2035 as
key reference years for the 20 and 0,4 kV voltage levels.

The DNDP should be prepared
biennially and meaningfully
time-aligned with the TSO’s
NDP.

Creos aligns with the legal requirement for biennial
updates of the DNDP, as presented in section 2.1.

A strategic grid planning cycle is established as follows:
Scenario Report update in mid-2025 based on the 2024
NECP update, followed by the DNDP and the TNDP
update in 2026.

The planning process should
be scenario-based. Scenarios
should be public, well
described, aligned with the
NECP and policy targets, and
consistently applied between
TSO and DSOs, while
reflecting local conditions.

This DNDP is based on the latest Scenario Report, which
includes multiple scenarios as presented in section 3.2.
The Scenario Report is published on the Creos website
[2]. It is based on the 2024 NECP update and therefore
strongly aligned with the most recent policy targets. The
same scenarios are used in both DSO and TSO network
planning. For the DNDP, national forecasts are dis-
aggregated by region and voltage level in sections 3.4
and 3.5.

The DNDP should clearly
explain how network capacity
needs are identified, including
a description of regulatory
frameworks, national targets,
planning criteria, and technical
parameters.

The assessment of grid capacity needs and
corresponding projects is clearly explained and
documented in sections 5 (HV grid), 0 (MV grid) and 7
(LV grid). The regulatory framework is outlined in section
2.1, national targets are detailed in the Scenario Report,
and an overview is provided in section 3.1. To support
understanding of the process, section 2.4 outlines the
grid planning tools, while section 2.5 presents the
general grid planning principles. As an introduction to
each voltage level chapter, the specific planning criteria
are explained in sections 5.1, 6.1 and 7.1.

Data-driven planning
approaches should be used,
preferably including load flow
simulations and probabilistic
assessments. The planning
process should build on
existing grid infrastructure.

Assessments of current and future grid infrastructure are
based on real measurements, either from high-voltage
substations or from the Smart Meter infrastructure for
lower voltage levels. The two tools presented in section
2.4 enable load flow simulations for both existing and
future grid infrastructure and allow for the analysis of
various contingencies and scenarios.

The DNDP should include
project-related information in a
worksheet format, alongside
other formats if needed.

Worksheet format is selected as the primary format for
presenting results in this document. Where appropriate,
findings are complemented by graphical or geographical
illustrations.
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High-voltage projects should
be described in detail, while
medium- and low-voltage
projects may be aggregated or
presented with less detail.

At the high-voltage level, each measure is described in
detail in section 5. At the medium-voltage level (section
6), only the largest projects are detailed, while the
remainder are aggregated. At the low-voltage level, all
results are presented in aggregated form in section 7.

The DSO should develop
methodologies to evaluate the
potential and cost-effective-
ness of flexibility solutions.

A methodology for a cost-benefit analysis (CBA) of
flexibility solutions is developed for Luxembourg,
explained in detail in section 4, and applied to selected
projects.

DNDP insights should inform
the EU-wide Flexibility Needs
Assessment (FNA).

Creos input to the FNA is prepared in alignment with the
Scenario Report and NDPs.

The DNDP should be
published and undergo at least
six weeks of public consult-
ation to ensure stakeholder
engagement. Comments and
responses should be pub-
lished. Scenarios should be
consulted separately.

For several years, it has been standard practice at Creos
to submit long-term grid planning documents to separate
public consultations, as required by the Electricity Law
(section 2.1), followed by the publication of received
comments and corresponding responses. A public
consultation period of six weeks is foreseen for the
DNDP.

Engagement practices — such
as presentations, direct ex-
changes (online or in-person),
and surveys — should also be
applied.

Creos’ public consultations are consistently accompanied
by a public information and exchange session, generally
held via an online meeting platform. Several surveys
have been conducted to support and improve the
assessments presented in this DNDP, as presented in
section 2.2.3.

Providing an English version of
the DNDP is considered good
practice, as it improves access
to information for international
and broader stakeholder
groups.

To facilitate cooperation with neighbouring German,
Belgian, and French system operators, and in view of
Luxembourg’s multilingual environment, Creos uses
English as its main documentation language. However,
respecting comments received during the public
consultation of the Scenario Report, an executive
summary or presentation is made available in
Luxembourg’s national languages, and the language of
the information session is chosen by participants.

System operators should align
on a national level to ensure
consistency.

Creos is the largest DSO in Luxembourg. The concept
and planning of the DNDP were aligned with the Ministry
of the Economy and the regulator in 2024, in the
presence of the other three DSOs.

National regulators should
oversee distribution network
development

In 2024, an alignment session on the structure and
content of the DNDP was held by the Ministry of the
Economy, in presence of the regulator. A first draft of the
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DNDP is submitted to the regulator for comment before
the public consultation.

Table 2.1 Summary of guidance on DNDPs and implementation by Creos

2.2.2  Structure of the Distribution Network Development Plan

Additionally to the recommendations, the DSO Entity’s identified good practices on Distribution
Network Development Plans proposes a concrete structure of the document, referred to as
“The Model Distribution Network Development Plan” [8]. DNDPs should generally comprise

four essential sections, as shown in Figure 2.1.

/Description of the current state of the
distribution system

Overview of the existing infrastructure,
assets, performance, and challenges

Planning assumptions and scenario\
building

Foundational assumptions and scenarios
used for projecting demand and facilitate

strategic planning

Distribution Network

Identification of the specific needs of the
distribution system, derived from the

N

Development Plan

Planning principles Concrete measures, projects, and

programs

Planned projects and programs for
upgrades, expansion, and modernization
to address identified needs /

scenario analysis

Figure 2.1 Structure of the Model Distribution Network Development Plan [8]

Aligned with this proposed structure, Creos includes the following chapters and information in
this document:

For the description of the current state of the distribution system, subchapter 2.3
provides an overview of Creos’ distribution and transmission grids, including asset
statistics. Additionally, the analysis of each voltage level begins with a chapter
describing the current state of the grid, with current loads and challenges (sections 5.2,
0 and 7.4).

The scenario building process is briefly described in chapter 3, and for further details,
the Scenario Report can be consulted on the Creos website [2]. This chapter also
includes the distribution of projected demand and injection across different voltage
levels and regions.

Each voltage level chapter starts with the description of the respective planning
principles (sections 5.1, 6.1 and 7.1). These are applied in the load flow analysis
based on the projected scenarios, which allows the identification of grid needs.

Following the anticipatory load flow analysis, the necessary measures are derived
and described in detail for the high-voltage grid and in a more aggregated form for the
medium- and low-voltage grids.
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2.2.3 Surveys

With the goal of fostering exchange, proactively engaging with stakeholders, and improving
the quality of analysis within the framework of the DNDP as well as in day-to-day operations,
Creos conducted several surveys over the past year. This section provides a brief overview of
the survey topics and participation levels.

Specifically for the DNDP, a survey was sent to developers of wind parks and agri-PV
projects and published on the Creos website in March 2025, inquiring about their future
intentions related to grid connection and capacity planning. Creos currently has a process in
place that allows developers to reserve available capacities for the injection of renewable
energy plants for a limited time [9], allowing them to further develop their projects without the
risk of losing access to grid connection capacity. In this survey, Creos specifically seeks
information on longer-term projects that may still be in the ideation phase and for which no
capacity reservation demand has yet been introduced. The goal is to identify regions likely to
require additional reinforcements beyond the already announced projects. Thirteen responses
were received in total, and the results have been integrated in the analysis.

As part of the FlexBeAn study, several surveys were conducted with different stakeholders
from the energy sector. FlexBeAn stands for “Flexibility Potential and User Behaviour Analysis”
and aims to determine the flexibility potential across various sectors in Luxembourg. The study
is carried out in cooperation with the Luxembourg Institute of Science and Technology (LIST)
and the Interdisciplinary Centre for Security, Reliability and Trust (SnT) of the University of
Luxembourg. [10]

Two studies in particular are relevant for refining the DNDP analysis: one conducted with
Luxembourgish bus operators, and the other with the Luxembourgish industrial sector.

The first questionnaire was sent at the beginning of March 2025 to several bus depot
operators. The questions aim to determine how many electric buses each operator intends to
deploy in the near and long term, how many electric kilometres they expect to drive, and the
average electricity consumption of these vehicles. The survey also inquires about the expected
charging profile and required charging power, as well as the locations —i.e., the depots — where
the buses are to be charged. This information supports the assessment of necessary medium-
voltage grid capacities in different regions. Even after a reminder was sent to each recipient at
the end of April 2025, no responses have been received.

Secondly, Creos initiated a dialogue with the Luxembourgish industry sector through the
FEDIL (Fédération des Industriels Luxembourgeois) association. The goal was to determine
the members’ decarbonization plans and perspectives on flexibility provision. The exchange
provided insight into plans to install e-boilers by two major players. These findings are
incorporated into the regionalization of loads for this DNDP.
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2.3 Creos’ transmission and distribution grid

Creos Luxembourg S.A. is responsible for the planning, construction, maintenance, and
operation of its electricity grids, spanning most of Luxembourg. The company acts as both the
national Transmission System Operator (TSO) and the largest Distribution System Operator
(DSO). Currently, Creos’ electricity grid includes four voltage levels, each of which fulfils
different functions within the grid. As described hereafter, and in more detail in the following
subchapters, the technical design, controllability, and automation vary depending on the
voltage level. The higher the degree of meshing and control in the grid, the more reliable its
operation becomes. [11] [12]

As the TSO, Creos operates the national 220 kV very-high-voltage (VHV) grid, which is used
for cross-border electricity transmission. Luxembourg is currently supplied via two double high-
voltage lines from Germany (via Trier and Bauler), and one line from Belgium. The high-voltage
transmission grid will be reinforced through the construction of a 380 kV connection to
Germany, as detailed in the NDP for the transmission grid, published in 2024 [13].

The 220 kV grid is largely meshed, operated in a closed-loop configuration, and fully controlled
through the Creos dispatching center. The electricity is transmitted to six 220/65/20 kV
substations, which serve as interconnection nodes between the transmission and distribution
grids [12].

As the DSO, Creos operates the following grid levels:

e 65 kV high-voltage (HV) grids, supplying industrial clients with high power demand.
These grids are meshed, operated in closed mode, and — similar to the 220 kV grids —
controlled via central substations by the Creos dispatching center.

e 20 kV medium-voltage (MV) grids, supplying commercial sites (e.g., large office
buildings, smaller industrial sites, medium-sized data centers, and agricultural
facilities). These grids also connect central 65/20 kV substations to local 20/0.4 kV
substations. They are typically designed as open ring structures in urban areas and as
radial structures in some rural regions. The 20 kV grid is increasingly equipped with
remotely controllable smart cells.

e 400 V low-voltage (LV) grids, supplying households and small businesses. Their
structure depends on the population density: radial in sparsely populated regions,
mixed in suburban areas, and meshed in urban zones — though they are mostly
operated in an open configuration. Smart meters have been installed to enable flexible
and transparent grid management.

Figure 2.2 below illustrates the current transmission and distribution grid structure, showing
the 220 kV transmission grid in dark blue, the 65 kV distribution grid in white, the locations of
the 220/65 kV substations, and the interconnections with Germany and Belgium.



Introduction 9

with Belgium

Schifflange Bettembourg

Figure 2.2 Creos’ high-voltage transmission and distribution grid (June 2025) [12]
In 2024, the total length of the grid reached approximately 12,596 km. The distribution of line
lengths across the voltage levels is as follows [14]:
o 220 kV: 309.7 km (9.3% underground)
e 65kV:672.7 km (21.6% underground)
e 20 kV: 3,561.7 km (79.5% underground)
e 0.4 kV: 8,051.8 km (99.3% underground)

This distribution reflects a strong trend toward underground cabling, particularly at the lower
voltage levels, with nearly 80% of the 20 kV network and over 99% of the 0.4 kV network
installed underground. This approach enhances network reliability, reduces exposure to
weather-related disruptions, and supports long-term urban development planning.

The grid infrastructure also includes transformer substations at all voltage levels, including six
220/65/20 kV substations (one of which is already 110 kV-ready), 35 65/20 kV substations
(three of which are 110 kV-ready), and 2,927 transformer stations at the 20/0.4 kV level. [14]

Considering all voltage levels, 327,270 customers were connected to the Creos electricity grid
at the end of 2024. [14]
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2.4 Grid planning tools

To ensure a robust and consistent planning process across all voltage levels, Creos employs
two complementary software tools: PowerFactory and Kopr. PowerFactory provides detailed
electrical simulations and technical validation based on grid models, while Kopr focuses on
scenario analysis and grid assessments based on Smart Meter data and infrastructure layers.
Both tools are presented in this section to help the reader better follow the grid planning
process.

2.4.1 PowerFactory

PowerFactory is applied across all voltage levels as a comprehensive platform for grid
analysis, simulation, and technical evaluation. The tool supports a wide range of use cases —
from routine planning tasks to in-depth system studies — and enables a consistent, model-
based approach to network development. [15]

External data sources, such as grid topology from Geographic Information System (GIS)
systems, can be integrated. PowerFactory supports automation via scripting (Python, DSL),
which is particularly useful for synchronizing multiple load profiles with a network model.

The core functionalities used by Creos in daily operations include AC load flow calculations,
which determine asset loadings based on current and projected load and generation data. Both
theoretical calculation criteria and measured load curves are used to evaluate the grid
infrastructure in PowerFactory. PowerFactory supports quasi-dynamic simulations, which
enable time-series simulations where system states change gradually over time (e.g. load
variations or generation ramps). For the DNDP on the high-voltage grid, it is useful to group
loads by region, allowing them to be scaled over time according to the projections from the
Scenario Report.

Short-circuit calculations are performed to verify network safety, and protection coordination
assesses whether protection devices (e.g. relays, circuit breakers) operate selectively and
within required time limits during fault conditions, ensuring grid stability and minimizing
outages.

For the elaboration of the network development plans, contingency analysis is used to simulate
single or multiple element failures (e.g. line or transformer outages) to evaluate the grid’s ability
to maintain secure operation under stressed conditions. This analysis is particularly important
to ensure the N-1 security of the network, i.e. the ability of the system to continue operating
reliably during maintenance or following the unexpected loss of a single critical component.

Combined with its visualization and reporting functionalities, PowerFactory provides a robust
foundation for technical grid validation, scenario evaluation, and reinforcement planning — from
low-voltage feeders to the high-voltage transmission grid.

2.4.2 Kopr

Kopr is the digital twin of the Creos electricity grid and is available at all voltage levels, from
low-voltage feeders to the high-voltage backbone, as an integrated platform for technical grid
monitoring, simulation, scenario modelling, and assessment. It combines high-resolution
Smart Meter data, digital grid models, infrastructure datasets, and planning forecasts to enable
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structured and data-driven grid analysis. By merging these inputs, Kopr supports both
operational diagnostics and long-term network development strategies. [16]

In daily operations, Kopr is currently used primarily at Creos in the planning process of the low-
voltage grid. The tool is applied to evaluate the current grid state. Based on 15-minute Smart
Meter data and updated grid models from GIS, it identifies critical situations such as voltage
violations or local overloads. Spatial visualization highlights particularly stressed areas and
supports targeted diagnostics across the grid. In addition, Kopr allows for the simulation of
technical modifications — for example, integrating new loads, decentralized generation, or
transformer replacements. Using power flow calculations, the tool assesses voltage levels, line
loadings, and transformer utilization under defined boundary conditions.

For forward-looking planning, Kopr enables the modelling and simulation of future
development scenarios. For the elaboration of the DNDP, the tool is primarily used to assess
the entire low-voltage grid infrastructure. Electrification trends — such as the rise in heat pumps,
PV systems, and electric vehicles — are translated into load assumptions distributed across the
grid. These scenarios are simulated as full-year time series to identify critical grid conditions.
The results serve as a basis for prioritizing investment needs and planning measures.

2.5 Electricity grid development basics

The Scenario Report includes an introductory section on electricity grid development basics
designed for readers with limited technical background, providing a general overview of grid
planning. The difference between energy, measured in watt-hours, and power, measured in
watts, is illustrated through the analogy of a watermill. For further details, the corresponding
section in the Scenario Report can be consulted. The key takeaway is that, for electricity grid
design, power — not energy — is the decisive parameter. As the grid operator, Creos must plan
its electricity networks to accommodate the peak power demand at any given moment.

The Scenario Report also contains a chapter introducing the basics of flexibility, describing its
different types and roles within the energy system.

This chapter builds upon that foundation by providing two additional information sections: one
explaining the importance of considering voltage deviations in grid planning, and another
describing the NOVA principle — a key concept guiding the grid development process.

2.5.1 Voltage deviations

In electricity grids, the voltage at each node varies continuously with the balance between
generation and consumption. To ensure safe and reliable operation, voltage levels must
remain within specific limits relative to their nominal value. In Luxembourg, as in most
European grids, the applicable norm DIN EN 50160 defines an acceptable voltage deviation
of £10% from the nominal voltage [17]. This means that a 230 V connection may vary between
207 V and 253 V under normal operating conditions.

Voltage deviations occur naturally along distribution lines due to electrical losses and the
direction of power flow. Under high load conditions, the voltage tends to decrease along the
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line as current flows from the substation to consumers. Conversely, when local generation
exceeds consumption, the power flow reverses and the voltage tends to rise, potentially
approaching or exceeding the upper limit of the acceptable range.

The figure below illustrates typical voltage variations in the distribution grid. HV/MV
transformers are equipped with voltage regulators, allowing them to maintain a constant
voltage output independent of surrounding grid conditions. However, along the medium-
voltage grid, at MV/LV transformers, and within the low-voltage grid, voltage variations can
occur if no countermeasures are implemented.

The blue lines represent voltage profiles under load-dominant conditions, showing the voltage
drop from the substation to the end of the feeder. The green lines depict voltage profiles under
generation-dominant conditions, illustrating the voltage rise caused by distributed generation
such as solar PV or wind power. Without voltage regulation, both cases risk exceeding the
1+10% voltage tolerance band — either at the lower or upper limit — depending on the prevailing
operating conditions.

T +10%

Momn e

Transformer
20KV/400V —{ _400v  }—r0

Relative Voltage Drop

—  -10%

Load

Generation

Figure 2.3 Voltage profiles over the distribution grid

Maintaining voltages within the allowed +10% range is a key objective in grid planning and
operation. This is achieved through a combination of operational measures — such as on-load
tap-changing transformers, reactive power control, voltage regulators, and flexibility activation
— and structural measures, including grid reinforcements with larger cable cross-sections to
reduce resistance and limit voltage drops.
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2.5.2 NOVA-Principle

The analysis of the different voltage levels in the following chapters under future demand and
generation scenarios reveals several issues that must be addressed to ensure the continued
security of supply.

These issues are evaluated according to the NOVA principle (“Netzoptimierung vor
Verstarkung vor Ausbau”, meaning “grid optimization before grid reinforcement before grid
expansion”). The objective of this approach is to identify the least invasive and most cost-
effective solution that fully resolves the identified constraint.

The three possible solution types under the NOVA principle are:

Grid optimization: Grid optimization involves adjustments to the feeding topology of
the network, made possible by the ability to supply a grid segment from multiple
directions. Depending on the load distribution, one supply path may provide a more
efficient configuration than another. This solution typically entails no investment costs
and is therefore the preferred option. Changes in the feeding topology are particularly
effective when overloads are moderate, typically below 120%.

Grid reinforcement: Grid reinforcement involves replacing a grid element with limited
capacity by one of higher capacity. This measure is typically implemented when
overload levels are significant or when surrounding grid sections already operate at
high utilization levels, thereby limiting optimization possibilities.

Grid reinforcement also includes potential voltage-level increases within the existing
infrastructure. In Luxembourg, for example, several regions plan to transition from 65
kV to 110 kV operation on the high-voltage distribution grid. This upgrade, achieved
within existing line corridors, will significantly increase the distribution capacity of all
concerned assets.

Grid expansion: Grid expansion involves modifying the structure of the electricity
network to address complex or large-scale constraints. Typical measures include
establishing new connections between separate grid sections or adding new sections
to the network. Grid expansion is considered when a constraint cannot be resolved
through the reinforcement of a single grid element, or when creating a new connection
provides a more cost-effective solution than upgrading a significant portion of the
existing grid.
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3. Scenarios for grid development

This Distribution Network Development Plan (DNDP) is based on the previously released
Scenario Report Version 2024 [2], in which different scenarios for the evolution of electricity
demand and generation in Luxembourg are analysed. In this chapter, the main drivers for grid
development are presented is section 3.1, along with an overview of the Scenario Report
results in section 3.2.

The Scenario Report provides national-level load projections, supplemented by qualitative and
quantitative information on the distribution of demand and generation by region and voltage
level. However, this analysis requires further refinement to enable a full regional and voltage-
level disaggregation of the projected values and to allow for a granular evaluation of Creos’
distribution grid. The results are presented in section 3.4 for electricity demand and in section
3.5 for electricity generation.

3.1 Main drivers for grid development

Grid developments are necessary due to rising utilisation of existing infrastructure, projected
load growth, and the need to maintain existing networks to ensure reliability and safety.

To consider future developments in the electricity sector, the NDPs are based on the Scenario
Report, which in turn is based on the scenarios from the 2024 National Energy and Climate
Plan (NECP). The NECP includes two pathways for the evolution of energy consumption and
generation: WEM (With Existing Measures) and WAM (With Additional Measures). The WEM
scenario incorporates measures adopted by the end of 2021, while the WAM scenario includes
additional and reinforced measures outlined in the 2024 NECP [5].

All the details on the relevant aspects of the NECP for electricity grid planning are documented
in the Scenario Report. In general, national electricity consumption is projected to increase
from around 6,000 GWh to between 8,700 GWh in the WEM scenario and 10,300 GWh in the
WAM scenario by 2040. This growth results from increasing electrification across the industrial,
tertiary, residential, and mobility sectors. The growth projection for each sector in the WAM
scenario is shown in Figure 3.1.
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Figure 3.1 Electricity consumption per sector, NECP 2024 WAM scenario [5]
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In addition to the NECP projections, Creos considers specific customer information on new
data centers and industrial decarbonization projects. All related information is provided in the
respective chapters of the Scenario Report.

However, growing electricity consumption is not the only driver of necessary grid
developments. The increase in local renewable generation, as shown in Figure 3.2, also
presents a challenge for the current grid infrastructure.
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Figure 3.2 National electricity generation according to the NECP 2024 WAM scenario [5]

Client inquiries for the connection of local renewable installations already exceed the total
renewable generation growth projected in the NECP. Table 3.1 hereafter shows the situation
as of July 2025, including installed, authorized and delayed installations across all voltage
levels. These values are the reference point for the evaluation of the grid that started in August
2025.

The necessary grid reinforcement and expansion measures are planned as part of this DNDP.
As reality already surpasses NECP projections, Creos plans measures based on actual client
inquiries. All authorized installations can be connected to the current grid infrastructure without
any reinforcements. Some installations have already been delayed, meaning they must wait
for a grid reinforcement or extension before receiving a connection authorization.

\ Photovoltaic installations Wind turbines

Installed capacity 641 MW 214 MW
Authorized additional capacity | 558 MW 1.004 MW
Total capacity 1.199 MW 1.218 MW
NECP goal 2030 1.236 MW 453 MW
Delayed capacity 267 MW 574 MW

Table 3.1 Installed, authorized and delayed renewable generation capacities, July 2025

Other than projected load growth, asset age and poor condition may also require grid
investments for renewal and maintenance. These expenses are also considered when
preparing the budget for the upcoming years.
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3.2 Scenario Report results

In the Scenario Report, the forecasted volumes of electricity consumption and generation from
the NECP are translated into load assumptions on the electricity grid. The exact approach for
each sector is detailed in the respective document.

Figure 3.3 shows the range of projected national peak electricity demand across all voltage
levels for the evening peak. The graph presents the four calculated scenarios, ranging from a
high estimate without flexibility (upper bound) to a low estimate with flexibility (lower bound).
Based on the chosen scenario for grid development, different measures become necessary
sooner or later.

3.500
3.000
2.500
2.000
1.500

1.000

500

Peak electricity demand - evening (MW)

0
S N o>

H 0] \) %)
O O O

Historical peak electricity demand
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Low estimate with flexibility == == High estimate with flexibility

Figure 3.3 Projected electricity demand during the evening peak

The Scenario Report also presents an analysis per energy carrier (e.g. wind, solar, ...),
enabling the forecasting of peak generation. As mentioned in the previous section, Creos adds
adjusted forecasts that reflect the actual level of client connection requests. Therefore, six
different pathways are shown in Figure 3.4 below, with the adjusted high estimate forming the
upper boundary of the projections.
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Figure 3.4 Forecast of cumulated peak electricity generation

Peak import and export are estimated in the Scenario Report based on guaranteed generation
and projected base load, but they are not considered relevant for this DNDP, as the objective
of this document is to plan the distribution grid infrastructure, rather than the transmission grid,
which must accommodate import and export needs.

3.3 Selected scenarios for grid development

To provide an indication of the expected timing for grid reinforcement or expansion, this DNDP
relies on the high estimate scenario with flexibility for the simulation of the demand use case.
For the generation use case, the adjusted high estimate with flexibility is selected, considering
the actual number of connection requests for renewable installations as of July 2025. If demand
or generation increases more rapidly, investments will be required sooner — and vice-versa.

In this context, the iterative process of publishing the Scenario Report and Network
Development Plans every two years proves highly valuable, as it allows the grid operator to
assess the actual evolution of demand, generation and flexibility utilization against the
projections from the latest Scenario Report, and to adjust forecasts accordingly — also
considering new political or broader developments. Within the grid planning cycle, the NDPs
and their associated investment plans are then updated accordingly.

As the selected scenarios project peak demand and generation, already accounting for the
availability of flexibility across different sectors and technologies, Table 3.2 below shows how
much flexibility is possible for each, based on the results of the Scenario Report [2]. The layout
of the table is based on the flexibility needs assessment (FNA) methodology, with only the
“sector/technology” column included for reference. [18]

This methodology differentiates between upward and downward flexibility. “Upward flexibility”
refers to situations that require increasing injection on the network or decreasing demand from
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it, while “downward flexibility” refers to situations that require decreasing injection on the
network or increasing demand from the network. [18]

Spatial Flexibility

Direction | Year Time block | granularity and network
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Table 3.2 Expected flexibility for different sectors and technologies

The necessary flexibilities could be provided through smart charging and depot load
management, which already offer clients incentives to reduce their connection costs and grid
fees. Furthermore, batteries could contribute significantly to flexibility needs, if they are aligned

with the needs of the grid.
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The right incentives must be created to encourage customers to shift their behaviour, with
important factors being accessibility and user-friendliness. Adapted current and future grid tariff
structures across all voltage levels should also inherently encourage customers to flatten their
electricity demand and shift it to periods of low demand or high generation. Creos is developing
flexible connection agreements, in which the available power varies according to grid load, grid
state, and/or time of day. Moreover, the procurement of flexibility services from third parties in
the energy landscape can be envisaged.

Whereas the table above shows the estimated flexibility potential from the Scenario Report,
the FNA will provide information concerning flexibility needs on the 110/65 kV level, covering
details about location and volume of the needs. The results of the FNA are expected for
summer 2026.

All preceding considerations are conducted from a national perspective at the transmission
level. However, the analysis of the distribution infrastructure requires a more detailed
assessment of the 110/65kV, 20 kV, and 400V levels.

3.4 Distribution of electricity demand

The Scenario Report provides load projections on the transmission grid per sector, with
qualitative and quantitative insights into regional and voltage-level distribution where relevant
for estimating future demand. To enable a detailed analysis of each voltage level within the
distribution grid in this DNDP, a full voltage-specific disaggregation by region is required.

The disaggregation is carried out on a yearly basis to support annual load projections and load
flow calculations, which in turn facilitate the prioritization of investments. In this section, only
the results for the reference years 2030 and 2035 are presented.

Voltage level distribution

The projected load is allocated across seven voltage categories: four categories corresponding
to grid connections at a specific voltage level (LV — low voltage (400 V); MV — medium voltage
(20 kV); HV — high voltage (65/110 kV); and VHV — very high voltage (220/380 kV)), and three
categories representing direct connections to transformer stations between voltage levels
(MV/LV, HV/IMV, and VHV/HV).

Creos applies general principles for assigning customer connections, primarily determined by
the requested capacity, as presented in the table below:

Requested power [kKVA]  Minimal required voltage level of the grid connection

Lower limit | Upper limit

0 70 LV grid (400V)
70 200 LV busbar (400V) of MV/LV (20kV/400V) substation

200 5,000 MV grid (20kV)

5,000 25,000 MV busbar (20kV) of HV/MV (65(110)kV/20kV) substation
25,000 50,000 HV grid (65(110)kV)
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50,000 100,000 HV busbar (65(110)kV) of VHV/HV (220kV/65(110)kV)
substation
100,000 VHV grid (220 kV resp. 380 kV)

Table 3.3 Connection limits per voltage level

It is important to differentiate between a grid connection and a direct transformer connection,
as the former affects the cables within the respective voltage level, while the latter impacts
only the transformer and the cables of the higher voltage level. This distinction leads to different
implications for asset planning.

Regional distribution

As illustrated in chapter 5.2, Creos’ distribution grid can be divided into six regions. These
regions are not expected to follow the same trajectory in terms of electricity demand and
generation. Key drivers such as population density and economic activity vary significantly
across regions and play a central role in shaping future developments.

3.4.1 Analysis

As explained in the previous chapter, the high-estimate scenario including flexibility is selected
for the simulation of the consumption use case. The analyses and iterations for distributing
projected demand across voltage levels and regions are carried out separately for each load
type forecasted in the Scenario Report.

Electric mobility sector

The first sector considered is mobility. The projected additional loads for 2030 and 2035 in the
high-estimate scenario with flexibility amount to 240 MW and 453 MW, respectively.

Electric cars and vans

To begin, the current distribution of recharging power across voltage levels for electric cars
and vans is assessed. In 2024, 86% of installed charging capacity for cars and vans was
connected directly to the low-voltage grid, while the remainder was distributed across higher
voltage categories.

In the future, charging power is expected to increase by 156 MW in 2030 and 309 MW in 2035,
with a higher share anticipated on the medium- and high-voltage grids. Two factors drive this
increased share. First, under current technical connection conditions, only low-voltage
customers are required to request authorization from the DSO to install charging stations,
which likely leads to an underestimation of actual higher-voltage installations. Second, high-
power connections are expected to increase in number, particularly at fuel stations installing
high-power chargers supplied through private medium-voltage transformers, and at motorway
rest areas where additional fast-charging infrastructure will be deployed to facilitate long-
distance travel.

Since the percentages are intended to reflect demand distribution during evening peak load
rather than installed capacity, the allocation is defined as follows: 65% with a direct connection
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to the low-voltage grid (single-family houses, small multi-family homes, and small businesses);
12.5% with a direct connection to LV/MV transformer stations (large multi-family homes and
medium-sized businesses); 17.5% with a medium-voltage connection via private MV
transformer stations (large businesses, fuel stations, etc.); and 5% with a connection to HV/MV
transformer stations to account for motorway rest areas.

For regional distribution, an analysis of the current density of private charging stations relative
to population density shows a clear correlation. It is therefore assumed that this trend will
persist, with more densely populated areas continuing to exhibit the highest rates of charging
infrastructure deployment. The resulting percentages are presented in Table 3.5.

Electric buses

To distribute the projected additional charging demand for buses — 34 MW in 2030 and 36 MW
in 2035 — across voltage levels, the current connection types of Luxembourg’s bus operators
are first assessed. At present, all operators are equipped with private MV transformer stations.

In the future, some major depots are expected to require more than 5 MW of charging capacity
to supply large bus fleets within limited timeframes. Such demand necessitates a direct
connection to the MV busbar of an HV/MV transformer station. Consequently, 75% of projected
bus charging power is allocated to the MV category and 25% to the HV/MV category.

For the regional distribution of bus charging demand, the locations of existing depots are
combined with information on announced new sites and projects from bus operators. This
analysis results in the expected future distribution presented in the table below.

Electric trucks

Trucks are also expected to undergo significant electrification in the coming years. According
to the Scenario Report, the required recharging power is projected to increase by 44 MW in
2030 and 97 MW in 2035, compared with 2024 levels.

An ACEA report identifies 53 truck stop locations in Luxembourg, providing the basis for the
regional and voltage-level distribution of charging demand [19]. For each site, the future
potential for electric truck charging was assessed, enabling categorization of the required grid
connection.

Some of the major locations are situated at industrial sites already equipped with private HV
transformer stations, which are expected to account for 23% of future truck charging demand.
Motorway rest areas, smaller industrial sites, and intermodal hubs are projected to represent
25% of demand, requiring direct connections to HV/MV transformer stations. The remaining
52% of demand is attributed to sites requiring private MV transformer stations to supply truck
charging infrastructure.

Train and tram

For the distribution of power required to supply the expanding railway infrastructure, the current
and projected connection points of CFL and Luxtram are analysed, and future power demand
is allocated accordingly. CFL operates dedicated VHV transformer stations, accounting for a
large part of the projected demand, while Luxtram is connected to Creos HV/MV transformer
stations. Train and tram only account for less than 5% of the total projected demand of the
electromobility sector.
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Residential sector

The projected increase in electricity demand from the residential sector, primarily due to the
electrification of heating, amounts to 63 MW in 2030 and 124 MW in 2035. This additional load
is expected to occur predominantly at the low-voltage level. However, some mixed
commercial/residential buildings, owing to their higher power requirements from small
businesses, are directly connected to Creos MV/LV transformer stations.

To determine the share of these connections, the distribution of building types in Luxembourg
is considered [20]. The category “immeubles semi-résidentiels”, representing 6% of the
housing stock, is classified as MV/LV connections, while the remaining 94% are allocated to
the low-voltage grid. As this share has remained stable for several years, it is applied for
allocating future electricity demand.

For regional distribution, population density is used as a proxy for residential load
concentration.

Tertiary sector

To distribute the projected additional demand from the tertiary sector — 158 MW in 2030 and
211 MW in 2035 — the current distribution of connection types among these clients is assessed.
The analysis shows that 44% operate with a private transformer station, 26% are directly
connected to a Creos MV/LV transformer station, and 30% are supplied through a low-voltage
connection. Since most tertiary clients already rely on high-power connections, which are often
not fully utilized, this distribution is assumed to remain valid for allocating future demand.

For regional distribution, the Scenario Report already provides an assessment based on the
“Plan directeur sectoriel 'zones d’activités économiques” published by the Ministry of Energy
and Spatial Planning [21]. This planning document includes a comprehensive list of existing
and planned economic activity zones, together with their locations and surface areas. The
resulting regional allocation is presented in the table below.

Industry sector

The projected increase in electricity demand from the industrial sector amounts to 130 MW in
2030 and 211 MW in 2035. This growth can be distinguished into two categories: first, general
sectoral growth; and second, specific projects with particularly high electricity demand, such
as the replacement of gas boilers by electric boilers or the implementation of carbon capture
and storage technologies.

The general growth is allocated across regions and voltage levels based on an analysis of the
current structure of Luxembourg'’s industrial sector, under the assumption that existing sites
will experience proportional demand growth in the future.

Specific projects, however, are not included in the general distribution. Instead, they are
modelled as point loads, with their respective power requirements and geographic locations
explicitly integrated into the grid model in PowerFactory.
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Data centers

Data centers represent very large, localized point loads, with a projected load around 280 MW
by 2035, and are therefore not included in the general distribution of future electricity demand.
Instead, each project considered in the Scenario Report is integrated individually at its known
location, with ramp-up profiles and power requirements specified by the project developers.

Hydrogen production

The available information on future hydrogen production sites remains insufficient for a detailed
quantitative analysis. Consequently, the known projects are allocated to their respective
regions and voltage levels, while the remaining additional demand is distributed evenly across
all regions. The voltage-level allocation follows the distribution observed in today’s identified
projects.

3.4.2 Results

The following tables present the percentage distribution of projected demand for each sector,
differentiated by voltage level and by region. These results are derived from the analyses
described in the preceding sections.

Sector VHV VHV/HV HV HV/IMV | MV

Cars & Vans 0% 0% 0% 5% 18% 12% 65%
Buses 0% 0% 0% 25% 75% 0% 0%
Trucks 0% 0% 23% 25% 52% 0% 0%
Train 85% 0% 0% 15% 0% 0% 0%
Tertiary 0% 0% 0% 0% 44% 26% 30%
Residential 0% 0% 0% 0% 0% 6% 94%
Hydrogen 0% 0% 0% 69% 31% 0% 0%
Industry 0% 5% 63% 17% 15% 0% 0%

Table 3.4 Distribution of sector loads per voltage level

Sector North East West South- South- Center
East West
Cars & Vans 13% 11% 9% 15% 22% 30%
Buses 7% 15% 6% 12% 23% 37%
Trucks 14% 15% 8% 25% 24% 14%
Train 16% 0% 0% 45% 24% 15%
Tertiary 28% 10% 9% 14% 18% 21%
Residential 13% 11% 9% 15% 22% 30%
Hydrogen 13% 13% 20% 13% 28% 13%
Industry 39% 8% 9% 18% 22% 4%

Table 3.5 Distribution of sector loads per region
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These percentages are applied to the load projections in MW, and the following results are
calculated:

- Additional load per sector and voltage level, per year
- Additional load per region and voltage level, per year
- Additional load per sector and region, per year

These distributions serve as the basis for the detailed assessment of the future grid state
across voltage levels and regions. As described in the respective chapters, the methodologies
applied to the high- and medium-voltage distribution grids use the additional loads to scale
existing grid demand. In the low-voltage grid, specific calculation criteria are applied, which
assume the installation of one heat pump and one electric vehicle per connection point.

3.5 Distribution of electricity generation per category

As highlighted in chapter 3.1, local renewable energy generation is a major driver of grid
development needs. Current connection requests already exceed the NECP targets for 2030
as well as the longer-term projections.

Additionally, Creos has conducted a survey with project developers (see section 2.2.3) to
obtain information on their long-term project pipelines. The results confirm both the regional
patterns and the technology trends already observed today, with certain areas proving
particularly suitable for renewable energy installations.

For these reasons, the distribution of renewable generation is not allocated theoretically across
regions and voltage levels but is instead derived directly from actual connection requests. On
the HV grid, renewable installations connected to the HV/MV busbar or to the underlying MV
grid are assigned to their respective HV station, while projects foreseeing a private HV
transformer station are connected directly to the grid. For the MV grid, a feeder-specific
analysis is carried out for all installations with a distribution grid connection.

Table 3.6 and Table 3.7 present the distribution of reserved capacity for wind parks and large
photovoltaic installations across voltage levels and regions.

Generation type HV ‘ HV/MV Mv ‘
Wind authorized 8% 62% 30%

Wind delayed 24% 71% 5%

PV authorized 13% 26% 61%

PV delayed 0% 47% 53%

Table 3.6 Distribution of generation capacity reservations per voltage level
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Generation type East West South- South- Center
East West

Wind authorized 33% 24% 18% 15% 6% 4%

Wind delayed 69% 12% 11% 3% 5% 0%

PV authorized 9% 28% 9% 18% 24% 12%

PV delayed 27% 44% 9% 20% 0% 0%

Table 3.7 Distribution of generation capacity reservation per region

For the evaluation of the low-voltage grid, specific calculation criteria are applied, assuming
the presence of a photovoltaic installation at each connection point. Further details are
provided in chapter 7.2.7.
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4. Methodology for Cost-Benefit-Analysis

Creos’ objective is to maintain security of supply in the most economically advantageous
manner. This section presents Creos’ cost—benefit analysis (CBA) methodology. Its primary
aim is to assess whether targeted flexibility can economically defer specific grid reinforcements
compared with immediate investments.

Within the CBA, flexibility is considered in a technology-agnostic manner. No specific
technology — such as battery storage, demand-side management or other flexibility option — is
prescribed. Instead, the analysis is intended to assess whether flexibility in general constitutes
a viable approach to defer direct grid reinforcement.

In a preliminary phase, the purpose of the CBA is to determine the cost-effective flexibility price
and volume that would justify launching an RFI (request for information) — a first market
screening to verify whether the required flexibility can be provided. In the long term, the
objective is to evaluate concrete flexibility measures by initiating RFPs (requests for proposal).

It is important to note that this is the first version of a CBA methodology developed by Creos,
which may be further refined and expanded in future network development plans and other
relevant documents.

4.1 Background and research

Following an extensive review of cost-benefit analysis (CBA) methodologies applied by
European electricity grid operators, Creos has developed its own approach with reference to
the Enedis methodology [22]. The Enedis framework, first formalized in 2017, is aligned with
best-practice guidance from the European Commission’s Joint Research Centre (JRC) and
the Electric Power Research Institute (EPRI).

The objective of the Enedis CBA approach is to determine the optimal investment strategy
from a social welfare perspective rather than from the standpoint of any single stakeholder.
Accordingly, the relevant costs and benefits of flexibility measures compared with grid
reinforcement are identified and monetized without presupposing their allocation among
market participants.

By internalizing the “non-quality” costs associated with power interruptions or curtailments, the
CBA aims to identify the strategy that minimizes total societal cost while maintaining the
required service quality. In essence, the methodology seeks the optimal techno-economic
balance between investment cost and network performance - avoiding both over-investment,
which would eliminate all risk at excessive cost, and under-investment, which could lead to
unacceptable levels of disruption.

4.2 Concept — Calculation of the collective surplus

The central concept of this CBA methodology is the calculation of the collective surplus (CS).
This value represents the social welfare gain achieved when deferring grid reinforcement
through flexibility solutions instead of pursuing the traditional reinforcement strategy. The
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guiding principle is that a flexibility-based strategy can only be considered socially optimal if it
generates a collective surplus compared to the reference reinforcement pathway.

The calculation of the collective surplus (CS) is defined as the difference between the Net
Present Values (NPVs) of the classical reinforcement strategy and the flexibility-based
deferral, as expressed below:

CSfiex(Pf) = NPVSrer — NPV Sriex(Pp)

with:
* S,.: Traditional reinforcement strategy
*  Sriex(Pr): Flexibility strategy with maximum flexibility power Pr to defer reinforcement

A positive surplus indicates that a detailed assessment of flexibility deployment to defer an
investment is justified from a social welfare perspective, whereas a negative surplus implies
that direct reinforcement remains the preferable strategy. This approach ensures that the
evaluation is not biased towards short-term cost savings but rather reflects the long-term
balance between reinforcement costs and non-quality impacts.

In general, the NPV for a given strategy S is defined as the discounted sum of annual costs
plus a residual value at the horizon year N, which accounts for all costs of strategy S that occur
beyond the study horizon.

The annual costs of each strategy can be further subdivided into their individual components,
as expressed in the following formula [22]:

NPVS = zN: I5(n) + Cipes(n) + Cogpy () + Cijg(n) .~ RS(N)

1+ a)n 1+ d)VN

n=0
with:
e [5(n): Investment costs in year n under strategy S
e (p.(n): Expected costs linked to electricity losses under strategy S
e C5en(n): Operation and maintenance costs under strategy S
e Cio(n): Costs of non-quality under strategy S
e RS(N): Residual value under strategy S
e d: Discount rate

The following points introduce a set of assumptions used to determine the collective surplus
(CS) for a one-year investment deferral enabled by flexibility, in line with the Enedis
methodology. The objective is to derive the maximum collective surplus, which in turn defines
the maximum viable flexibility price, including all associated costs.

- Operation and maintenance (O&M) costs for flexibility are neglected in this first version
of the CBA but may be included in future updates. The deployment of flexibility is
assumed not to affect O&M costs. This simplification implies that the O&M term is
omitted from the NPV.

- Equivalence outside the deferral window: Before the year in which reinforcement would
normally occur, the flexibility and reference strategies are identical (no reinforcement).
After reinforcement is implemented, both strategies again converge, meaning that cost
differences only arise during the deferral years. This leads to the simplification that the
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residual value term RS(N) is omitted from the NPV and collective surplus calculations.

- Investment shift: Deferring reinforcement by one year implies that the capital
expenditure planned for the reference strategy is simply shifted by one year in the
flexibility case.

Based on these assumptions, the maximum viable flexibility price for one year of investment
deferral — corresponding to the maximum collective surplus within this period — can be
calculated as follows:

eSS () = 14~ (o) - 6t ) = (0 - gt )

In this calculation, flexibility replaces the grid reinforcement only during year n* thereby
postponing the traditional investment from year n*to year n*+1. Consequently, the calculation
of the CS}?g‘,f(Pf) depends solely on three different terms: the investment deferral gain,
consisting of the investment costs / and the discount rate d, the difference in the costs of
technical losses and the difference in non-quality costs. A derivation of this formula is
given in the appendix 1 (section 10).

Graphical representation of the maximum collective surplus calculation

A simplified graphical representation of the maximum collective surplus calculation for one
year of investment deferral is given in the following figure. Here, each bar represents the cost
of the respective strategy shown.

The figure illustrates the economic implications of the different strategic options considered
within the CBA framework. The strategy “No investment in year n”, represents the baseline
situation where no grid investment is made in the respective year and no flexibility measures
are deployed to mitigate lost load. In this case, costs arise for society due to both technical
losses and the impact of insufficient network capacity, which may prevent consumers from
being supplied with electricity or producers from injecting power into the grid. These effects
are captured through the cost of technical losses and the cost of non-quality components
respectively.

In the strategy “Grid Reinforcement in year n”, an investment is carried out during the
considered year. This leads to investment-related capital expenditures, while the resulting
increase in network capacity significantly reduces, or in most cases completely eliminates, the
lost load. Technical losses must be analysed individually.

The third strategy, “Flexibility solution in year n”, postpones grid reinforcement by one year
and instead makes use of flexibility options. Although the lost load remains higher than in the
investment scenario, it is reduced compared to the baseline situation due to the application of
flexibility resources. Technical losses must again be analysed individually.
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Figure 4.1 Simplified graphical representation of the maximum collective surplus calculation

The maximum collective surplus CS}’}e“,j‘(Pf), illustrated in the figure, represents the economic
gain resulting from the deployment of flexibility compared to the investment case. Flexibility is
considered economically beneficial only if its total cost — including both compensation
payments to flexibility providers and the operational costs incurred by Creos — remains below
the maximum collective surplus identified in the differential analysis.

If operational costs combined with required compensations for flexibility providers exceed this
threshold, the investment deferral is no longer economically justified, and direct reinforcement
becomes the superior option, even if no additional operational implementation costs for
flexibility would arise on the Creos side.

Refinement of the investment deferral term

The general formulation i—’d of the investment-deferral gain above captures the pure time value

of postponing a lump-sum investment by one year. While this expression is suitable for
representing a single upfront expenditure, it does not fully reflect the way investments are
actually recovered within the Luxembourg regulatory framework.

Under ILR regulation, network assets are remunerated through annual capital charges
composed of depreciation and a return on the regulatory asset base (RAB). When an
investment is postponed by one year, the immediate welfare effect for consumers therefore
corresponds to the capital charge avoided in that first year — that is, the sum of the depreciation
and the remuneration that would otherwise have been paid.

Assuming the regulated linear depreciation and a constant rate of return r on the RAB, the
avoided capital charge (investment-deferral gain) can be expressed as:
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I
)

where I denotes the investment cost, L the regulatory lifetime, and WACC,..4 (set to 5.06% for

!
WACC
&+

the subsequent analyses in this document) the weighted average cost of capital applied in the
CBA. The term % represents the annual depreciation and WACC, g *é approximates the

average annual remuneration on the RAB, assuming the asset value decreases linearly over
its lifetime.

This refinement ensures consistency between the economic CBA and the tariff-based
representation of investment costs in Luxembourg. It provides a more accurate estimation of
the short-term welfare benefit associated with a one-year postponement, while remaining
compatible with the overall CBA framework and discounting logic defined in this chapter.

The maximum collective surplus for a one-year investment deferral will therefore be calculated
as follows:

CShex (Pr) = (1+WACCreg*§)—< CoLe™ ) - i;zf(n*>>—< o ey — eyl ))

As outlined, the presented formulation defines the calculation corresponding to a one-year
deferral of grid reinforcement. For the analysis of multi-year deferrals, the same formula is
applied separately for each year, taking into account the inflation rate. The resulting maximum
collective surplus values still express annual values. This analysis is initially restricted to a time
horizon of three years.

Cost of Technical Losses

A general expression of the cost of technical losses is given in the following:

S —
Cioss (n) = CNet,Losses (n) EAsset,Losses (n)

For each asset under analysis, the energy losses Ejgser 0sses() Within year n must be
determined. This term is then multiplied with the quantified cost of network losses cyet 1osses (1),
which for Creos amounted to 143.66 €/MWh in the year 2024.

Cost of Non-Quality

The cost of non-quality term C,EQ represents the monetized impact of any unmet demand or
curtailed generation, valued through predefined unit costs for energy not supplied. Importantly,
this term is treated as a probabilistic expected value as it considers a range of load and outage
scenarios. Its value is higher for strategies that defer investments and therefore encounter
more frequent overloads or curtailments, and lower for strategies that reinforce network
capacity. Formally, a general expression for the cost of non-quality under strategy S can be
defined as:

CSo(n) = Z Z Pe(m)pf () (ENDS (n)c(END) + ENIS (n)c(END))

with:
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e p.(n): Probability of network loading level e in the year n

e p;(n): Probability of incident i in the year n under strategy S

° ENDgi(n): Energy not distributed for incident i under network loading e for strategy S
and year n

o ¢(END): Unit cost of END

. Engi(n): Energy not injected for incident i under network loading e for strategy S and
year n

e c(ENI): Unit cost of ENI

The term p.(n) represents the probability that the asset operates at a specific loading
level e in year n. It is derived from the load-duration curve (LDC), which is constructed by
arranging the hourly loading values of the asset over a year in descending order from highest
to lowest. The resulting curve indicates the minimum asset loading as a function of the number
of hours per year.

Two complementary indicators underpin the formulation of the cost of non-quality term: Energy
Not Distributed (END) and Energy Not Injected (ENI). END represents unserved energy to
consumers (in kWh) resulting from outages or grid constraints. Because interruptions to
consumption cause substantial economic consequences — such as productivity losses and
discomfort — the value of lost load is relatively high.

By contrast, ENI reflects curtailed renewable generation that could not be injected into the grid.
Its cost is considerably lower, corresponding to the marginal cost of replacing curtailed
renewable output with other generation sources. In scenarios involving both load and
generation, END typically dominates ENI, whereas ENI is primarily relevant in situations
affecting producers only.

The unit costs for both END and ENI are key inputs to the CBA framework, as they enable the
comparison of network investment costs with the societal value of avoided outages and
curtailments. A strategy that prevents a costly outage yields a benefit through reduced END
costs, while a strategy that increases curtailment leads to higher ENI costs.

For this analysis and the subsequent CBAs in this document, END unit costs (value of lost
load) are set at 12,240 €/ MWh, while ENI unit costs are set at 90 €/ MWh. The END unit cost
value is aligned with the value of lost load determined by the Luxembourgish and German
regulators [23], whereas the ENI unit cost value is based on wholesale electricity market prices
published by the European Energy Exchange (EEX) [24].

The following subsections detail the calculation procedure of the cost of non-quality term for a
demand-driven and for a generation-driven analysis.

Demand analysis

This section presents the demand-related analysis for calculating the cost of non-quality term.
For this analysis, the calculation of the non-quality term results in the following expression:

CRo = ) pe(wpf (MENDS ()c(END)

For demand scenarios, the grid is, by design, operated to remain secure under contingency
conditions (N-1). Therefore, within this CBA framework, the cost of non-quality term is
evaluated exclusively under these N-1 conditions.
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For each asset loading level (e), the END is determined by integrating the power-cut evolution
— a schematic time profile representing unmet power demand. An illustration of this schematic
profile is provided in the following figure.

Remote Advanced remoteoperation/

operation on-site repair/maintenance
|

Pmax, lost

PPZ, lost

Power [MW]
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v

tp =2 min

Time
M Energy not distributed [MWh]

Figure 4.2 Schematic time profile of END after incident

The power-cut evolution used to calculate the Energy Not Distributed (END) volume follows
the Enedis methodology [22]. In this application, it is parameterized in three phases, as
illustrated in Figure 4.2.

In phase 1, immediately after the incident, the asset’s supply is assumed to be completely
interrupted, resulting in a full power cut lasting two minutes. After this period, dispatch
manoeuvres (direct remote operations) partially restore supply by rerouting power from
neighbouring assets, marking the beginning of phase 2. The recoverable share and the
duration of this phase depend on the asset under analysis and are specified individually for
each case study in this document. Phase 3 begins with the full restoration of supply, achieved
through advanced remote operations or on-site repair and maintenance, which return the asset
to normal operation. The END corresponding to the contingency is calculated as the integral
of curtailed power over these three phases.

In the flexibility strategy used to defer reinforcement, upward flexibility is activated after an
initial activation delay (AD) to reduce the END, thereby avoiding part of the unserved energy.
Upward flexibility is the ability to decrease consumption or increase available generation when
the asset under analysis approaches its technical limits. A schematic illustration of this
mechanism is shown in the following figure. In this representation, the dark blue area depicts
the total END volume, while the light blue area represents the reduction achieved through the
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activation of flexibility.
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Figure 4.3 Schematic time profile of END after incident with flexibility intervention

Since only a single incident scenario is considered, the summation over multiple incidents in
the cost equation is omitted. Furthermore, the incident probability p7 (n) is defined individually
for each asset under analysis. Its value is based on available statistics on the annual number
of asset failures.

The final formulation for the calculation of the cost of non-quality for the flexibility strategy in
the demand use case can therefore be expressed as follows:

Cop ™) = ) peIp? [ ENDE (n) — A5V (By, AD)]c(END)

The value AENP (P, AD) expresses the flexibility volume used to reduce the END value. Within

each CBA, the C;gle"(Pf ) term is calculated for a range of possible flexibility capacities Pr. The
results of this computation are incorporated into the determination of the maximum collective
surplus CS}?;?‘(P,:). In line with the approach applied by Enedis [22], the activation delay (AD)

in this methodological framework is varied within a defined range in a sensitivity analysis to
assess its influence on the results.

If the collective surplus remains negative for every feasible P, value, flexibility is not a viable
option. Conversely, if at least one Py value yields a positive collective surplus value, flexibility
is a viable option and an optimal value for the flexibility capacity P;"** can then be determined.
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In the end, the optimal flexibility capacity is the value that maximizes the maximum collective
surplus CSfs (Pr) per unit kW:
Csmax Pmax CSmax P
flex ( f ) — max flex ( f)

Pfrnax Pf Pf
Generation analysis

This section presents the generation-related analysis for calculating the cost of non-quality
term. For this analysis, the calculation of the non-quality term results in the following
expression:

CRo@ = ) > PP WENIS (m)c(END)

In the generation case, the analysis focuses on downward flexibility — that is, the ability to
reduce production output or increase consumption when the asset under analysis reaches its
technical limits. The evaluation is performed under the N-0 assumption, which simplifies the
calculation of the cost of non-quality term since no contingency situations are considered

(i) = 1)

CRo() = ) pe(MENIZ(m)(END)

In this analysis, ENI represents the energy that must be curtailed once the asset exceeds its
maximum allowable capacity. This curtailed energy corresponds exactly to the portion that
downward flexibility is intended to capture. Downward flexibility in this context is immediate
and mandatory — whenever the loading of an asset surpasses its defined threshold, the excess
energy must be fully curtailed without delay.

To ensure that the system remains within safe operating limits, a safety margin (in terms of
capacity) is established for each asset under analysis. This margin defines a value below the
maximum capacity beyond which flexibility must be activated to capture the excess energy.

The determination of the ENI volume is performed directly using an advanced Load Duration
Curve (LDC) of the asset under analysis. The so-called LDC-ARI (Load Duration Curve — All
Risks Included) [22] is an enhanced version of the standard LDC, as it integrates not only
deterministic demand projections but also a wide range of renewable generation scenarios,
typically derived from different weather years and technology profiles.

For example, if k distinct scenarios are considered, the LDC-ARI is constructed from k annual
load forecasts, each comprising 35040 quarter-hourly power values. The resulting 35040 x k
power values are then ranked in descending order to form a monotonic curve. Finally, the
duration value for each power level is divided by k to project the data set onto a one-year
timeframe.

The outcome is a single aggregated LDC — the LDC-ARI — representing a probabilistic
assessment of expected loading across multiple scenarios. A schematic illustration of this
approach is shown in the following figure.
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Figure 4.4 ENI determination based on LDC-ARI

Since the LDC-ARI represents a probabilistic assessment of the projected asset loading, it is
the graphical representation of the variable p,(n) described in the cost of non-quality equation.
As a result, the sum Y, p,(n)ENIS (n) corresponds to the integral of the LDC-ARI with respect
to the threshold for all loading levels exceeding that threshold.

It is also important to note that, similar to the demand-related case, the calculation of the non-
quality term here is based on a worst-case assumption. This results from valuing ENI using
the mean annual price projection, even though oversupply situations are likely to coincide with
periods of negative market prices. Consequently, the calculated non-quality costs may
overestimate the negative social welfare impact but, conversely, clearly highlight the potential
of flexibility for projects capable of generating a positive collective surplus.
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5. High-voltage distribution grid

The 65 kV high-voltage distribution grid currently represents the highest voltage level within
the distribution system. Electricity that cannot be supplied by local generation is imported into
Luxembourg via the 220 kV transmission grid and subsequently transformed to 65 kV for
regional distribution.

The 65 kV grid also plays a key role in transferring locally produced renewable energy from
regions with high generation — mainly in the North and East — to areas with higher demand,
primarily in the Centre and South.

Section 5.1 outlines the planning principles of the high-voltage grid, while section 5.2 describes
the methodology applied for the HV grid analysis. The following sections present a region-
specific analysis aimed at identifying the necessary measures to prepare the existing grids for
future demand and generation patterns. Each grid optimization, reinforcement, or expansion
measure is described in detail, including the estimated timeframe and associated costs. For
measures where flexibility could serve as an alternative, a cost-benefit analysis (CBA) is
conducted.

5.1 Planning principles for the high-voltage grid

This chapter provides an overview of the planning principles applied to Creos’ high-voltage
(HV) distribution grid [25]. The objective is to ensure a secure, sustainable, and cost-efficient
electricity supply while fostering innovation and enabling the energy transition.

The HV distribution grid supplies both Creos 65(110)/20 kV substations, which feed the
medium-voltage network, and client substations. Clients requiring a connection power
exceeding 25 MVA — or lower, if the requested capacity is not available on the medium-voltage
grid at the respective location — must construct a private HV/MV transformer station.

Typical HV/MV transformer ratings are 25/31 MVA and 40/50 MVA, where the first value
indicates the nominal capacity without cooling and the second value the capacity with cooling.
The latter is used to cover peak loads and emergency situations. The newer generation of
40/50 MVA transformers is designed for 110 kV operation, in contrast to the older 25/31 MVA
units.

In regions where a transition from 65 kV to 110 kV is planned to increase overall distribution
capacity, 25/31 MVA transformers may need to be decommissioned before the end of their
depreciation period and replaced by 40/50 MVA transformers. These units will be relocated to
other regions to strengthen existing substations or to replace ageing equipment where
appropriate.

All Creos high-voltage (HV) substations are monitored in real time and are remotely
controllable to ensure that, in the event of an outage, a return to full operational status can be
achieved as quickly as possible. Most substations are equipped with at least two busbars and
a coupling, providing operational flexibility and various switching options. The HV distribution
grid is largely operated in a meshed configuration, allowing grid sections to be supplied from
multiple directions without requiring manual switching.
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The future demand and generation scenarios are analysed separately. In accordance with
applicable standards, calculations for the demand scenario are carried out based on the N-1
principle using contingency analysis in PowerFactory. The N-1 principle requires that the grid
must remain fully operational and free of violations even in the event of the failure of a single
component — such as a line or transformer.

For the generation scenario, calculations are performed using load flow simulations in
PowerFactory based on the N-0 principle, which assumes normal operating conditions with all
grid elements in service.

The analysis of the different regions under future demand and generation scenarios will identify
local constraints. Various potential solutions will then be evaluated in accordance with the
NOVA principle, which prioritizes the optimal use of existing infrastructure before considering
new investments, as described in section 2.5.2.

Creos’ objective is to maintain security of supply through the most economically advantageous
approach. Accordingly, a cost—benefit analysis (CBA) will be carried out to compare grid
reinforcement options with flexibility measures at locations where flexibility could represent a
viable alternative.

5.2 Methodology for the evaluation of the high-voltage grid

To analyse the high-voltage distribution grid of Creos, a model of the 65 kV grid is developed
in PowerFactory. This model includes not only all assets of the high-voltage grid infrastructure
but also incorporates annual 15-minute resolution load curves of all 65/20 kV Creos
transformers from the reference year 2024. These load curves represent the cumulative
electricity consumption and generation of all existing clients on the 20 kV and 400 V networks.
The individual loads of each client connected directly to the 65 kV grid are also added.

Figure 5.1 shows an overview of the resulting model in PowerFactory of Creos’ high-voltage
grid. As shown, the grid is divided into six regions to enable a detailed regional analysis for
both demand and generation scenarios. Each region represents a specific part of the 65 kV
grid supplied by at least two 220/65 kV transformer stations, represented in dark blue.
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Figure 5.1 Model of Creos’ 65 kV distribution grid
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To determine future infrastructure needs due to increasing electricity demand, transformer load
curves are scaled according to the distribution of the forecasted electricity demand presented
in chapter 3.4. For each region, all loads from voltage levels below 65 kV are aggregated at
the 65 kV level, and a corresponding scaling factor is determined and applied to the load curves
from this region in PowerFactory. In addition, specific point loads, such as individual industrial
facilities and data centers that are either already in planning or have submitted connection
requests or power reservations, are also modelled to ensure a realistic representation of future
load developments.

Furthermore, to acknowledge development needs for future local electricity generation, the
model includes all existing requests for PV and wind installations up to 2035. As explained in
chapter 3.1, the total injection capacity of these requests already exceeds the NECP targets,
which is why the projections reflect the actual requests instead of theoretical figures from the
NECP. In this way, the model captures not only the currently available generation capacity but
also the anticipated expansion of renewable energy sources within the given timeframe and at
the most suitable locations. The distribution of installations from 2025 to 2035 is carried out as
follows:

e Assumptions for the 2030 horizon: 80% of planned installations currently holding a
connection authorization are expected to reach commissioning. The commissioning
dates are distributed from 2025 to 2030.

e Assumptions for the 2035 horizon: An additional 70% of planned installations that have
not yet received a connection authorization and are awaiting grid reinforcement are
expected to be commissioned. The commissioning dates are distributed from 2030 to
2035.

All production facilities are integrated using reference load curves for both PV and wind
installations. The use of actual load curves ensures a realistic representation of injection
simultaneity.

Based on this methodology, specific grid measures are elaborated to cover identified weak
points in the grid. Grid measures related to HV lines are categorized into three types

¢ New Lines refer to completely new line infrastructures, including connections required
to integrate new substations and strengthen network topology.

e Line Replacement covers projects in which existing assets are replaced, including
cases where overhead lines are substituted by underground cables.

e Other Line Works includes other asset renewal measures intended to maintain or
upgrade reliability and operational performance, such as pylon replacement, insulator
replacement, and comparable technical upgrades.

For HV stations, the three categories are
o New Stations refer to completely new substations built to expand the network.

o Station Replacement covers projects in which an existing station is replaced by a new
station at the same or a different location.

e Other Station Works include projects carried out within an existing substation, such
as extension, adaptation, or refurbishment measures that maintain or improve
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reliability, safety, and operational performance.

5.3 Analysis by high-voltage region

Within each of the following subchapters, each region is evaluated by analysing the current
state of the grid, as well as the projected conditions during peak demand and peak generation.
Calculations are conducted on a yearly basis to determine priorities for grid reinforcement, but
only the two reference years, 2030 and 2035, are illustrated for the reader. Appropriate
measures to address any weaknesses in the network that arise from these projections are
subsequently presented.

5.3.1 Region North

Region North is supplied by the two main 220/65 kV substations, Flebour and Roost, which
constitute the connection points to the 220 kV high-voltage transmission grid. From these
substations, an extensive 65 kV network — mainly composed of overhead lines — ensures the
supply of the subordinate 65/20 kV distribution stations within the region.

Figure 5.2 illustrates the line and cable loading in Region North during a peak demand moment
with low local generation in 2024. The analysis is based on a contingency (N-1) assessment
and shows the worst-case load flows for each element under single asset failure conditions.
The results indicate that at the moment of highest demand, no line within the 65 kV network is
overloaded, even in the event of a failure.
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Figure 5.2 Region North (current grid): contingency (N-1) analysis for 2024 load flows

Nevertheless, the connection between Flebour and Marnach represents a critical element of
the regional grid, as it already exhibits a peak utilization level above 70% under N-1 conditions.
Table 5.1 provides a detailed overview of the current utilization levels of the top five most
heavily loaded lines and cables in the region in the demand and generation analysis.
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Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Flebour - Marnach 71.8 65.5

Roullingen - Wiltz Usines 53.9 244

Colmar - Tire Plant 43.1 43

Wiltz Usines - Lentzweiler 33.1 39.8

Flebour - Roullingen 2 29.3 134

Colmar-Berg - Ingeldorf 15.5 29.5

Lentzweiler - Troisvierges 12.8 26.1

Table 5.1 Region North: line and cable analysis for 2024

It is noteworthy that the Flebour - Marnach connection already shows high utilization today —
both under demand and generation scenarios. As explained in the introduction of chapter 5.2,
an N-0 case (no asset failure) is used for the assessment of production scenarios. This
methodological approach is applied consistently throughout all subsequent analyses.

Table 5.2 presents the utilization levels of all Creos 65/20 kV transformers within the individual
substations in Region North. Similar to the line and cable analysis, utilization is shown for
demand under N-1 conditions and for generation under N-0 conditions. Since most transformer
substations are equipped with at least two transformers, both the N-1 and N-0 capacity limits
are indicated. For values shown in brackets, demand exceeds generation at the moment of
highest generation.

Substation Name | Utilization — Capacity N-1 Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

Roullingen 54.2 31 17.1 62

Roost 49.4 50 (0.4) 100

Flebour 45.5 31 32.5 81

Ingeldorf 31 50 (1.8) 100
Lentzweiler 25.8 31 39.6 81
Troisvierges 18.8 50 32 100

Marnach 18.4 31 48.7 62
Colmar-Berg 0 50 0 100

Table 5.2 Region North: substation analysis for 2024

It is important to note that the substation in Colmar-Berg was scheduled to be commissioned
within 2025. In the following analysis, this substation is considered only in the generation
scenario, as concrete connection requests for renewable energy installations already exist at
this site.
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Grid analysis under projected demand

To evaluate the adequacy of the current grid infrastructure in the northern region under
projected demand conditions, the additional demand from the Scenario Report for Region
North is evenly distributed across the area by scaling the 2024 load curves. In addition, specific
client projects are incorporated as point loads. Overall, the analysis projects an increase of
approximately 220 MW by 2035.
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Figure 5.3 Region North (current grid): contingency (N-1) analysis for 2035 projected
demand
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Figure 5.3 shows the results of the contingency analysis for the current grid under the 2035
projected demand scenario. A particular vulnerability is identified in the northern part of the
grid, specifically in the Flebour - Marnach and Roullingen - Wiltz Usines - Lentzweiler
connections. In the event of a fault on one of these connections, the other would be required
to carry the full load, as they currently represent the only two connections supplying the
northernmost areas of Luxembourg. This structural limitation highlights the critical need for grid
reinforcement to ensure reliable supply and improve system resilience under increasing
demand conditions.

Table 5.3 presents the projected utilization rates for the most heavily loaded lines and cables
in Region North. All connections with a utilization rate above 80%, based on the contingency
assessment, are included in this overview.

Connection Name Utilization Utilization Outage (Worst Case)
2030 [%] 2035 [%]
Flebour - Marnach 168.5 245.9 Roullingen - Wiltz Usines
Roullingen - Wiltz Usines 121.8 169.4 Flebour - Marnach
Wiltz Usines - Lentzweiler | 79.8 112.9 Flebour - Marnach
Colmar - Tire Plant 107.7 Roost - Colmar 3
Flebour - Roullingen 2 65.1 Flebour - Roullingen 1
Flebour - Roullingen 1 64.9 Flebour - Roullingen 2
Ingeldorf - Flebour 1 59.6 Ingeldorf - Flebour 2
Ingeldorf - Flebour 2 59.6 Ingeldorf - Flebour 1
Roost - Colmar 3 61.4 Roost - Colmar 4
Roost - Colmar 4 61.4 Roost - Colmar 3

Table 5.3 Region North: line and cable analysis for 2030 and 2035 projected demand

The Flebour - Marnach and Roullingen - Wiltz Usines connections are already expected to
face congestion by 2030, making timely reinforcements in these areas a top priority. Another
critical part is the Wiltz Usines - Lentzweiler connection which also plays a key role in supplying
the northernmost parts of Luxembourg. In addition to the lines and cables serving this area,
the Colmar - Tire Plant line is projected to become overloaded by 2035.

Table 5.4 illustrates the projected utilization of all Creos 65(110)/20 kV transformers in Region
North.
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Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA] ‘

Roullingen 103.9 134.5 31
Roost 127.6 50
Flebour 112.3 31
Ingeldorf 59.2 76.8 50
Lentzweiler 49 63.9 31
Troisvierges 36 46.6 50
Marnach 35.2 45.5 31

Table 5.4 Region North: substation analysis for 2030 and 2035 projected demand

While the Roullingen substation is already expected to experience overloading by 2030,
additional reinforcement measures will be required at the Roost and Flebour substations due
to projected transformer overloads in 2035.

Grid analysis under projected generation

Analogous to the analysis conducted for projected demand, a generation scenario has been
developed to evaluate the impact of anticipated renewable energy growth in the region. At the
time of reporting, generation capacity in Region North is projected to increase by over 665 MW
until 2035 compared to currently installed facilities, when including all authorized and delayed
connection requests according to chapter 5.2. Approximately 90% of these requests relate to
wind parks.

Figure 5.4 illustrates the load flow results for 2035, based on the scaling of production facilities
as described in the methodology in chapter 5.2. The significant expansion of generation
capacity has a direct impact on the utilization of existing infrastructure and leads to overload
situations on several key connections. As in the demand scenario, the Flebour - Marnach,
Roullingen - Wiltz Usines, and Wiltz Usines - Lentzweiler connections are identified as the
most affected by these developments. However, additional lines and cables that were not
critical in the demand scenario are now projected to exceed the allowable capacity threshold.
These include the connections Ingeldorf - Stauséi, as well as Roost - Colmar 3 and Roost -
Colmar 4.
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Figure 5.4 Region North (current grid): load flow analysis for 2035 projected generation

Table 5.5 presents the projected utilization rates for the most heavily loaded connections in
2030 and 2035, including only those lines and cables exceeding a utilization threshold of 80%.
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Connection Name Utilization 2030 [%)] Utilization 2035 [%)]
Flebour - Marnach 135.2 279.7
Roullingen - Wiltz Usines 45.8 131.9
Wiltz Usines - Lentzweiler 62.9 120.8
Ingeldorf - Stauséi 46.4 105.4
Roost - Colmar 4 38.1 104.5
Roost - Colmar 3 38.1 104.5
Colmar-Berg - Ingeldorf 44.8

Flebour - Roullingen 2 51.6

Flebour - Roullingen 1 51.3

Lentzweiler - Troisvierges 33.7

Colmar-Berg - Colmar 1 39.1

Colmar-Berg - Colmar 2 39.1

Table 5.5 Region North: line and cable analysis for 2030 and 2035 projected generation

Of particular note is the steep increase in utilization between 2030 and 2035, which is primarily
due to the large number of delayed connection requests for new production facilities in Region
North. These projects are incorporated into the 2035 projection, resulting in a marked increase
in generation capacity during this period.

Table 5.6 presents the projected utilization of all Creos transformers in the substations under
the generation scenario. In addition to the Roullingen substation, which was already projected
to be overloaded in the demand scenario within the considered timeframe, further overloads
are forecasted for the Marnach and Lentzweiler substations. This development is primarily
driven by the fact that many of the newly requested production facilities plan to connect directly
at these locations, resulting in transformer loading levels well beyond their current capacity
limits.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-0 [MVA] ‘

Marnach 721 166.8 62
Roullingen 146.1 62
Lentzweiler 118.9 81
Troisvierges 51.2 100
Flebour 60.7 81
Ingeldorf 45.8 57.3 100
Roost 50.5 50.5 100
Colmar-Berg 16.7 43.8 100

Table 5.6 Region North: substation analysis for 2030 and 2035 projected generation
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In addition to the substations projected to exceed 100% utilization, particular attention must
also be given to the Troisvierges and Flebour substations, as both are expected to approach
their operational limits. These findings highlight the need for reinforcements and targeted
measures to ensure that transformer capacity is adequate to accommodate the anticipated
increase in renewable generation, while maintaining secure and reliable grid operation.

Planned measures

Based on the analyses and projections of both demand and generation scenarios, several grid
reinforcement measures are required in Region North to ensure supply security under extreme
conditions in the future, including outages and high-demand or high-generation scenarios. The
measures are shown in an aggregated form in Table 5.7 for HV lines and in Table 5.8 for HV
stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs NDP

Lines [m] Replacements [m] Works [m] Lines [M €]
21.900 200 109.800 41,5

Table 5.7 Region North — Summary of HV line measures

Count of New Count of Station Count of Other Sum of Costs NDP

Replacements Station Works Stations [M €]
2 5 3 134,0

Stations

Table 5.8 Region North - Summary of HV station measures

The estimated costs reflect the expected expenditures (individually declared and aggregated
investment projects) and are based on current economic conditions. However, these figures
may vary significantly in response to future economic developments as well as market
conditions.

Table 5.9 and Table 5.10 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.1.

2032
2033
2034
2035

Region North - Projects relative to transformer stations

220/110-65/20kV substation BISSEN

(Inst. of a 110kV GIS repl. the 65kV section of substation P6114-ROOST)
220/110-65/20kV substation FLEBOUR

(Modernization of 65/20kV station)

220/65/20kV substation ROOST

(Relocation of transformer A to BISSEN station)

110-65/20kV substation LENTZWEILER

(Modernization of 65/20kV station)

110-65/20kV substation ROULLINGEN

(Modernization of 65/20kV station)

110-65/20kV substation COLMAR-BERG

(Construction of a new 110-65/20kV station)

110-65/20kV substation INGELDORF

(Modernization of 65/20kV station)

110-65/20kV substation MARNACH

(Modernization of 110-65kV part of the station)

110-65/20kV substation WALSDORF

(Construction of a new 110-65/20kV station)

*Additional reinforcement projects for P5101 & P7108 are under analysis (see planned measures). A specific implementation timeline has not yet been defined and
will be provided in future Network Development Plans.

P5101*

P5105

P5109

P6107

P6110

P7103

P7106

P7108*

P7113

Table 5.9 Region North - Projects relative to transformer stations
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2028
2029
2030
2031
2032
2033
2034
2035

Region North - Projects relative to lines and cables

65kV connection INGELDORF - STAUSEI

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection STAUSEI - ROULLINGEN

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection FLEBOUR - MARNACH

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection FLEBOUR - ROULLINGEN

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection MARNACH - LENTZWEILER

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection FLEBOUR - INGELDORF

(Replacement of 65kV line insulators with 110kV line insulators)

65kV connection BISSEN - TREFILARBED BISSEN

(Underground connection to the new station BISSEN)

(110)65kV overhead line BISSEN - COLMAR

(Replacement of 65kV ROOST - COLMAR connection (110kV))

(110)65kV connection FLEBOUR - WALSDORF

(Construction of a new 110kV ready connection (cables and overhead lines))
(110)65kV connection WALSDORF - MARNACH

(Construction of a new 110kV ready connection (cables and overhead lines))

L6104

L6105

L6107

L6108

L6111

L6114

L6304

L7101

L7120

L7121

Table 5.10 Region North - Projects relative to lines and cables

Reinforced grid

An expanded grid model incorporating the grid expansions, reinforcements and optimizations
from the previous section — including amongst others the Flebour - Walsdorf - Marnach
connection and the switch to 110 kV — is developed and analysed using the 2035 demand and
generation scenarios.

Figure 5.5 presents the analysis results of the reinforced grid under the 2035 generation
scenario.
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Figure 5.5 Region North (reinforced grid): load flow analysis for 2035 projected generation

As shown, the measures outlined effectively prevent further occurrences of overloads, thereby

ensuring continued security of supply, even considering the anticipated substantial increase in
new production facilities.

Table 5.11 presents the maximum projected utilization levels of the top five most heavily loaded
connections under both the demand and generation scenarios.
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Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Flebour - Walsdorf 59.5

Flebour - Marnach 741

Walsdorf - Marnach 59.4 74.5

Roullingen - Wiltz Usines 38 58.2

Colmar-Berg - Ingeldorf 371 55

Colmar - Tire Plant 63.5 25.3

Colmar-Berg - Colmar 1 50.2 7.8

Table 5.11 Region North (reinforced grid): line and cable analysis for 2035

While the grid does not face critical constraints under peak demand conditions, certain
connections still reach high utilization levels under peak generation scenarios. However, grid
development will continue beyond 2035, and several options exist to enable the ongoing
connection of renewable installations well beyond this timeframe.

Since the high utilization is driven exclusively by generation, the implementation of Dynamic
Line Rating (DLR) systems represents a viable option for unlocking additional capacity on
overhead lines, thereby reducing the need for conventional grid reinforcements. DLR is a grid-
enhancing technology that monitors real-time environmental parameters — such as wind speed
and ambient temperature — and increases the available line capacity by relying on actual
conditions rather than conservative static ratings. This makes it particularly effective in
mitigating overloads caused by high wind generation volumes, which are characteristic of
Region North.

A traditional reinforcement of the Flebour - Marnach connection remains an alternative, which
would also alleviate loading on the Flebour - Walsdorf - Marnach corridor. However, this
approach would likely be more costly compared to leveraging grid-side flexibility or other forms
of flexibility.

Since the currently planned measures ensure a secure supply until 2035, further development
options will be evaluated in the coming years, based on more precise projections and actual
load and generation trends.

Table 5.12 presents the projected utilization of all Creos substations, considering all planned
reinforcements. The reinforcements for Marnach and Roost/Bissen are not yet included, as
their expected need lies further in the future, and the optimal solution is still under evaluation
and will be defined in one of the upcoming DNDPs.

For the substations, the transition to 110 kV and the associated replacement of transformers
are the primary drivers of the observed capacity changes. In addition, the new substations at
Colmar-Berg and Walsdorf play a significant role in relieving load from neighbouring
substations, contributing to a more balanced regional load distribution.
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Substation Name Utilization — Capacity N-1 | Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]
Marnach 28.2 50 103.4* 100
Roullingen 50 100
Lentzweiler 39.6 50 100
Troisvierges 46.6 50 100
Flebour 69.6 50 66 100
Ingeldorf 76.8 50 57.3 100
Roost/Bissen 104* 50 50.5 100
Colmar-Berg 24 50 43.8 100
Walsdorf tbd 50 25.9 100

*Different options for 2035 are under analysis (see previous section). A decision will be taken in the next
DNDPs when a more solid forecast for demand and generation in 2035 is available.

Table 5.12 Region North (reinforced grid): substation analysis for 2035

Nevertheless, transformer utilization — particularly on the generation side — must continue to
be closely monitored in future Network Development Plans, in order to anticipate potential
overloads and ensure secure and reliable grid operation in the long term.
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5.3.2 Region East

Region East is supplied by two main 220/65 kV substations — Roost and Heisdorf —which serve
as connection points to the 220 kV high-voltage transmission grid. The Roost - Freckeisen and
Heisdorf - Junglinster connections form the primary infeed routes for the eastern regional
distribution grid and the subordinate 65/20 kV substations.

Figure 5.6 illustrates the current line and cable loading in Region East during a peak demand
moment with low local generation. The analysis is based on a contingency (N-1) assessment
and shows the load flows under single asset failure conditions. The results indicate that at the
moment of highest demand, no line within the 65 kV network is overloaded, even in the event
of a failure.
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Figure 5.6 Region East: contingency (N-1) analysis for 2024 load flows

This is further supported by Table 5.13, which provides a detailed overview of the current
utilization levels of the most heavily loaded lines and cables in Region East. As shown, no
connection exceeds 50% peak utilization, whether under contingency (N-1) conditions for the
demand-side assessment or under normal (N-0) conditions for the generation-side
assessment.

The top five highest utilization levels for demand and generation are observed on the main
infeed connections supplying the region from the 220/65 kV substations in Roost and Heisdorf,
namely Roost - Freckeisen and Heisdorf - Junglinster.
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Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Roost - Freckeisen 1 48.2 10.2

Heisdorf - Junglinster 2 47 4

Heisdorf - Junglinster 1 47 4

Roost - Freckeisen 2 43.7 2.2

Junglinster - Potaschbierg 35.1 4.1

Potaschbierg - Bocksbierg 10.7 11.8

Junglinster - Freckeisen 9.2 9.7

Betzdorf - Potaschbierg 26.2 7.5

Junglinster - Betzdorf 32.8 4.6

Table 5.13 Region East: line and cable analysis for 2024

Table 5.14 presents the utilization levels of all Creos 65/20 kV transformers within the individual
substations in Region East. As in the line and cable analysis, utilization is shown for demand
under N-1 conditions and for generation under N-0 conditions. For values shown in brackets,
demand exceeds generation at the moment of highest generation.

Since most substations are equipped with at least two transformers, both N-1 and N-0 capacity
limits are indicated. An exception is the Potaschbierg substation, which is equipped with only
a single transformer. In this case, the N-1 capacity is set equal to the N-O capacity, and any
failure must be compensated by neighbouring substations via the medium-voltage grid. Under
current load conditions, this is unproblematic. Except for Potaschbierg, transformer utilization
across all substations in the eastern region does not currently exceed 50%.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

Potaschbierg 52.3 31 (4.5) 31

Echternach 38.7 31 (8.9) 62

Junglinster 34.8 31 52 62

Freckeisen 271 31 14.2 62

Bocksbierg 255 31 15 62

Betzdorf 10.6 50 (5) 100

*Since the substation in Potaschbierg is equipped with only one transformer, the N-1 capacity is set equal to

the N-0 capacity, as a failure of this station must be compensated by neighbouring substations.

Table 5.14 Region East: substation analysis for 2024

Grid analysis under projected demand

To evaluate the adequacy of the current grid infrastructure in the eastern region under
projected demand conditions, the additional demand from the Scenario Report for Region East
is evenly distributed across the area by scaling the 2024 load curves. Overall, the analysis
projects a total increase of approximately 100 MW by 2035.
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Figure 5.7 Region East: contingency (N-1) analysis for 2035 projected demand

Figure 5.7 shows the results of the contingency analysis for the current grid under the 2035
projected demand scenario. A particular vulnerability is identified on the Roost - Freckeisen
and Heisdorf - Junglinster double line-connections, which are projected to become overloaded

by 2035.

Table 5.15 further illustrates this, providing detailed utilization levels for the most critical
connections (above 80% loading). In addition to the main feeders, high projected utilization is
also observed on the connections from Junglinster to Potaschbierg and Betzdorf, indicating
the need for broader regional reinforcement planning.

Connection Name Utilization Utilization Outage (Worst Case)
2030 [%] 2035 [%]
Roost - Freckeisen 2 104.9 153.8 Heisdorf - Bertrange Ouest
Heisdorf - Junglinster 2 120.6 Heisdorf - Junglinster 1
Heisdorf - Junglinster 1 120.6 Heisdorf - Junglinster 2
Roost - Freckeisen 1 106.3 Roost - Freckeisen 2
Junglinster - Potaschbierg 69.6 Junglinster - Betzdorf
Junglinster - Betzdorf 65.2 Junglinster - Potaschbierg

Table 5.15 Region East: line and cable analysis for 2030 and 2035 projected demand
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Table 5.16 illustrates the projected utilization of all Creos 65(110)/20 kV transformers in Region
East.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA]

Potaschbierg 127.1 31*

Echternach 71 31

Junglinster 63.9 31

Freckeisen 49.7 66.1 31

Bocksbierg 46.5 61.9 31

Betzdorf 19.4 25.8 50

*Since the substation in Potaschbierg is equipped with only one transformer, the N-1 capacity is set equal to
the N-0 capacity, as a failure of this station must be compensated by neighbouring substations.

Table 5.16 Region East: substation analysis for 2030 and 2035 projected demand

The results show that, in addition to Potaschbierg — which is expected to be overloaded by
2035 — the substations at Echternach and Junglinster are also expected to face high utilization
levels by 2035 under contingency (N-1) assessment.

Grid analysis under projected generation

In line with the demand analysis, a generation scenario has been developed to assess the
impact of the expected expansion of renewable energy capacity in the region. For Region East,
installed generation capacity is projected to increase by approximately 420 MW until 2035
compared to current levels, when accounting for all authorized and delayed connection
requests according to chapter 5.2. More than 60% of this increase is attributable to wind parks.

Figure 5.8 illustrates the load flow results for 2035, based on the scaling of production facilities
as described in the methodology in chapter 5.2. This expansion in generation capacity has a
direct impact on the utilization of existing infrastructure, resulting in projected overloads on
several key connections by 2035. The results reveal a pattern similar to that observed in the
demand analysis, with projected overloads on the Roost - Freckeisen and Heisdorf -
Junglinster connections.
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Figure 5.8 Region East: load flow analysis for 2035 projected generation

Table 5.17 presents the projected utilization rates for the most heavily loaded connections in
2030 and 2035, including only those lines and cables exceeding a utilization threshold of 80%.

Connection Name Utilization 2030 [%)] Utilization 2035 [%)]
Roost - Freckeisen 2 124.9
Heisdorf - Junglinster 2 120.5
Heisdorf - Junglinster 1 120.5
Roost - Freckeisen 1 105.8 102.9

Table 5.17 Region East: line and cable analysis for 2030 and 2035 projected generation

As observed in Region North, a steep increase in utilization is evident between 2030 and 2035,
primarily driven by a large number of delayed connection requests for new production facilities
in Region East. These projects are incorporated into the 2035 projection, resulting in a
significant increase in generation capacity during this period.

Table 5.18 presents the projected utilization of all Creos 65(110)/20 kV transformers in the
substations under the generation scenario. For values shown in brackets, demand exceeds
generation at the moment of highest generation.
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Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-0 [MVA] ‘

Freckeisen 125.5 135.7 62
Potaschbierg 41.9 104.2 31
Bocksbierg 44.7 62
Junglinster 70.2 62
Betzdorf 324 39.1 100
Echternach (1.8) 17.4 62

Table 5.18 Region East: substation analysis for 2030 and 2035 projected generation

The high projected generation capacity is expected to lead to an overload at the Freckeisen
substation as early as 2030. In addition, the Potaschbierg substation — already identified as
facing overloads under the demand scenario — is likewise anticipated to experience critical
loading conditions under the generation scenario.

Furthermore, the Bocksbierg and Junglinster substations are projected to operate close to their
capacity limits during periods of high production, underscoring the need for continuous
monitoring and the potential implementation of reinforcement measures to maintain reliable
system performance.

Planned measures

Based on the analyses and projections of both demand and generation scenarios, several grid
reinforcement measures are required in Region East to maintain supply security under future
high-load conditions. The measures are shown in an aggregated form in Table 5.19 for HV
lines and in Table 5.20 for HV stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs

Lines [m] Replacements [m] Works [m] NDP Lines [M €]

0 24.700 26.100 51,8

Table 5.19 Region East — Summary of HV line measures

Count of New Count of Station Count of Other Sum of Costs NDP
Replacements Station Works Stations [M €]

Stations
0 3 1 64,7

Table 5.20 Region East - Summary of HV station measures

The estimated costs represent expected expenditures (individually declared and aggregated
investment projects) and are calculated under current economic assumptions. These figures
may, however, vary considerably depending on future economic developments as well as
market conditions.

Table 5.21 and Table 5.22 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.2.
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Region East - Projects relative to transformer stations

before
2025

pe202 | 110-65/20KkV substation BOCKSBIERG
(Renewal of the 65/20kV station)

P6206 110-65/20kV substation FRECKEISEN
(Renewal of the 65/20kV station)

P6209 110-65/20kV substation POTASCHBIERG
(Renewal of the 65/20kV station)

p720g:| 110-65/20KV substation JUNGLINSTER
(110 kV operation using autotransformers)

t.b.d.

*The praject for P7208 is under analysis (see planned measures). A specific implementation timeline has not yet been defined and will be provided in future

Network Development Plans.

Table 5.21 Region East - Projects relative to transformer stations

Region East - Projects relative to lines and cables

2031
2032
2033
2034
2035

65KV connection HEISDORF - JUNGLINSTER

*
L6201 (Integration of new stations STEINSEL and BOFFERDANGE)

65KV connection ROOST/BISSEN - FRECKEISEN

L6210 (Partial undergrounding + pylon replacement)

L7202 (Undergrounding of overhead line)

(110)65kV connection JUNGLINSTER - BETZDORF - POTASCHBIERG

(110)65kV connection SENNINGERBERG - BETZDORF

L7212
(Censtruction of double underground cable)

(110)65kV connection BETZDORF - POTASCHBIERG

L7213 (Undergrounding of overhead line)

be provided in future Network Development Plans.

"Additional projects for L6201, L6210 & L7212 are under analysis (see planned measures). A specific implementation timeline has not yet been defined and will

Table 5.22 Region East - Projects relative to lines and cables

Reinforced grid

An expanded grid model incorporating the grid extensions, reinforcements, and optimizations
described in the previous section is developed and analysed using the 2035 demand and

generation scenarios.

Figure 5.9 presents the results of the contingency analysis for the reinforced grid under the

2035 demand scenario.
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Figure 5.9 Region East (reinforced grid): contingency (N-1) analysis for 2035 projected
demand

Analogous to the analysis conducted for the northern region, the reinforcements implemented
in the eastern grid ensure that no overloads occur under the 2035 scenarios. This is further
illustrated in Table 5.23, which presents the projected utilization levels of the top five most
heavily loaded connections under both the demand and generation scenarios.

Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Betzdorf - Potaschbierg 1 49.8

Betzdorf - Potaschbierg 2 48.0

Junglinster - Betzdorf 1 48.0

Bofferdange - Junglinster 2 70.3

Bofferdange - Junglinster 1 70.3

Roost/Bissen - Freckeisen 2 | 60.4

Roost/Bissen - Freckeisen 1 | 60.4 71.5

Potaschbierg - Bocksbierg 25.6 59.6

Table 5.23 Region East (reinforced grid): line and cable analysis for 2035

Nevertheless, due to the high projected demand, several lines are still expected to operate
close to their physical limits by 2035 under contingency conditions. In contrast to the northern
region, the results indicate that demand-related utilization under N-1 contingency scenarios
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constitutes the more critical constraint for the eastern grid, exceeding the utilization levels
projected under the generation scenario. In particular, the strong demand forecast for the
Potaschbierg area places significant stress on the incoming lines to this substation, which are
projected to operate near their thermal limits.

Table 5.24 presents the projected utilization levels of all Creos substations. The upgrades at
the Freckeisen, Potaschbierg, and Bocksbierg substations will mitigate the high load conditions
projected at these sites under both demand and generation scenarios.

However, similar to the findings from the line and cable analysis, certain substations are still
expected to exhibit high utilization levels due to the substantial projected increases in both load
and generation across the region.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%] Generation [%] [MVA]
Potaschbierg 63.5-78.8 50 — 62* 32.3-34.7 93 - 100*
Echternach 31 17.4 62
Junglinster 31 62
Freckeisen 33.1 -41 50 — 62* — 93 — 100"
Bocksbierg 31-38.4 50 — 62* 59.8 - 64.3 93 - 100*
Betzdorf 25.8 50 39.1 100
*Capacity varies based on the chosen transformer configuration: three 25/31 MVA transformers or two 40/50
MVA transformers

Table 5.24 Region East (reinforced grid): substation analysis for 2035

In the long term, a transition to 110 kV — analogous to the strategy in Region North —is planned
to increase the overall distribution capacity. The deployment of additional high-capacity, 110
kV-compatible transformers will further strengthen the available capacity at the substations.

These measures will ensure that security of supply remains guaranteed in the future, while
also enabling the connection of further renewable energy installations in addition to those
already planned.
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5.3.3 Region Center

The Region Center is supplied by three 220/65 kV substations — Bertrange, Blooren, and
Heisdorf — which serve as the primary connection points to the 220 kV very-high-voltage (VHV)
transmission grid. Currently, interconnections within the 65 kV network are limited, and more
than half of the 65 kV substations are supplied by a single double connection originating from
one VHYV substation.

Figure 5.10 illustrates the line and cable loading in the Region Center during peak demand in
2024. The analysis is based on a contingency (N-1) assessment and shows the load flows
under single asset failure conditions. The results indicate that no line within the 65 kV network
is overloaded.
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Figure 5.10 Region Center (current grid): contingency (N-1) analysis for 2024 load flows

The following table provides an overview of the current peak utilization levels of the five most
heavily loaded lines and cables, under contingency (N-1) conditions for the demand-side
assessment or under normal (N-0) conditions for the generation-side assessment.
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Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Bertrange - Belair 65.9 28.8
Blooren - Europe 60.8 16.7
Blooren - Kirchberg 60.8 34.9
Bertrange - Helfent 56.4 19.7
Bertrange - Cloche d'Or 54 1 28.3

Table 5.25 Region Center: line and cable analysis for 2024

Table 5.26 presents the utilization levels of all Creos 65/20 kV transformers within the individual
substations in Region Center. As in the line and cable analysis, utilization is shown for demand
under N-1 conditions and for generation under N-0 conditions. For values shown in brackets,
demand exceeds generation at the moment of highest generation. In 2024, no transformer
experiences reverse power flows from the lower to the higher voltage level as a result of excess
local generation.

Station Name Utilization — Capacity N-1 Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

ECCO 76.2 50 (32.8) 100
Belair 59.5 62 (33.0) 93
Helfent 58.1 31 (20.5) 62
Heisdorf 56.1 31 (14.2) 62
Senningerberg 53.2 31 (20.5) 62
Kirchberg A 53.1 62 (29.9) 93
Europe 52.0 50 (20.8) 100
Bertrange 38.4 31 (10.0) 62
Howald 25.0 50 (4.6) 100
Bonnevoie 22.5 43.5 (10.1) 74.5
Cloche d'Or 21.9 31 (8.5) 62
Dommeldange 16.0 15 (8.7) 30

Table 5.26 Region Center: substation analysis for 2024

As mentioned above, even though no station or connection is currently overloaded, several
stations are supplied from only one direction due to missing interconnections through the city
center.

Grid analysis under projected demand

To evaluate the adequacy of the current grid infrastructure in the Region Center under
projected demand conditions, the additional demand from the Scenario Report for Region
Center is evenly distributed across the area by scaling the 2024 load curves. In addition,
specific client projects are incorporated as point loads. Overall, the analysis projects a total
increase of over 250 MW by 2035.
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Figure 5.11 Region Center (current grid): contingency (N-1) analysis for 2035 projected
demand

Figure 5.11 illustrates the results of the contingency analysis for the current grid under the
2035 projected demand scenario. The injections from the VHV substations Bertrange, Blooren,
and Heisdorf into the city are the most heavily utilized. During an N-1 outage, the entire energy
flow is transferred to the parallel line, resulting in significant overloads.

Table 5.27 presents the projected utilization rates for the most heavily loaded lines and cables
in the Region Center. All connections with a utilization rate above 80%, based on the
contingency assessment, are included in this overview.

Connection Name Utilization Utilization Outage (Worst Case)
2030 [%] 2035 [%]

Bertrange - Belair 104.6 132.6 Bertrange - Helfent

Heisdorf - Senningerberg 2 125.3 Heisdorf - Senningerberg 1

Heisdorf - Senningerberg 1 125.1 Heisdorf - Senningerberg 2

Blooren - Weimershaff 1 120.3 Blooren - Weimershaff 2

Blooren - Weimershaff 2 120.2 Blooren - Weimershaff 1
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Bertrange - Helfent 113.3 Bertrange - Belair
Bertrange - Cloche d'Or 108.5 Blooren - ECCO

Cloche d'Or - ECCO 2 79.5 100.7 Blooren - ECCO

Blooren - ECCO 73.4 Bertrange - Cloche d'Or
Helfent - Belair 70.4 Bertrange - Belair

Europe - Weimershaff 41.8 Weimershaff - Kirchberg 1
Weimershaff - Kirchberg 1 12.9 Europe - Weimershaff

Table 5.27 Region Center: line and cable analysis for 2030 and 2035 projected demand

Table 5.28 illustrates the projected utilization of all Creos 65(110)/20 kV transformers in Region
Center. The substation Weimershaff is under construction and scheduled for commissioning
in 2026, which is why it appears on the map but is not included in the table. The corresponding
loading estimates are provided in the reinforced grid section.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA] ‘

Senningerberg 120.3 178.7 31
ECCO 120.6 152.6 50
Heisdorf 107.7 145.2 31
Belair 118.9 62
Helfent 116.5 31
Kirchberg A 106.3 62
Europe 103.8 50
Bertrange 73.7 31
Howald 39.6 50.0 50
Bonnevoie 35.9 45.5 43.5
Cloche d‘Or 34.5 43.5 31
Dommeldange 25.3 32.7 15

Table 5.28 Region Center: substation analysis for 2030 and 2035 projected demand

The results indicate that many stations reach their capacity limits by 2030 and become
overloaded by 2035 under contingency (N-1) conditions. The affected stations are primarily
those supplying the central areas of the capital, whereas stations located in the outskirts are
less impacted.

Grid analysis under projected generation

In the Region Center installed generation capacity is projected to increase by approximately
130 MW until 2035 compared to current levels. This increase remains very small in relation to
overall consumption in the region. The network is therefore not significantly affected by local
generation.

The following figure illustrates the load flow results for 2035 based on the scenario report
forecasts for local generation in the Region Center.
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Figure 5.12 Region Center (current grid): load flow analysis for 2035 projected generation

No line or cable exceeds 40 % of its rated capacity in the generation scenario for 2035.

Table 5.29 presents the projected utilization of all Creos 65(110)/20 kV transformers in the
substations under the generation scenario. For values shown in brackets, demand exceeds
generation at the moment of highest generation.

The substation Weimershaff is under construction and scheduled for commissioning in 2026,
which is why it appears on the map but is not included in the table. The corresponding loading
estimates are provided in the reinforced grid section.

According to the methodology described in section 5.2, the installed generation between 2030
and 2035 is adjusted to include installations that have not yet received a connection
authorization and are awaiting grid reinforcement. However, in the Region Center, all
connection requests for generation installations have already been authorized; therefore, the
figures for 2030 and 2035 remain identical.
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Substation Name Utilization 2030 [%] Utilization 2035 [%] \ Capacity N-0 [MVA]

Bertrange 245 24.5 62
Heisdorf 21.0 21.0 62
Howald 14.0 14.0 100
Senningerberg (2.4) (2.4) 62
Bonnevoie (7.5) (7.5) 74.5
Cloche d'Or (8.5) (8.5) 62
Dommeldange (8.7) (8.7) 30
Helfent (20.5) (20.5) 62
Europe (20.8) (20.8) 100
Belair (27.2) (27.2) 93
Kirchberg A (29.9) (29.9) 93
ECCO (32.8) (32.8) 100

Table 5.29 Region Center: substation analysis for 2030 and 2035 projected generation

In the region Centre, the expansion of renewable energy remains limited, particularly in
comparison with the projected demand. The generation scenario is therefore not decisive for
the dimensioning of the substations in this region.

Planned measures

Based on the analyses and projections of demand scenarios, several grid reinforcement
measures are required in Region Center to ensure security of supply and maintain a high level
of network robustness in the critical area of Luxembourg City under future high-load conditions.
The measures are shown in an aggregated form in Table 5.30 for HV lines and in Table 5.31
for HV stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs NDP

Lines [m] Replacements [m] Works [m] Lines [M €]
47.000 23.000 0 77,0

Table 5.30 Region Center — Summary of HV line measures

Count of New Count of Station Count of Other Sum of Costs NDP
Replacements Station Works Stations [M €]

Stations
1 7 2 209,4

Table 5.31 Region Center - Summary of HV station measures

The estimated costs represent expected expenditures (individually declared and aggregated
investment projects) and are calculated under current economic assumptions. These figures
may, however, vary considerably depending on future economic developments.

Table 5.32 and Table 5.33 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.3.
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Region Center - Projects relative to transformer stations

P6602

110-65/20kV substation BONNEVOIE
(Replacement by a new 110-65/20kV station)

P6613

65/20kV substation KIRCHBERG A
(Decommissioning of the old station)

P7606

65/20kV substation EUROPE
(Installation of additional switchgear for the infeed Kirchberg - Schleed)

P7609

110-65/20kV substation HELFENTERBRECK
(Replacement of the station Helfent by a new 110-65/20kV station)

P7610

110-65/20kV substation HOLLERICH
(Construction of new 110-65/20kV station)

P7612

110-65/20kV substation KIRCHBERG
(Replacement of the station Kirchberg A by a new 110-65/20kV station)

P7615

110-65/20kV substation LEUDELANGE
(Replacement of the station Cloche d'Or by a new 110-65/20kV station)

P7616

110-65/20kV substation MERL
(Replacement of the station Belair by a new 110-65/20kV station)

P7617*

110-65/20kV substation SENNINGERBERG
(Reinforcement of the station Senningerberg with 3rd transformer)

P7618

110-65/20kV substation STEINSEL
(Replacement of the 65/20kV part of the station Heisdorf)

P7619

110-65/20kV substation WEIMERSHAFF
(Replacement of the station Kirchberg B by a new 110-65/20kV station)

2033
2034
2035

*The project for P7617 is under analysis (see planned measures). A specific implementation timeline has not yet been defined and will be provided in future Network
Development Plans.

Table 5.32 Region Center - Projects relative to transformer stations

Region Center - Projects relative to lines and cables

2032
2033
2034
2035

L6605

65kV overhead line BERT. - CLOCHE D'OR - HOW. - BONN. - BLOOREN

(Inst. of cables at the station Leudelange & partial undergrounding)

L7607

110kV undergound cables HELFENT- MERL

(Installation of new underground cables & decommissioning of overhead line)

L7613

110kV underground cables BLOOREN - WEIMERSHAFF
(Infeed at the new station Weimershaff with underground cables)

L7614

110kV undergound cables SENNINGERBERG - KIRCHBERG
(Construction of a new 110kV-ready cable connection)

L7616

110kV underground cables KIRCHBERG - WEIMERSHAFF
(Infeed at the new stations Kirchberg and Weimershaff)

L7617

110kV undergound cables KIRCHBERG - SCHLEED - EUROPE
(Installation of new 110 kV underground cables)

L7618

110kV underground cables WEIMERSHAFF - EUROPE
(Infeed at the new station Weimershaff)

L7620

110kV undergound cables EUROPE - HOLLERICH
(Installation of new 110 kV underground cables)

L7623

110kV undergound cables BONNEVOIE - ECCO
(Installation of new 110 kV underground cables)

L7625

110kV undergound cables BERTRANGE - LEUDELANGE - ECCO

(Installation of new 110 kV underground cables)

L7626

110kV undergound cables ECCO - HOWALD
(Installation of new 110 kV underground cables)

L7627

110kV undergound cables ECCO - HOLLERICH

(Installation of new 110 kV underground cables)

L7629

110kV undergound cables MERL - HOLLERICH
(Installation of new 110 kV underground cables)

Table 5.33 Region Center - Projects relative to lines and cables
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Reinforced grid

An expanded grid model incorporating the grid extensions, reinforcements, and optimizations
described in the previous section is developed.

The reinforced grid is analysed using the contingency analysis under the 2035 demand
scenarios. Results are shown in Figure 5.13.
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Figure 5.13 Region Center (reinforced grid): contingency (N-1) analysis for 2035 projected
demand

The reinforcements implemented in the Region Center ensure that no overloads occur under
the 2035 scenarios. This is further illustrated in Table 5.34 which presents the projected
utilization levels of the top five most heavily loaded connections under both the demand and
generation scenarios.

Connection Name Utilization — Demand Utilization — Generation

[%] [%]
Blooren - Weimershaff 2 4.1

Weimershaff - Kirchberg 1 18.5
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Leudelange - ECCO 78.8 9.5
Schifflange - Leudelange 2 74.2 2.6
Schifflange - Leudelange 1 74.2 2.6
Bofferdange - Senningerberg 2 495 214
Bofferdange - Senningerberg 1 47.5 21.4
Weimershaff - Kirchberg 2 41.6 24.9
Senningerberg - Kirchberg 1 24.8 20
Senningerberg - Kirchberg 2 24.8 20

Table 5.34 Region Center (reinforced grid): line and cable analysis for 2035

With the planned reinforcements, the grid is not expected to encounter critical constraints. The
demand scenario remains the main driver for grid development within the city. In the long-term
perspective, the 65 kV grid in Luxembourg City is expected to be converted to 110 kV, following
the approach already implemented in the northern and eastern regions.

The measures currently implemented and those planned in the near future, as well as most of
the installed components, are already 110 kV-ready. The transition to 110 kV will be addressed
in the next network development plans, as it lies beyond the timeframe of this document.

Table 5.35 presents the projected utilization levels of all Creos substations, considering all
planned reinforcements under the 2035 scenario. For values shown in brackets, demand
exceeds generation at the moment of highest generation.

Substation Name Utilization — Capacity N-1 | Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

Bertrange 31 245 62

Weimershaff 50 tbd 100

Europe 50 (20.8) 100

Steinsel 50 13 100

Senningerberg 62 (1.6) 93

Hollerich 76.3 50 tbd 100

Helfenterbreck 72.2-89.2 50 - 62* (13.7) 100 — 93*

Merl 63.3 100 (16.9) 150

ECCO 61.0 50 (32.8) 100

Kirchberg 54.9 81 (21.2) 131

Leudelange 50.2 62 (8.5) 93

Howald 50.0 50 14 100

Bonnevoie 39.6 50 (5.6) 100

*Capacity varies based on the chosen transformer configuration: three 25/31 MVA transformers or two 40/50

MVA transformers

Table 5.35 Region Center (reinforced grid): substation analysis for 2035
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The new Weimershaff and Hollerich substations are excluded from the generation scenario,
as no data are currently available to establish a projection, and no installation requests of 1
MVA or above have been received.

The analysis indicates that all substations are capable of ensuring a secure supply; however,
transformer utilization must be continuously monitored in future Network Development Plans
to anticipate potential overloads and maintain operational reliability.
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5.3.4 Region West

Region West is primarily supplied by two 220/65 kV substations, Roost and Bertrange. The
zone borders the South-West region, with the Bascharage substation serving as an
intermediate connection point.

Figure 5.14 illustrates the current line and cable loading in the region during peak demand with
low generation. The analysis is based on a contingency assessment and represents the load
flow under N-1 conditions. The simulations show that, even during high-demand periods
combined with an outage, no 65 kV line in the region experiences an overload.
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Figure 5.14 Region West (current grid): contingency (N-1) analysis for 2024 load flows



High-voltage distribution grid 73

The five most heavily loaded lines under the demand and generation analysis are listed in the
table below. In both the contingency assessment for the demand scenario and the load flow
analysis for the generation scenario, no line exceeds 50% peak utilization. The highest
utilization is observed on the line supplying the region from the 220/65 kV Roost substation.

Connection Name

Utilization — Demand [%]

| Utilization — Generation [%]

Roost - Redange 41.8 12.2
Bertrange - Cerametal 30.6 3.4
Redange - Koerich 25.3 244
Bascharage - Windhof 2 | 22 8.7
Bertrange - Windhof 22 11
Windhof - Koerich 1 16.3 10
Steinfort - Windhof 11.6 11.6

Table 5.36 Region West: line and cable analysis for 2024

Table 5.37 presents the loading of all Creos 65/20 kV transformers in the individual substations
of the region. As in the line and cable analysis, utilization is shown for the demand scenario
under N-1 conditions and for the generation scenario under N-0 conditions. For values shown
in brackets, demand exceeds generation at the moment of highest generation.

Substation Name Utilization — Capacity N-1 | Utilization — Capacity N-0
Demand [%] [MVA] [MVA]

Windhof 234 50 (3.6) 100

Koerich 45.5 31 9) 62

Redange 32.2 31 19.2 62

Table 5.37 Region West: substation analysis for 2024

Grid analysis under projected demand

To assess the adequacy of the current grid infrastructure in the western region under projected
demand conditions, the additional demand from the Scenario Report for Region West is evenly
distributed across the area by scaling the 2024 load curves. In addition, specific client projects
are integrated as individual point loads. Overall, the analysis projects a total increase of
approximately 100 MW by 2035.
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Figure 5.15 Region West (current grid): contingency (N-1) analysis for 2035 projected
demand

Figure 5.15 presents the results of the contingency analysis for the current grid under the 2035
projected demand scenario. An overload is identified on the Roost - Redange line as early as
2033, as it constitutes a single tern connection originating from Roost. A second bottleneck
appears on the Bertrange - Cerametal line, which becomes overloaded by 2035. No other
connections present a loading over 80%.



High-voltage distribution grid 75

Connection Name Utilization  Utilization | Outage (Worst Case)

2030 [%] 2035 [%]
Roost - Redange 121.3 Schifflange - Bascharage Ouest
Bertrange - Cerametal | 72.9 103.5 Bertrange - Bascharage 2

Table 5.38 Region West: line and cable analysis for 2030 and 2035 projected demand

The analysis of transformer capacities in all Creos substations (Table 5.39) reveals an
overload at the Koerich substation, where the 100% capacity limit is expected to be exceeded
by 2031. The Windhof and Redange substations are also projected to experience high
utilization levels approaching 100% by 2035.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA] ‘

Koerich 137.7 31
Redange 69.7 31
Windhof 59.6 50

Table 5.39 Region West: substation analysis for 2030 and 2035 projected demand

Grid analysis under projected generation

Figure 5.16 shows the load flow analysis under the generation scenario, reflecting the
expected expansion of renewable energy capacity. Installed generation capacity in Region
West is projected to increase by approximately 200 MW until 2035 compared to currently
installed facilities, when including all authorized and delayed connection requests according to
chapter 5.2. Over 80% of capacity growth is due to the installation of wind parks.



76 Distribution Network Development Plan

0%
B 20%
40%
60%

80%
. 100%
120%

(Roost
O

Q=

s

.

Figure 5.16 Region West (current grid): load flow analysis for 2035 projected generation

The analysis for Region West indicates high loading on the Redange - Koerich line. This
increased loading is attributed to feed-in saturation at the Roost substation, which causes a
southward deviation of power flows within the region. From Koerich southwards, the
connection is doubled, which explains the lower loading levels observed along this section. No
other connection presents a loading over 80%.

Connection Name Utilization 2030 [%)] Utilization 2035 [%)]

Redange - Koerich 50.2

Table 5.40 Region West: line and cable analysis for 2030 and 2035 projected generation
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Table 5.41 presents the projected utilization of all 65(110)/20 kV transformers in the Creos
substations under the generation scenario.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-0 [MVA] ‘

Redange 128.4 62
Windhof 32.1 32.1 100
Koerich 38.4 40.9 62

Table 5.41 Region West: substation analysis for 2030 and 2035 projected generation

The analysis indicates an expected overload at the Redange substation, where the 100%
capacity limit is expected to be exceeded by 2032.

Planned measures

Based on the analysis and projections of both demand and generation, grid reinforcement
measures are required in Region West to ensure supply security in the future. The measures
are shown in an aggregated form in Table 5.42 for HV lines and in Table 5.43 for HV stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs NDP

Lines [m] Replacements [m] Works [m] Lines [M €]
30.500 0 0 40,7

Count of New Count of Station Count of Other Sum of Costs NDP

Stations Replacements Station Works Stations [M €]
1 0 2 13,9

Table 5.43 Region West - Summary of HV station measures

The estimated costs represent expected expenditures (individually declared and aggregated
investment projects) and are calculated under current economic assumptions. These figures
may, however, vary considerably depending on future economic developments as well as
market conditions.

Table 5.44 and Table 5.45 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.4.

before
2025
2025
2026
2027
2028
2029
2030
2031
2032
2033
2035

Region West - Projects relative to transformer stations

P6302* 65/20lesubstatior_1 KOERICH ¢
(Installation of a third repurposed transformer)

110-65/20kV substation REDANGE

(Inst. of add. switchgear for the line infeed REDANGE - RAMBROUCH)

110-65/20kV substation RAMBROUCH

(Construction of a new 110-65/20 kV station)

*The reinforcement project for P6302 is under analysis (see planned measures). A specific implementation timeline has not yet been defined and will be

provided in future Network Development Plans.

o

.d.

P7303

P7115

Table 5.44 Region West - Projects relative to transformer stations
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2031
2032
2033
2035

Region West - Projects relative to lines and cables

110)65kV connection REDANGE - RAMBROUCH
Construction of a new 110 kV ready connection)
110)65kV connection ROOST/BISSEN - RAMBROUCH
Construction of a new 110 kV ready connection)

L7307

L7308

(
(
(
(

Table 5.45 Region West - Projects relative to lines and cables

Reinforced grid

An expanded grid model, incorporating the reinforcements and grid expansions described in
the previous section, is developed and analysed using the 2035 demand and generation
scenarios.

Figure 5.17 presents the results of the analysis for the reinforced grid under the 2035 demand
scenario.
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Figure 5.17 Region West (reinforced grid): contingency (N-1) analysis for 2035 projected
demand

The reinforcements implemented in Region West ensure that no overloads occur under the
2035 scenarios. This is further illustrated in Table 5.46, which presents the projected utilization
levels of the top five most heavily loaded connections under the demand and generation
scenarios.
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Connection Name

Utilization — Demand [%]

' Utilization — Generation [%]

Bertrange - Cerametal 76.2 28.8
Redange - Koerich 66.7 74.4
Roost/Bissen - Redange | 65.9 28.6
Windhof - Koerich 1 38.5 65.9
Bertrange - Windhof 57.1 50.6
Bissen - Rambrouch 49.8 41.1
Windhof - Koerich 2 34.7 445

Table 5.46 Region West (reinforced grid): line and cable analysis for 2035

While generation will increase due to new installations connected to the planned grid extension
in Rambrouch, the overall utilization of the grid decreases compared to the original
configuration as a result of the implemented reinforcements.

Substation Name Utilization — Capacity N-1 | Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

Windhof 50 32.1 100

Redange 64.5 31 62

Koerich 68.9 62 27.3 93

Rambrouch 20 50 59.9 100

Table 5.47 Region West (reinforced grid): substation analysis for 2035

Table 5.47 presents the projected utilization levels of all Creos substations. The upgrades in
Koerich and the construction of the new Rambrouch substation will mitigate the high load
conditions projected at these sites under both demand and generation scenarios.
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5.3.5 Region South-East

The South-East region is supplied by two main 220/65 kV substations — Blooren and
Schifflange — which serve as the primary connection points to the 220 kV high-voltage
transmission grid.

Figure 5.18 illustrates the present loading of lines and cables in the region during peak demand
combined with low generation conditions in 2024. The assessment is carried out using a
contingency (N-1) analysis, reflecting the power flows that occur in the event of a single-asset
failure. According to the results, none of the lines or cables within the 65 kV network of the
South-East region experience overloading, even under outage conditions.
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Figure 5.18 Region South-East (current grid): contingency (N-1) analysis for 2024 load flows

These findings are further confirmed by Table 5.48, which provides an overview of the current
peak utilization levels of the most heavily loaded lines and cables, highlighting the five highest
utilization rates observed under both demand and generation scenarios The generation
assessment is carried out under normal N-O operating conditions.

Connection Name Utilization — Demand [%] \ Utilization — Generation [%] ‘
Schifflange - Dudelange 1 | 48.9 15.1

Dudelange - Riedgen 38.7 9.1

Schifflange - Galvalange 35.8 9.2

Blooren - Weiergewan 32.2 114
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Blooren - Aspelt 32 6
Weiergewan - Erpeldange | 21.8 11.3

Table 5.48 Region South-East: line and cable analysis for 2024

Table 5.49 summarizes the utilization levels of all Creos 65/20 kV transformers located within
the regional substations, evaluated under both N-1 (demand) and N-0 (generation) conditions.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%)] [MVA] Generation [%] [MVA]

Erpeldange 47.4 31 15.3 62

Dudelange 31.9 31* (18.7) 31

Kayl 27.7 31 (8.5) 62

Aspelt 26.8 31 9.7 62

Blooren 26.5 31 (2.4) 62

Riedgen 26 93 (4.6) 124
Weiergewan 22.9 31 0 62
Galvalange 9.4 31* 9) 31

*Since the substations in Dudelange and Galvalange are equipped with only one transformer, the N-1 capacity
is set equal to the N-0 capacity, as a failure of these stations must be compensated by neighbouring substations.

Table 5.49 Region South-East: substation analysis for 2024

Overall, transformer loading remains moderate, with no substation exceeding a utilization level
of 50% in either the demand or generation scenarios. For values shown in parentheses,
demand exceeds generation at the time of the generation scenario.

Grid analysis under projected demand

To evaluate the adequacy of the current grid infrastructure in the Region South-East under
projected demand conditions, the additional demand from the Scenario Report for Region
South-East is evenly distributed across the area by scaling the 2024 load curves. In addition,
specific client projects are incorporated as point loads. Overall, the analysis projects a total
increase of approximately 245 MW by 2035.
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Figure 5.19 Region South-East (current grid): contingency (N-1) analysis for 2035 projected
demand

Figure 5.19 shows the results of the contingency (N-1) analysis for the current grid under the
projected 2035 demand scenario. The observed overload on the connection between Blooren
and Dupont will not be considered in the subsequent analysis, as it results solely from the
scaling of a customer substation. Since this line represents a dedicated connection to a single
customer facility, reinforcement will only be required if a future increase in demand at that
station is confirmed.

Overall, the assessment indicates a significant rise in line and cable utilization across the
regional 65 kV network. The connection between Schifflange and Dudelange is expected to
experience overloading as early as 2030, while additional connections in the South-East region
are projected to reach overload conditions by 2035.

Connection Name Utilization Utilization Outage (Worst Case)
2030 [%] 2035 [%]
Schifflange - Dudelange 1 | 109.1 157.1 Schifflange - Galvalange
Dudelange - Riedgen 1314 Schifflange - Galvalange
Schifflange - Galvalange 128.7 Schifflange - Dudelange 1
Blooren - Aspelt 78.8 103.1 Schifflange - Dudelange 1
Riedgen - Kayl 54.2 Schifflange - Galvalange
Blooren - Weiergewan 60.3 Aspelt - Erpeldange

Table 5.50 Region South-East: line and cable analysis for 2030 and 2035 projected demand
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Table 5.51 presents the estimated utilization of all Creos 65/20 kV transformers within the
regional substations under the same projected demand scenarios.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA] ‘

Erpeldange 118.7 31

Riedgen 64.4 93

Dudelange 59.0 79.4 31*

Kayl 51.6 69.4 31

Blooren 50.8 68.4 31

Aspelt 49.7 66.8 31

Weiergewan 41.9 56.5 31

Galvalange 17.1 22.9 31*

*Since the substations in Dudelange and Galvalange are equipped with only one transformer, the N-1 capacity
is set equal to the N-0 capacity, as a failure of these stations must be compensated by neighbouring substations.

Table 5.51 Region South-East: substation analysis for 2030 and 2035 projected demand

The results show that, in addition to Erpeldange, which is expected to be overloaded by 2035,
the substation at Riedgen is also expected to face high utilization levels by 2035 under
contingency assessment.

Grid analysis under projected generation

Analogous to the analysis conducted for projected demand, a generation scenario has been
developed to evaluate the impact of anticipated renewable energy growth in the region. At the
time of reporting, generation capacity in Region South-East is projected to increase by
approximately 230 MW until 2035 compared to currently installed facilities, when including all
authorized and delayed connection requests according to chapter 5.2. More than 55% of these
requests relate to wind parks.
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Figure 5.20 Region South-East (current grid): load flow analysis for 2035 projected
generation

Figure 5.20 presents the results of the load flow analysis for the projected 2035 generation
scenario. The analysis shows that the 65 kV network of the South-East region remains well
within its operational limits. For the connections, no utilization level above 80% is observed
under normal (N-0) operating conditions.

Table 5.52 presents the projected utilization rates of the 65/20 kV transformers within the
substations for the years 2030 and 2035.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-0 [MVA] ‘

Erpeldange 107.9 62
Aspelt 68.5 62
Galvalange 51.6 51.6 31
Riedgen 7 7 124
Weiergewan 4.8 4.8 62
Dudelange (1.3) (1.3) 31
Blooren 3.7 3.7 62
Kayl 0 1.8 62

Table 5.52 Region South-East: substation analysis for 2030 and 2035 projected generation

The analysis reveals that a significant share of installation requests is concentrated at the three
substations in Erpeldange, Aspelt, and Galvalange, whereas the remaining stations receive
only minimal requests. In Erpeldange, the high injection capacities are expected to result in an
overload by 2035.
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Planned measures

Based on the analyses of both demand and generation scenarios, several grid reinforcement
measures are required in Region South-East to ensure supply security under extreme
conditions in the future, including outages and high-demand or high-generation scenarios. The
measures are shown in an aggregated form in Table 5.53 for HV lines and in Table 5.54 for
HV stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs NDP

Lines [m] Replacements [m] Works [m] Lines [M €]
7.900 4.700 0 16,2

Table 5.53 Region South-East — Summary of HV line measures

Stations

Count of New Count of Station Count of Other Sum of Costs NDP

Replacements Station Works Stations [M €]
1 2 0 46,8

Table 5.54 Region South-East - Summary of HV station measures

The estimated costs reflect the expected expenditures (individually declared and aggregated
investment projects) and are based on current economic conditions. However, these figures
may vary significantly in response to future economic developments as well as market
conditions.

Table 5.55 and Table 5.56 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.5.

2032
2033
2034
2035

Region South-East - Projects relative to transformer stations

220/110-65/20 kV substation WOLSER
(Construction of a new 220/110-65/20kV station)
110-65/20kV substation ERPELDANGE
(Reconstruction as a 110-65/20kV station)
110-65/20kV substation ELLANGE
(Construction of a new 110-65/20kV station)

P5514

P7404

P7407

Table 5.55 Region South-East - Projects relative to transformer stations

Region South-East - Projects relative to lines and cables

2031
2032
2033
2034
2035

65kV overhead line SCHIFFLANGE - DUDELANGE / GALVALANGE
(Connection of the new station Wolser)

110kV underground cables RIEDGEN - ELLANGE / ASPELT
(Construction of a new 110 kV-ready connection)

L6504

L7406

Table 5.56 Region South-East - Projects relative to lines and cables

Reinforced grid

An expanded grid model, incorporating the reinforcements and grid expansions described in
the previous section, is developed and analysed using the 2035 demand and generation
scenarios.

Figure 5.21 presents the results of the contingency analysis for the reinforced grid under the
2035 demand scenario.
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Figure 5.21 Region South-East (reinforced grid): contingency (N-1) analysis for 2035
projected demand

The implemented reinforcements ensure that no overloads occur under the 2035 scenarios.
This is further illustrated in Table 5.57, which presents the projected utilization levels of the top
five most heavily loaded connections under the demand and generation scenarios.

Connection Name Utilization — Demand [%] Utilization — Generation [%] ‘
Schifflange - Wolser 1 24.7

Wolser - Riedgen 1 22.1

Wolser - Riedgen 2 22.1

Blooren - Weiergewan 64

Schifflange - Wolser 2 78 21.6

Aspelt - Erpeldange 73 32.7

Blooren - Aspelt 65.9 51.4

Weiergewan - Erpeldange | 54.6 60.4

Riedgen - Aspelt 1 26.3 324

Table 5.57 Region South-East (reinforced grid): line and cable analysis for 2035

The results indicate that the injection from the VHV substation Schifflange into the region
shows the highest utilization, even with the additional 220 kV transformer in Wolser. Any further
increase in demand in this area will require supplementary reinforcement measures, such as
the installation of a second VHV transformer in Wolser or the upgrade of critical connections
to 110 kV. These measures will be analysed in future, depending on the evolution of regional
demand and grid conditions.
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Table 5.58 summarises the utilization of all Creos 65/20 kV transformers within the regional
substations under both N-1 (demand) and N-0 (generation) conditions. Except for the stations
Wolser, Riedgen and Aspelt, transformer utilization remains under 80%.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%] [MVA] Generation [%] [MVA]

Wolser 102.3 31 25.2 62

Riedgen 93 7 124

Kayl 69.4 31 1.8 62

Aspelt 66.8 31 62
Erpeldange 51.5 50 60.2 100
Weiergewan 56.5 31 4.2 62

Ellange 35.6 31 10.8 62

Blooren 68.4 31 3.7 62

Table 5.58 Region South-East (reinforced): substation analysis for 2035

In Wolser, the overload projected for 2035 remains manageable through the ability to
temporarily operate transformers above their nominal capacity. The situation is continuously
monitored, and additional measures will be planned with sufficient lead time if required.
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5.3.6 Region South-West

The South-West region is supplied by two main 220/65 kV substations — Bertrange and
Schifflange — which serve as the primary connection points to the 220 kV high-voltage
transmission grid. The regional 65 kV network is further interconnected with the western
distribution area through the Bascharage substation, which functions as an intermediate link
between the two regions.

Figure 5.22 illustrates the line and cable loading within the South-West region during a moment
of peak demand combined with low local generation in 2024. The analysis is based on a
contingency (N-1) assessment and represents the load flows under single-asset failure
conditions. The results indicate that, under current operating circumstances, no line or cable
within the 65 kV network of the South-West region is overloaded, even in the event of an
outage.
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Figure 5.22 Region South-West (current grid): contingency (N-1) analysis for 2024 load flows

This finding is supported by Table 5.59, which provides an overview of the current utilization
levels of the most heavily loaded lines and cables — showing the top five highest peak utilization
values under both demand and generation scenarios. The generation assessment is carried
out under normal (N-0) operating conditions.
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Connection Name

Utilization — Demand [%]

| Utilization — Generation [%]

Bascharage - Niedercorn 2 | 44.2 15.9
Bascharage - Niedercorn 1 | 44.0 3.6
Niedercorn - Lamadelaine 2 | 37.2 9.3
Bertrange - Bascharage 2 32.9 14.4
Niedercorn - Lamadelaine 1 | 28.4 3.4
Bascharage - Paafewee 22.2 59.9
Paafewee - Woiwer 14.3 37.1
Bascharage - Woiwer 24.9 30.2

Table 5.59 Region South-West: line and cable analysis for 2024

Table 5.60 summarises the utilization of all Creos 65/20 kV transformers within the regional
substations under both N-1 (demand) and N-0 (generation) conditions. Overall, transformer
loading remains moderate, with no substation exceeding 40% utilization under demand
conditions, except for Niedercorn, which reaches a utilization of approximately 54.5%. For
values shown in brackets, demand exceeds generation at the moment of highest generation.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%] Generation [%] [MVA]

Niedercorn 54.5 31 (15.8) 62
Schifflange 39.2 62 (11.6) 93
Bascharage 38.5 62 (19) 93
Lamadelaine 37.7 31 0 62

Woiwer 28.1 31 (10.3) 62

Ehlerange 7.8 50 (1) 100

Table 5.60 Region South-West: substation analysis for 2024

Grid analysis under projected demand

To evaluate the adequacy of the current grid infrastructure in the South-West region under
projected demand conditions, the additional demand from the Scenario Report for Region
South-West is evenly distributed across the area by scaling the 2024 load curves. Overall, the
analysis projects a total increase of approximately 200 MW by 2035.
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Figure 5.23 Region South-West (current grid): contingency (N-1) analysis for 2035 projected
demand

Figure 5.23 illustrates the results of the contingency (N-1) analysis for the current grid under
the projected 2035 demand scenario. The assessment shows a significant increase in line and
cable utilization across the regional 65 kV network. In particular, the Bascharage — Niedercorn
1/2 connections are expected to become the most critical bottlenecks, with loading levels
exceeding 130% under single-asset outage conditions. Similarly, the Niedercorn -
Lamadelaine 2 line is projected to surpass its thermal limit by 2035, highlighting the need for
reinforcement in the southwestern corridor.

This trend is confirmed by Table 5.61, which lists the most heavily loaded connections (above
80% utilization) for both the 2030 and 2035 scenarios. While the network operates close to its
limits in 2030 (with utilization below 100%), several lines are expected to exceed operational
thresholds by 2035.

Connection Name Utilization Utilization Outage (Worst Case)
2030 [%] 2035 [%]

Bascharage - Niedercorn 1 139.6 Bascharage - Niedercorn 2

Bascharage - Niedercorn 2 139.5 Bascharage - Niedercorn 1

Niedercorn - Lamadelaine 2 117.4 Bascharage - Niedercorn 1

Bertrange - Bascharage 2 73.1 Bertrange - Bascharage 1
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Bascharage - Paafewee 49.3 Schifflange - Bascharage
Ouest

Niedercorn - Lamadelaine 1 | 62.9 Bascharage - Niedercorn 2

Bertrange - Bascharage 1 65.1 Bertrange - Bascharage 2

Table 5.61 Region South-West: line and cable analysis for 2030 and 2035 projected demand

The projected increase in transformer utilization follows a similar pattern. Table 5.62 presents
the estimated utilization of all Creos 65/20 kV transformers within the regional substations
under the same projected demand scenarios. The Niedercorn substation is projected to
experience overloading as early as 2030, with loading levels expected to reach approximately
166.8% by 2035. The results further show that by 2035, the substations Bascharage and
Lamadelaine are also expected to exceed their N-1 capacity limits, with loading levels reaching
up to 118%. The Schifflange substation is projected to approach full capacity by 2035, reaching
approximately 101% under contingency conditions.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-1 [MVA] ‘

Niedercorn 119 166.8 31
Bascharage 118.4 62
Lamadelaine 115.2 31
Schifflange 75.2 101.3 62
Woiwer 61.3 31
Ehlerange 17.6 24.4 50

Table 5.62 Region South-West: substation analysis for 2030 and 2035 projected demand

Grid analysis under projected generation

Analogous to the analysis conducted for projected demand, a generation scenario has been
developed to evaluate the impact of anticipated renewable energy growth in the region. At the
time of reporting, generation capacity in Region South-West is projected to increase by
approximately 150 MW until 2035 compared to currently installed facilities, when including all
authorized and delayed connection requests according to chapter 5.2. More than 50% of these
requests relate to wind parks.
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Figure 5.24 Region South-West (current grid): load flow analysis for 2035 projected
generation

Figure 5.24 presents the results of the load flow analysis for the projected 2035 generation
scenario. The analysis shows that the 65 kV network of the South-West region remains well
within its operational limits. For the connections, no utilization level above 80% is observed
under normal (N-0) operating conditions.

Table 5.63 lists the projected utilization rates of the 65/20 kV transformers for 2030 and 2035.
For values shown in brackets, demand exceeds generation at the moment of highest
generation. As indicated, utilization levels remain low across all substations, with the highest
values found at Schifflange and Lamadelaine in 2035.

Substation Name Utilization 2030 [%)] ‘ Utilization 2035 [%] Capacity N-0 [MVA] ‘

Schifflange 18.2 25.3 93
Lamadelaine 19.8 19.8 62
Woiwer 8.4 8.4 62
Bascharage (5.6) 3.7 93
Ehlerange 55 5.5 100
Niedercorn (0.8) (0.8) 62

Table 5.63 Region South-West: substation analysis for 2030 and 2035 projected generation
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Planned measures

Based on the analyses of both demand and generation scenarios, several grid reinforcement
measures are required in Region South-West to maintain supply security under future high-
load conditions. The measures are shown in an aggregated form in Table 5.64 for HV lines
and in Table 5.65 for HV stations.

Sum of New Sum of Line Sum of Other Line Sum of Costs NDP

Lines [m] Replacements [m] Works [m] Lines [M €]
12.600 6.400 0 15,6

Table 5.64 Region South-West — Summary of HV line measures

Count of New Count of Station Count of Other Sum of Costs NDP
Replacements Station Works Stations [M €]

Stations
0 3 3 106,0

Table 5.65 Region South-West - Summary of HV station measures

The estimated costs represent expected expenditures (individually declared and aggregated
investment projects) and are calculated under current economic assumptions. These figures
may, however, vary considerably depending on future economic developments as well as
market conditions.

Table 5.66 and Table 5.67 provide an overview and a schedule for the different projects. The
individual project descriptions are given in annex 10.1.6.

South-West - Projects relative to transformer stations

220/110-65/20 kV substation SCHIFFLANGE
(Modernization of the 220/110-65/20kV station)
220/110-65/20kV substation BASCHARAGE
(Renewal of the 220/110-65/20kV station)
P6507* 65/20 kV substatloh LAMADELAINE ) th.d
(Increase of capacity at Lamadeleine station)
65/20kV substation EHLERANGE
(Extension works at EHLERANGE station)
110-65/20 kV substation NIEDERCORN
P7508* . ) .
(Increase of capacity at Niedercorn station)

t.
P7511 110-65/20 kV substation SANEM
(Replacement of the station Woiwer by a new 110-65/20kV station)

*Reinforcement projects for P6507 & P7508 are under analysis (see planned measures). A specific implementation timeline has not yet been defined and will be
provided in future Network Development Plans.

P5512

P6501

P7504

b.d.

Table 5.66 South-West - Projects relative to transformer stations

-4 o - o (v < wn
South-West - Projects relative to lines and cables S|8(8 | 8|88 |8
~N ~N ~N ~N ~N ~N ~N
65kV connection BASCHARAGE-SANEM-PAAFEWEE-WOIWER
L6508 . .
(Connection of the new station Sanem)
(110)65KkV connection EHLERANGE-SANEM
L7512 . .
(Construction of a new cable connection)
(110)65kV connection SANEM-LAMADELAINE
L7513 . R
(Construction of a new cable connection)

Table 5.67 South-West - Projects relative to lines and cables
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Reinforced grid

An expanded grid model, incorporating the reinforcements and grid expansions described in
the previous section, is developed and analysed using the 2035 demand and generation
scenarios. According to the planned measure in project P6501 from the previous subchapter,
the connection between Bascharage and Schifflange is here operated at 220 kV.

Figure 5.25 presents the results of the contingency analysis for the reinforced grid under the
2035 demand scenario.
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Figure 5.25 Region South-West (reinforced grid): contingency (N-1) analysis for 2035
projected demand

The reinforcements implemented in Region South-West ensure that no line or cable overloads
occur under the 2035 scenarios. This is further illustrated in Table 5.68, which presents the
projected utilization levels of the top five most heavily loaded connections under both the
demand and generation scenarios.

Due to the high projected demand, several lines in the area are still expected to operate close
to their physical limits by 2035 under contingency conditions. In particular, one of the two main
infeeds to the southwestern region, the connection between Bertrange and Bascharage, is
anticipated to reach high utilization levels during peak demand periods.



96 Distribution Network Development Plan

Connection Name Utilization — Demand [%]

| Utilization — Generation [%]

Bertrange - Bascharage 1 36.8
Bertrange - Bascharage 2 32.9
Bascharage - Sanem 2 43.6
Bascharage - Sanem 1 42.8
Schifflange - Ehlerange 1 7.7 8.0

Sanem - Paafewee 1 39.2 45.7
Sanem - Paafewee 2 39.2 45.7

Table 5.68 Region South-West (reinforced grid): line and cable analysis for 2035

Table 5.69 presents the projected utilization levels of all Creos substations, considering all
planned reinforcements. The reinforcement for Lamadelaine is not yet included, as its
expected need lies in the future, and the optimal solution is still under evaluation and will be
defined in one of the upcoming DNDPs.

Substation Name Utilization — Capacity N-1  Utilization — Capacity N-0
Demand [%] Generation [%] [MVA]

Lamadelaine 1156.2* 31 19.8 62

Niedercorn 103.4 50 (0.5) 100

Schifflange 62 25.3 93

Sanem 31 8.4 62

Bascharage 73.4 100 2.3 150

Ehlerange 244 50 5.5 100

*Different options for 2035 are under analysis (see previous section). A decision will be taken in the next

DNDPs when a more solid forecast for demand in 2035 is available.

Table 5.69 Region South-West (reinforced grid): substation analysis for 2035

The Sanem substation, as previously mentioned, will take over the electrical load from the
former Woiwer substation. At the Schifflange substation, part of the load will be transferred to
the new Leudelange substation, which is scheduled for commissioning in 2029.

For the Niedercorn substation, the planned capacity is based on the installation of two 40/50
MVA transformers. However, based on the current projections, the use of transformers with
higher capacity will also be analysed, and a final decision will be taken depending on
transformer availability. Medium-voltage grid
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6. Medium-voltage grid

The medium-voltage (MV) 20 kV grid supplies the Creos MV/LV transformer stations, which
transform electricity down to the low-voltage (LV) level to serve residential and small
commercial clients, as well as client transformer stations for connections with power demand
too large for the LV grid. These clients include commercial, industrial and agricultural users of
varying sizes.

In the past, the MV grid primarily served to transport electricity from the high-voltage (HV) grid
down to MV and LV clients. In recent years, however, the flow of electricity has become more
complex due to the installation of decentralized generation at the MV and LV levels,
necessitating a change in the planning approach for the MV grid.

This chapter begins with section 6.1, which provides an overview of the general structure of
the MV grid and the currently applied planning principles. The methodology for the MV grid
analysis with current and projected loads is detailed in section 6.2. The results of the analysis
for the current grid topology are presented in section 6.3, while section 6.4 covers the analysis
of the future grid. Planned measures derived from these results are discussed in section 6.5.
A cost-benefit-analysis (CBA) comparing traditional grid reinforcement and flexibility is
conducted in section 10.2.7.

6.1 Planning principles for the medium-voltage grid

An MV grid spans between two or more 65(110)/20kV stations. Each MV cable leaving an HV
station, together with the part of the MV grid it supplies, is referred to as a feeder. One or more
MV stations are located along each feeder. The MV grid includes three main types of stations:

o Distribution stations, operated by Creos, serve as interconnection points for multiple
MV cables, without transforming voltage down to the LV grid. At critical points of the
grid, where multiple feeders converge, more than one MV busbar can be installed to
enable increased switching flexibility.

o Creos operated MV/LV transformer stations, which supply power to the LV grid and
may also function as distribution stations.

e Privately operated client transformer stations, which supply power to high-demand
sites. Client MV stations with a power demand up to 5 MVA can be connected to the
MV distribution grid, provided the requested power is available. Users with a higher
demand — up to 25 MVA — must be connected directly to the 20kV busbar of a
65(110)/20kV station and therefore do not affect the MV distribution grid. Above this
threshold, a high-voltage connection is required.

Each new MV/LV station is equipped with compact and intelligent “Smart Grid” MV cells, and
existing stations are progressively being retrofitted. These MV cells serve multiple purposes:
they can perform load switching operations as well as selective disconnections, monitor the
grid state, and enable network reconfiguration in case of an outage. According to EU regulation
2024/573, all new MV cells must be free of SF¢ gas by the end of 2025 [26].
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The MV section of an HV/MV station should consist of two separate MV busbars, connected
via a coupling. MV feeders must be connected to the busbars in such a way that, in the event
of a single busbar failure, the remaining busbar can maintain supply to the affected region of
the HV/MV station.

The MV grid is operated in an open-mesh configuration. In the event of a single asset failure,
the affected part of the grid can generally be supplied from another direction, thereby ensuring
N-1 security. As a result, MV cables and overhead lines should not operate at maximum
capacity under normal conditions but retain a safety margin to accommodate emergency
situations. The required margin depends on the loading levels of the alternative (replacing)
feeders. However, the N-1 criterion is applied only in grid planning for demand scenarios. For
the connection of renewable energy installations, the full grid capacity is utilized. In the event
of an outage, renewable generation must therefore be curtailed to maintain system stability.

Some stations — particularly in remote rural areas — are connected radially. Grid density varies
geographically, with higher density in urban or industrial areas and lower density in rural
regions. Some client stations with a high demand for power that cannot be supplied by the
normal MV grid are directly connected to a HV station.

An example of an MV grid, illustrating the elements described above, is shown in Figure 6.1.
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HV/MV station 1 open HV/MV station 2
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® o O @ [ ] Distribution station
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Figure 6.1 General structure of the MV grid

The current MV grid comprises a mix of approximately 80% underground cables and 20%
overhead lines [14]. All newly constructed grid sections are implemented using underground
cables.

Creos uses aluminium cables with three standardized cross-sections for its underground MV
installations: 240 mm?, 400 mm? and 630mm?. By default, 240 mm? cables are installed, except
in regions or along feeders with higher localized demand (e.g. industrial zones). Existing
overhead lines have been constructed with cross-sections of almelec 120 mm? and 240 mm?
but are being progressively replaced with cables.
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The capacity of MV cables is derived from their respective data sheets, taking into account any
correction factors in accordance with standards VDE 0276-620 and VDE 0276-1000 (e.g. for
underground installation conditions) [27] [28]. Overhead lines are designed for operation at
40°C, which requires that loading be limited to maintain minimum clearance distances to

ground, particularly during elevated summer temperatures.

Maximum non-continuous

Maximum continuous

load (grid load) load
Alu 240 mm? 12,1 MVA 8,5 MVA
Alu 400 mm? 14,6 MVA 10,2 MVA
Alu 630 mm? 19,2 MVA 13,4 MVA
Alm 120 mm? 7,1 MVA 5 MVA
Alm 240 mm? 11,4 MVA 8 MVA

Table 6.1 Capacity of medium-voltage cables and overhead-lines

The maximum allowable voltage variation on the MV grid is limited to 5% relative to the
supplying HV/MV station, in order to comply with the voltage limits specified in EN 50160,
notably £10% of nominal voltage at the end-customer’s site. Preferably, the voltage drop is
maintained below 3% under both normal and emergency operating conditions.

6.2 Methodology for the evaluation of the medium-voltage grid

This chapter outlines the methodology applied to assess the performance and development
needs of the medium-voltage (MV) grid under evolving load and generation conditions. The
analysis is performed on a feeder-level granularity to support the identification of critical
reinforcements and prioritization of investment needs.

The process, illustrated in Figure 6.2, is divided into four major steps:

o Analysis of feeder loading (section 6.2.1), including an assessment of the current grid
topology, based on present-day load conditions and observed operational performance
and a simulation of future scenarios, incorporating projected load growth and
decentralized generation for the years 2030 and 2035.

e I|dentification of issues based on simulation results and additional data sources
(section 6.2.2).

e Prioritization of identified issues (section 6.2.3).

o Development of MV master plans, which outline the proposed solutions (section 6.2.4)
according to the NOVA-principle (chapter 2.5.2).

Issue
prioritization

Issue
identification

Analysis of Master plans

feeder loading

Figure 6.2 Methodology for the evaluation of the MV grid
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6.2.1 Analysis of feeder loading

This section presents the methods used to evaluate the MV grid under current conditions and
with future load projections. In the past, changes in MV grid loading have occurred gradually.
However, the Scenario Report [2], together with the distribution of projected load and
generation presented in sections 3.4 and 3.5, provides a clear outlook on the future load
developments that will increasingly impact the MV grid.

Analysis of the current feeder loading

The analysis of the MV grid is based on measurements taken at the origin of each MV feeder
leaving an HV station, where the main electrical parameters are recorded. For most feeders,
this includes active and reactive power, voltage, and the absolute value of the current.

Through a semi-automated process, the minimum and maximum power values of each feeder
are extracted. Events such as peaks caused by grid topology changes — due to short-term
emergencies or short-to-medium-term construction projects — are excluded to ensure that the
results reflect the normal operating state of the grid.

Each feeder is classified into one of six categories based on its specific daily behaviour and
the differences observed between weekdays and weekends. These categories support the
analysis of the feeder’s future state, as each type follows a distinct projected evolution. The
following paragraphs define each category, outline their key characteristics, and present
representative measurement examples.

e Residential: These feeders are primarily composed of Creos-owned MV/LV
transformer stations supplying the low-voltage grid. They serve large numbers of
residential units, often combined with small businesses. The measurements typically
exhibit two distinct peaks — one around midday and another in the early evening
between 17:00 and 18:00. No significant differences are observed between weekday
and weekend profiles.
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Figure 6.3 Residential feeder: Weekday (dark blue) and weekend (light blue) load profiles
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o Commercial: These feeders are primarily composed of client MV stations, with some
Creos-operated stations supplying smaller businesses. They are characterized by a
consistently low power demand during the night, followed by a rise in activity in the
early morning — typically between 06:00 and 07:00. During the day, consumption
remains relatively stable before returning to base levels in the evening, with exact
timing depending on the types of businesses connected. Weekend profiles may either
follow the same pattern or remain flat, depending on the nature of commercial activity.

Power (MVA)
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Figure 6.4 Commercial feeder: Weekday (dark blue) and weekend (light blue) load profiles

e Mixed: This is the most common feeder type, exhibiting characteristics of both
residential and commercial load profiles. For some feeders, the morning increase in
demand is more pronounced, while for others, peaks around midday and early evening
are more dominant. These variations are influenced by the ratio between commercial
and residential units connected to the feeder.
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Figure 6.5 Mixed feeder: Weekday (dark blue) and weekend (light blue) load profiles
e Industrial: These feeders supply power to industrial clients. They are characterized by
one or more flat steps in their load profile, reflecting steady operational patterns. The
structure of the measurements is influenced by the number of work shifts and the
presence or absence of production activities during weekends.
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Figure 6.6 Industrial feeder: Weekday (dark blue) and weekend (light blue) load profiles

o Generation: These feeders connect directly to large generation units. Until now, they

have exclusively supplied wind parks, which exhibit highly variable measurements due

to rapid fluctuations in wind speed. In the future, large photovoltaic (PV) installations
will also fall under this category.
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Power (MVA)

Figure 6.7 Generation feeder: Weekday (dark blue) and weekend (light blue) load profiles

e Others: A small number of feeders do not fit into any of the above categories. They
include special installations or clients with load profiles that do not exhibit consistent or
classifiable behaviour (i.e., radio antennas). As these feeders are few and their
collective consumption is negligible, they are excluded from further analysis.

If the measurements exhibit a visible and characteristic dip around midday, the presence of
photovoltaic (PV) generation is inferred. This effect is most pronounced during the spring and
summer months.

Power (MVA)

Figure 6.8 Feeder with PV dip at noon: Weekday (dark blue) and weekend (light blue) load
profiles
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If a feeder that is not classified as a pure generation feeder shows negative measurements at
certain times, this indicates reverse power flow from the MV grid back to the HV station, caused
by local generation exceeding consumption. The primary sources of such generation are
residential PV installations, small agri-PV systems, or a combination of PV and wind turbines
connected to the grid. Less prominent sources include biogas or cogeneration units.

Analysis of future feeder loading

To analyse the future state of the medium-voltage grid, the expected loading of each MV feeder
must be estimated for the years 2030 and 2035.

For the demand scenario assessment, the total additional demand per region is derived from
the Scenario Report values for the different voltage levels, as outlined in section 3.4. The total
regional demand includes all loads supplied by the MV grid — covering demand connected
directly to the MV level as well as demand at MV/LV and LV levels.

In a second step, scaling factors are determined to capture the projected increase in
consumption for each region and feeder type, based on the difference between current and
future estimated loads. These projected loads are then analysed according to the methodology
described in the following sections.

For the generation scenario assessment, and consistent with the HV grid methodology, actual
connection requests are allocated to their respective connection points on the MV grid. This
approach enables an evaluation of the adequacy of the existing infrastructure and supports
the identification of necessary reinforcements. Additionally, smaller and more decentralized
generation units on the LV and MV/LV levels are accounted for by extrapolating current
requests to 2030 and 2035. Only a part of this projected power is distributed across all MV
feeders, with 200 MW in 2030 and an additional 200 MW in 2035, as some of it is already
consumed on the LV grid and will never reach the MV level.

The results of this future load analysis are presented and discussed in section 6.4.
6.2.2 ldentification of grid issues

This section defines the criteria used to identify structural and operational issues in the MV
grid. Three criteria are applied to all feeders: the first one addresses loading conditions, and
the other two cover structural aspects of the network. Together, they produce a list of feeders
requiring intervention to ensure a stable and reliable electricity supply for MV and LV clients.

1) Loading under future demand and generation scenarios

To accurately reflect emergency (N-1) conditions in the future demand scenarios, each
feeder is analysed in conjunction with its potential backup feeders. For each scenario,
the loads of the main and backup feeders are combined and compared to the maximum
allowable loading of the weakest cable section along the interconnecting path. All cases
where the calculated loading exceeds 100% of the cable’s capacity are flagged for
further analysis.
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2)

3)

6.2.3

The future generation scenarios are evaluated under the N-O criterion, i.e. without
backup feeders. All cases where the calculated loading exceeds 80% of the cable’s
capacity are flagged for further analysis. This threshold remains below 100% to
preserve a safety margin for unforeseen events. Moreover, operating cables near their
thermal limit significantly increases power losses, which grow quadratically with
current.

Undersized cables in main paths

All cable sections with a maximum allowed capacity below 4 MVA are considered
structural constraints, even if their actual loading remains within acceptable limits under
criterion 1. If such cables are part of a main feeder path, even minor increases in
demand or a single new connection request of a moderate 1 MVA could quickly lead
to operational limitations. Exceptions are made when these cables serve only a small
number of stations via radial connections.

Overextended radial connections

The second structural criterion addresses limitations of radial configurations. If too
many stations are connected along a single radial path, no alternative supply route
exists in case of failure. As a practical threshold, all radial connections serving four or
more stations are included in the analysis. Less than four stations can usually be
temporarily supplied through other means, e.g. backup generators.

Prioritization of grid issues

The purpose of this section is to prioritize the identified grid issues according to their urgency
and potential impact. To this end, three priority classes are defined, each associated with a
different timeframe for resolution:

Short-term (priority 1/P1): This category includes all issues that require intervention in
the near future. It covers cable sections and feeders that are already operating above
the defined loading threshold of 80% in an N-1 scenario.

Mid-term (priority 2/P2): This class includes feeders that are projected to exceed the
80% loading threshold by 2030 under N-1 conditions. In addition, this class includes
radial grid sections with six or more connected stations, due to the increased
vulnerability and lack of supply alternatives in emergency situations.

Long-term (priority 3/P3): This category includes feeders that are expected to exceed
the 80% loading threshold by 2035 under N-1 conditions. It also covers all remaining
structural issues, including radial segments with more than four but fewer than six
connected stations, as well as undersized cable sections that have not been addressed
in higher priority levels.
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Figure 6.9 Prioritization of medium-voltage grid issues

These three priority classes help ensure that the most urgent projects are addressed first, while
also maintaining a long-term perspective on medium-voltage grid development needs.

6.2.4 Master plans & cost calculation

The final step in the evaluation of the MV grid is the establishment of master plans. The
purpose of these plans is to present targeted solutions to the issues identified in the previous
sections, incorporating the prioritization of projects as defined in Section 6.2.3.

To support a structured planning process, the country is divided into several MV master plan
areas, with each plan typically covering the MV grid between two or three HV stations. This
geographic segmentation enables a coordinated and region-specific approach to grid
reinforcement and development.

The core element of each master plan is a map illustrating the proposed actions to resolve the
identified issues, according to the NOVA principle described in chapter 2.5.2, including an
estimated cost for each action, supporting transparency and investment planning.

Grid optimizations are considered cost-neutral. For grid reinforcements or expansions, cost
estimates are derived by calculating the required lengths of trenches and cables. These
lengths are then multiplied by current average unit prices (see Table 6.2) and adjusted for
inflation based on the expected commissioning year.
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Type of work | Cost (€/m) ‘
Cable with trench 288
Cable without trench 135

Table 6.2: Average unit prices for medium-voltage cables

Within the scope of this Network Development Plan, the appropriate actions are defined and
associated cost estimates are provided. The detailed preparation of graphical master plans,
however, lies outside the scope of this document.

6.3 Evaluation of the current state of the medium-voltage grid

The analysis of the current grid and its loading conditions yields two main results: statistical
indicators related to feeder types and excess generation (section 6.3.1), and a list of overloads
identified under emergency operating conditions (section 6.3.2).

6.3.1 Medium-voltage grid statistics

The medium-voltage grid currently comprises 384 feeders, of which 49 are MV client stations
directly connected to a high-voltage station. The remaining feeders are distributed among the
grid regions described in chapter 5.2.

Region Center, which includes Luxembourg City, has the highest number of feeders due to its
high grid density. It is followed by Region North (large geographical area), and the South-West
and South-East regions (characterized by high load density). Region East also covers a large
area but has fewer feeders overall, while Region West has the lowest number of feeders due
to its small size and relatively low population density.

43

49

53

54

= Center = North South-East South-West East West

Figure 6.10 Number of MV feeders per region
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The categorization of feeders by type, as defined in section 6.2.1, is presented in Figure 6.11.
The largest category by far consists of 230 mixed feeders, as many supply both residential
and commercial areas. Eighty feeders are classified as commercial, primarily located in and
around Luxembourg City and within designated commercial activity zones. Twenty-eight
feeders are categorized as industrial, most of which are direct connections to high-voltage
stations. Thirteen feeders are classified as generation feeders, corresponding to direct
connections of large generation installations. Only eleven feeders exhibit purely residential
characteristics, while the remaining twenty-two feeders fall under the “other” category, which
includes special feeders that do not fit any of the aforementioned classifications.

= Mixed = Commercial Industrial Other Generation Residential

Figure 6.11 Number of MV feeders per type

Currently, 102 out of 384 feeders exhibit excess generation, meaning that the total generated
power exceeds consumption at least once per year. Among these, 12 feeders are directly
connected to large generation installations. As illustrated in Figure 6.12, 60 feeders show an
excess primarily from photovoltaic (PV) generation, 26 feeders display a mixed excess, mainly
resulting from combined PV and wind generation, 12 feeders are associated with wind farms
(mostly through direct connections), and 4 feeders exhibit excess generation from
cogeneration units.
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= PV =Mixed = Wind farm Cogeneration

Figure 6.12 Number of MV feeders with excess generation, by source type

The number of feeders exhibiting excess generation has increased in recent years and is
expected to continue rising with the further expansion of decentralised generation. Most
feeders currently show a maximum excess generation in the range of 0 to 5 MVA.

6.3.2 Medium-voltage grid reinforcement needs
According to the methodology described in section 6.2, 9 grid segments within the MV network

could experience loading levels above 100% under N-1 emergency conditions during peak
demand periods, as shown in Figure 6.13.

Feeder count
N

-

100% - 110% 110% - 120% 120% - 130%
Maximum loading in N-1 emergency situation

Figure 6.13 Number of MV feeders with overload risk (2024)

These constraints must be addressed as a matter of urgency and are therefore classified as
Priority 1.
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Furthermore, an evaluation of the structural criteria showed 52 radial connections with 4 or
more stations as well as 25 cable sections with a maximum loading below 4 MVA.

One feeder currently operates above 80% N-0 loading due to generation located near the
Freckeisen HV station. A planned project will divide the affected section of the MV grid into two
separate parts and establish a direct connection to the HV station for the largest generation
installation.

6.4 Evaluation of the projected state of the medium-voltage grid

For the projected 2030 loads, 64 grid segments within the current medium-voltage network (up
from 9 segments in 2025) are expected to experience loading levels above 100% under worst-
case N-1 emergency conditions. The distribution of the severity of these constraints is
illustrated in Figure 6.14.
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Figure 6.14 Number of MV feeders with overload risk in the 2030 demand scenario
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For 2035, 117 grid segments within the current medium-voltage network (up from 64 segments
in 2030) are identified as being at risk of overloading under N-1 conditions. The distribution of
the severity of these constraints is again illustrated in Figure 6.15.
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Figure 6.15 Number of MV feeders with overload risk in the 2035 demand scenario

Under the projected generation scenario for 2030, 17 MV feeders are expected to operate at

loading levels above 80% under N-0 conditions. The loading distribution is illustrated in Figure
6.16.
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Figure 6.16 Number of MV feeders with overload risk in the 2030 generation scenario
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By 2035, the number of MV feeders with loading above 80% increases to 35, as shown in
Figure 6.17.
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Figure 6.17 Number of MV feeders with overload risk in the 2035 generation scenario

6.5 Planned measures

This section first provides a global overview of the analysis results in section 6.5.1, based on
the issues identified in the previous chapters, before presenting a more detailed discussion of
major projects in section 6.5.2.

6.5.1 Global overview

Each identified issue has been assigned one or more corresponding actions for resolution in
accordance with the NOVA-principle described in section 2.5.2, with associated costs
calculated following the methodology outlined in section 6.2.4. Measures in response to
excessive loading conditions are summarized in Table 6.3 (number of actions) and Table 6.4
(associated costs).

Short-term Mid-term (2030) Long-term (2035)
Grid optimization 1 14 9
Grid reinforcement | 4 35 33
Grid expansion 0 16 9
Total 5 65 51

Table 6.3 Overview of the number of MV grid measures due to loading issues

In the short term, only a few actions are required to resolve the identified loading issues,
representing an investment of approximately €2.3 million. Further into the future, the number
of actions as well as the costs distribute evenly between the mid-term and long-term horizons,
with estimated investments of around €37.6 million and €27.4 million, respectively.
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Short-term ‘ Mid-term (2030) Long-term (2035) ‘
Grid optimization 0€ 0€ 0€
Grid reinforcement | 2.3 M€ 17.5 M€ 21.3 M€
Grid expansion 0€ 20.1 M€ 6.1 M€
Total 2.3 M€ 37.6 M€ 27.4 M€

Table 6.4 Overview of the estimated costs for MV grid measures due to loading issues

An overview of additional measures addressing structural issues is given in Table 6.5 (humber
of actions) and Table 6.6 (associated costs).

Short-term ‘ Mid-term (2030) Long-term (2035) ‘
Grid optimization 0 0 0
Grid reinforcement | O 0 23
Grid expansion 0 12 10
Total 0 12 33

Table 6.5 Overview of the number of MV grid measures due to structural issues

Since the mid-term horizon includes only radial sections of the grid, which are often resolved
through the construction of additional grid segments, this results exclusively in grid expansion
measures with a total investment volume of €6.4 million. For the long-term horizon, both weak
cable sections (reinforcement) as well as shorter radial sections (reinforcement and expansion)
are included with a total volume of €21.9 million.

Short-term Mid-term (2030) Long-term (2035)
Grid optimization 0€ 0€ 0€
Grid reinforcement | 0 € 0€ 8.9 M€
Grid expansion 0€ 6,4 M€ 13.0 M€
Total 0€ 6.4 M€ 21.9 M€

Table 6.6 Overview of the estimated costs for MV grid measures due to structural issues

While some issues can already be resolved through grid optimizations, most actions require
physical grid reinforcements due to the significant increase in both consumption and
generation projected in the Scenario Report. A few remaining issues can only be addressed
through grid expansions.

6.5.2 Individual projects

This section presents the largest medium-voltage (MV) projects in terms of investment,
focusing on “projets individuels”, i.e. projects with a budget exceeding 5 M€ [29]. The
description begins with the current situation - including the geographical context, MV grid
structure, and current loading - before addressing future challenges resulting from projected
demand increases. It concludes with an explanation of the planned project measures that
resolve these issues.
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Senningerberg - Munsbach connection

Currently, two feeders from the HV substation Senningerberg supply the industrial zone near
Munsbach, the commune of Schuttrange, and the locality of Niederanven with a combined load
of 7.3 MVA, corresponding to 60% of the cable capacity under N-1 conditions. The projected
loads reach 10.7 MVA (89%) in 2030 and 13.2 MVA (109%) in 2035.

Because of these loading problems, a grid expansion project is necessary, with a finish date
between 2030 and 2035. To accommodate the high potential for electromobility in the logistics
sector and to avoid the risk of delaying connection requests, the earliest date of 2030 is chosen
as the finish date of the project.

Due to the concentration of loads in the industrial zone, two new feeders from the
Senningerberg substation are planned to exclusively supply this area. The two existing feeders
also require renewal in the coming years due to age-related constraints. The project covers
approximately 5 to 6 kilometres, depending on the final routing. The estimated investment
amounts to 10 M€. A CBA will be conducted in the next section, to compare this traditional grid
reinforcement with flexibility options.

Connection of new high-voltage substations

As described in the high-voltage distribution grid chapter, new HV substations are planned in
Walsdorf, Rambrouch and Leudelange. The medium-voltage connections of these stations
also exceed the investment threshold of 5 M€. These costs are included in the total project
cost estimates presented in the respective sections. No CBA will be performed for these
projects, as they ensure the connection of new substations. For further details, the planned
measures in chapter 5 can be consulted.
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7. Low-voltage grid

The low-voltage (LV) 400 V grid supplies households and small businesses, and most Creos’
customers are connected at this level. Historically, electricity was consumed and distributed in
a top-down manner, flowing from higher to lower voltage levels. However, the energy transition
has fundamentally changed the operational characteristics of LV grids. Increasingly, power is
injected from the LV level upward to medium-voltage, driven by the proliferation of
decentralized photovoltaic systems. At other times, higher peak demands occur due to electric
vehicle charging and the electrification of heating through heat pumps.

Consequently, the planning process for low-voltage grids has become more complex and
sophisticated in recent years. This DNDP presents the underlying planning principles. The aim
is to review existing planning approaches, present the structure and load of the LV grid in a
transparent manner using real data and future projections, and define actions for its further
development.

The chapter begins with a presentation of the general planning principles for the LV grid in
section 7.1, followed by a review of the current grid calculation criteria based on extensive load
profile analyses in section 7.2. Section 7.3 validates the simulation results from Kopr by
comparing them with PowerFactory outputs to ensure model accuracy. In section 7.4, the
current grid topology and the real measured load flows in 2024 are examined, while Section
7.5 provides a scenario-based assessment of future grid loads. Section 7.6 estimates the
investment volumes required for the identified reinforcement needs, and Section 7.7 explores
the potential contributions of flexible consumption and generation, along with other flexibility
options.

7.1 Planning principles for the low-voltage grid

The planning of Creos' low-voltage grid is based on clearly defined technical and economic
principles, with security of supply and power quality as the main objectives.

All planning decisions are based on systematic network calculations using standardized load
assumptions that enable a realistic analysis of current and future load situations. They are
referred to as “grid calculation criteria” and will be explained in detail in the next section. Based
on these criteria, a peak load is determined, which defines the choice of cable cross-sections,
the size and number of transformer stations, or the need for grid reinforcements and
extensions. The goal is to avoid overloading and ensure compliance with voltage limits, while
at the same time avoiding unnecessary investments. In existing grids, measured values from
the Smart Meter infrastructure are also taken into account.

Simple calculations, such as connecting an individual customer or building, can be carried out
using basic calculation tools by applying the appropriate formulas. More complex situations —
such as the development of a new housing estate or the renewal of infrastructure along a street
— require the use of specialized grid planning tools. At Creos, the tool PowerFactory by
DIgSILENT is used for detailed network modelling. For the evaluation of grid infrastructure
using measured Smart Meter data, the Kopr tool has been developed by DataThings.
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New cables in the low-voltage grid are laid exclusively underground. As shown in section 2.3,
over 99% of the low-voltage grid is already underground. Creos is committed to eliminating the
remaining overhead lines as soon as possible, as these represent weak elements of the grid
in terms of capacity and resilience due to their age.

New sections are installed in protective conduits. Creos relies on aluminium cables with
defined cross-sections. Cables with 4x240 mm? or 4x150 mm? are predominantly used for
main distribution lines, while house connections are typically made using 4x35 mm?2. NH fuses
are used to protect the network. The right cable cross-section must be selected to avoid
overloading. The table below shows the typical fuse ratings and approximate capacity for
standardized aluminium cables used in the LV grid.

Alu Alu ‘ Alu | Alu | Alu

4%x25mm2 4%x35mm2 4x70mm2 4%x150mm2 4%x240mm2

Maximum
fuses (A)
Capacity

160

55 85 110 170 245

(kVA)

Table 7.1 Typical cable cross-sections in the LV grid

Another key objective is to stay within the voltage limits specified in EN 50160, notably +10%
of nominal voltage. In Creos' low-voltage grid, voltage values must range between 207 V and
253 V in the single-phase range and between 360 V and 440 V in the three-phase range. For
new low-voltage grid sections, Creos has therefore defined a maximum acceptable voltage
drop of 4%, considering upstream voltage drops in the medium-voltage grid and across the
MV/LV transformer. At higher voltage levels, voltage regulators are installed to compensate
for voltage variations. The grid structure and acceptable relative voltage drops and rises are
illustrated in Figure 7.1.

The larger the cable cross-section, the lower the voltage drop or rise. However, as noted, it is
essential to select the most economically efficient cross-section to meet both current and future
requirements.

A further aspect to consider in low-voltage grid design is the limitation of cable length, which
is primarily determined by the minimum short-circuit current required for protective device
operation and the maximum allowable voltage drop, as defined in DIN VDE 0100-520 and
verified through precise fault current calculations and load flow simulations.

! Niederspannungs-Hochleistungssicherung (Low-voltage High-capacity fuse)
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Figure 7.1 Definition of relative voltage drops

When planning a new grid, an optimal balance must be found between grid resilience, reduced
outage durations, and cost efficiency. The network is preferably designed as a meshed ring
system, a combination of Figure 7.2 and Figure 7.3, operated in an open-loop configuration.

Ring systems, as shown in Figure 7.2, increase the security of supply by providing switching
options in the case of a fault on a specific cable section. If buildings are constructed on both
sides of a street, two separate cables are installed to avoid the need for future customers to
excavate across the full width of the street to establish a new connection. Distribution cabinets,
placed at suitable locations (e.g. intersections) within the network, enable precise switching
operations and help reduce downtimes. The red symbols represent the switches where the
grid is operated in an open state and where, in the event of an outage, resupply can be restored
through switching operations.
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Figure 7.2 Ring grid configuration
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Meshed systems, as illustrated in Figure 7.3, offer even higher reliability by interconnecting
two transformer stations via the LV grid. This configuration provides two independent supply
paths in the event of a transformer outage.

Distribution
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20kV L d ] [ 20kV
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] @ 0 Distribution | © @
Transformer cabinet Transformer
20 kV/0,4 kV 20 kV/0,4 kV
Distribution Distribution
cabinet cabinets

Figure 7.3 Meshed grid configuration

In more rural, less densely populated areas, radial systems remain common. Certain
geographical or technical constraints may also necessitate radial network structures. However,
they represent the least resilient grid topology, as a line or transformer outage will interrupt
power supply to all downstream customers.
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Figure 7.4 Radial grid configuration

Distribution substations, housing the MV/LV transformer and secondary equipment, play a
central role in the grid. They connect the medium- and low-voltage levels, enable energy
distribution across multiple outgoing circuits, and thereby contribute to balanced load
distribution. Standard sizes for MV/LV transformers are 250 kVA, 400 kVA, 630 kVA and 1,000
kVA, whereas usually 630 kVA or 1,000 kVA transformers are installed in new developments.
The new transformer substations are always configured such that transformers with a power
rating of up to 1000 kVA can be installed in them. In general, Creos plans each station with at
least eight low-voltage outgoing circuits, using the largest available cable cross-sections to
avoid bottlenecks at the transformer. All new or upgraded stations are designed with
underground cable connections and comply with internal technical specifications for protection,
earthing, equipment, and structural design.

Buildings with power requirements below 70 kVA are connected either directly to the low-
voltage cable via cable joints or through a connection cabinet, which is typically installed for at
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least every five buildings — provided that sufficient power is available locally. For loads
exceeding 70 kVA, a direct connection to a Creos-owned transformer station is required.
Clients with a power demand above 200 kVA generally must install a private MV/LV
transformer station.

Historically, reinforcements of existing network infrastructure have been realized on an
opportunity-driven basis, meaning that Creos patrticipates in infrastructure works led by other
companies or municipalities — for example, when telecommunication or water infrastructure is
being renewed. This approach has allowed for a cost-efficient coordination of efforts among
all involved parties.

With the new requirements of the energy transition, and based on this network development
plan, Creos will need to adopt a more proactive approach in the future to carry out necessary
grid reinforcements and expansions in the LV grid in a targeted manner.

7.2 Low-voltage grid calculation criteria

As mentioned in the previous section, all planning decisions are based on systematic network
calculations using defined grid calculation criteria. These criteria enable a realistic evaluation
of existing infrastructure and support the planning of new network sections, while ensuring
efficiency and consistency in the planning process through a standardized approach.

7.2.1 Definition of grid calculation criteria

Grid calculation criteria consist of two key parameters: the peak load P2 for a single customer
or appliance, and the simultaneity factor g., which represents the factor to be applied when
calculating the aggregated peak load for an infinite number of such customers or appliances
connected to the grid.

Simultaneity effects and aggregated peak loads across multiple households or appliances are
calculated using the following formulas. This approach enables the derivation of realistic total
load estimates, acknowledging that individual peak demands rarely occur simultaneously and
that the calculated peak load per unit Punic(11) decreases with the number of connected units.
These non-linear effects are critical for accurate grid planning and are explicitly modelled in
Creos’ network calculation tools.

Calculation of the simultaneity factor g(n) as a function of the number of units z:
(1-g=)
gn) = go+t i
Calculation of the peak load per connected unit Pu.ic(11) as a function of the number of units
Punit(n) = g(n) = P
Calculation of the aggregated peak load P(n) across n units:
P(n) = n * Punit(n)

For each customer or appliance type, the values of A and g. have been defined based on
literature sources and validated using real load curves, as described in the following sections.
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The shape and evolution of each Pu.i(n2) curve are presented in Figure 7.5 for the base load,
Figure 7.6 for EVs, Figure 7.8 for heat pumps and Figure 7.10 for the combined load of all
assets.

7.2.2 Validation methodology for grid calculation criteria

Grid calculation criteria have long been used in grid planning and are regularly reviewed in
response to major technological developments or increased data availability. They were last
revised in 2021, based on literature values for new consumption appliances such as electric
vehicles and heat pumps, and validated using a limited set of household measurements.

With the growing availability of high-resolution smart meter data, a more detailed verification
of these parameters is possible and is conducted as part of this Distribution Network
Development Plan (DNDP). This section presents a data-driven validation of the currently
applied simultaneity factors and peak load assumptions, based on real consumption data from
various household categories across Luxembourg.

The criteria currently applied to estimate future peak consumption consist of three distinct
components: the base load, and additional loads from electric vehicle (EV) charging and heat
pumps.

To verify the current calculation criteria, three categories of single-family households with
distinct consumption characteristics are defined: base load households, households with
electric vehicles, and households with heat pumps. Each group is selected and filtered using
specific procedures to ensure data consistency and comparability across the dataset. This
approach guarantees that only customers with no additional appliances, or with only a heat
pump or only an electric vehicle, are included.

To prevent distortion of the consumption data by on-site generation, all households with a
registered photovoltaic (PV) installation in a one-meter setup, where generation and
consumption are measured together, are excluded. Only those with no PV installation or a two-
meter configuration with separate measurements are retained, as this setup differentiates
household demand from local generation.

All household groups are subject to systematic data cleaning. Profiles displaying implausible
or extreme peak values are removed from the dataset to ensure that the analysis reflects
typical consumption behaviour and that the results are not distorted by outliers. The table below
summarizes the number of analysed load profiles for each household group after applying all
selection and filtering criteria.

Household profile type ‘ Number of analysed load profiles

Baseload 3,159 — 3,166*
Baseload + electric vehicle 213
Baseload + heat pump 38

*the number of available datasets varied from month to month

Table 7.2 Number of analysed load profiles per category
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These load profiles are collected from across Luxembourg and represent Creos household
clients in all regions. The analysis focuses on the winter period from November 2024 to
February 2025, when energy consumption — particularly in households with heat pumps — is
typically higher due to lower outdoor temperatures. Each month is analysed separately to
identify potential differences in consumption behaviour within the winter period.

All load profiles are evaluated at a 15-minute temporal resolution, as provided by the Smart
Meter infrastructure. The peak load per unit is calculated for different group sizes n. For each
group size, multiple profile combinations are evaluated, and the maximum observed peak load
per unit is extracted. At the extremes, n = 7 and n = nmax, the strongest individual profile and
the entire set of profiles, respectively, are used.

The results are then compared to the currently defined grid calculation criteria curves, forming
the basis for evaluating whether the existing planning assumptions accurately reflect real-world
consumption patterns or require adjustment.

7.2.3 Base loads

The base load was initially determined by estimating the installed consumption capacity per
household, calculated by summing the rated power of standard household appliances and
applying a utilization coefficient, which reflects the percentage of appliances operating
simultaneously. The installed capacity was estimated to average 40 kVA per household, with
a utilization factor of 0.225, based on a statistical analysis of long-term measurement data.

This results in a typical peak load P; of 9 kVA per single-family house. The simultaneity factor
Z» was initially set to 0.1 in 2021. The following plot shows a comparison between the
theoretical calculation (in light green) and the measured values for base load households,
shown in different shades of blue for the four analysed months.
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Figure 7.5 Peak base load per household by number of households

As shown in the figure, for small household group sizes, the measured values in blue may
exceed the theoretically calculated peak load per household Puic(72) in light green. However,
starting from approximately 15 households, the measured and theoretical values begin to
converge, and remain closely aligned for higher household numbers.
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This deviation at lower group sizes may be attributed to unidentified assets, for example heat
pump households that could not be excluded from the dataset or unregistered electric vehicles.
These unidentified assets could increase the observed peak loads within small sample sizes.

Since grid planning for both existing and future networks typically considers larger customer
groups, the current grid calculation criteria are assessed to represent actual consumption
behaviour accurately.

7.2.4 Electric vehicles

Future scenarios must account for additional demand resulting from electrification trends, one
of the most significant being electric vehicles (EVs). The current grid calculation criteria
assume a peak load 7, of 11 kVA with a simultaneity factor g of 0.2, based on values from the
literature, as illustrated in Figure 7.6.
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Figure 7.6 Peak load per EV by number of EVs

Again, this theoretical calculation has been compared with measured load curves from the
winter months of the 2024/2025 season (shown in blue). However, in this case, the Smart
Meter data reflects the combined consumption of the household and the EV charger, which is
why it is compared to the theoretical profile representing the sum of base load and EV load
(shown in green).
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Figure 7.7 Peak base and EV load per household by number of households
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Similarly to the base load, for small household group sizes, the measured values (in blue) may
exceed the theoretically calculated peak load per household Puic(n2) (in light green). This is
likely due to the underlying base load behaviour, which is included in these measurements.

Starting from approximately five households, the measured values fall slightly below the
theoretical calculation. As this deviation continues to decrease with increasing household
numbers and remains marginal overall, the current grid calculation criteria for electric vehicles
are considered sufficiently accurate for future grid design.

7.2.5 Heat Pumps

In addition to EVs, heat pumps must also be considered in the design of future grids. Currently,
a peak load 7 of 3 kVA with a simultaneity factor g. of 0.5 are applied, based on initial insights.
These assumptions will be compared against measured values in this section.

- -
o N

Peak load per heat pump
[kVA]
o N O ©

0 25 50 75 100 125 150 175 200 225 250
Number of heat pumps

Figure 7.8 Peak load per heat pump by number of heat pumps

As practiced for the electric vehicles, the theoretical estimation from Figure 7.9 is added to the
theoretical base load curve, to compare the resulting total load with measured values from the
Smart Meter infrastructure, since the measurements include the full household load, including
the respective asset. As heat pumps are not yet registered, the available dataset for this
comparison is limited to 38 load curve profiles. These households mainly represent modern
buildings with good insulation. For older or poorly insulated buildings, higher load values can
be expected and the applied criteria need to be reconsidered with the next NDP.
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Figure 7.9 Peak base and heat pump load per household by number of households

The conclusion is partially similar to that of electric vehicles: for small household group sizes,
the measured values (in blue) may exceed the theoretically calculated peak load per
household Puic(n1) (in green). This is likely due to the influence of the underlying base load,
which is included in these measurements, or the presence of individual heat pumps with
unfavourable settings or oversized systems.

However, starting from approximately five households, the measured values fall slightly below
the theoretical calculation. While the curves for base load and electric vehicles remained
consistent across the four winter months, heat pump households showed noticeable month-
to-month variation. In particular, January 2025 exhibited the highest heating demand.

This month is therefore used as the reference for the final evaluation, as grid infrastructure is
typically designed to accommodate peak demand under extreme conditions. As shown in
Figure 7.9, the January 2025 curve aligns closely with the theoretical calculation, supporting
the validity of the current assumptions.

7.2.6 Combined loads

For efficiency in grid planning, the three components — base load, EV and heat pump — are not
calculated separately for each household. Instead, combined grid calculation criteria are
applied. This results in a peak load 7 of 24 kVA per single-family house, with a simultaneity
factor g of 0.19, which includes an additional security margin of 1 kVA per household.

The same analysis, as described in the previous sections, has also been conducted for
apartment units. In this case, a peak load 2 of 17 kVA with a simultaneity factor g. of 0.2 is
applied. The resulting Puic(n) curves are shown in Figure 7.10.
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Figure 7.10 Peak load per household or apartment by number of connected units

The following graph shows the resulting aggregated peak load P(n) for different numbers of
households. It also provides orientation values relevant for grid planning, such as the typical
range for a street in a new housing development, which may include 10 to 30 customers per
side, or a transformer station, which can supply more than 150 customers.

It is important to note that Figure 7.10 and Figure 7.11 represent the minimum design load
applied for asset dimensioning. In practice, standardized equipment is deployed, as explained
in section 7.1, often providing additional margins.
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Figure 7.11 Aggregated peak load by number of connected households

Grids are generally planned based on expected consumption loads. However, decentralised
energy production also plays a crucial role in the energy transition. The next section will
analyse the possible injection capacity per household, based on the grid calculation criteria
presented above.
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7.2.7 Electricity injection

This section aims to assess the adequacy of low-voltage grids — planned using the previously
presented consumption-oriented grid calculation criteria — to accommodate electricity injection.
The goal is to demonstrate how much installed PV capacity per household can be integrated
without exceeding the defined design parameters.

For the example of a typical housing estate with 60 houses and based on the formulas
presented earlier and on Figure 7.10, a peak load of 7.1 kW per house is used to determine
the appropriate transformer and cable sizes. If future LV grids are constructed according to the
criteria for consumption from chapter 7.2.6, this also represents the maximum simultaneous
injection power that can be allowed per house.

However, to translate this theoretical injection power into installed photovoltaic capacity, a few
different factors must be identified and applied:

1) Security margin applied in grid planning: The above-mentioned formulas represent
the minimally required peak load to be transported by the planned infrastructure.
However, new infrastructure is never planned with an asset loading of 100%.
Standardised equipment is used, and security margins of approximately 20% are
applied to provide operational flexibility and load switching options, which increases the
possible injection power.

2) Simultaneity of power injection: In a housing estate with 60 buildings, the diversity
in rooftop orientations and heights prevents simultaneous peak injection from all
systems. An analysis of approximately 2,800 PV profiles from various locations shows
that a simultaneity of 54% is most common for PV installations within a given area. To
calculate the maximum installable capacity, the theoretical maximum injection power

of 7.1 kW is multiplied by —

simultaneity between peak injections, the lower the maximum installed capacity that
can be integrated on the same grid.

accounting for this simultaneity. The higher the
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Figure 7.12 Simultaneity of photovoltaic injection per location
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3) Injected vs. installed capacity: The analysis of approximately 2,800 PV load curves

Number of installations

1.000

shows that the ratio of injected to installed capacity typically falls within the 80 — 90 %

range. To calculate the maximum installable capacity, the theoretical maximum
851% . The higher the ratio between injected
and installed capacity, the lower the maximum installed capacity that can be
accommodated on the same grid.

0-10% 10-20% 20-30% 30-40% 40-50% 50-60% 60-70% 70-80% 80-90% 90 - 100%

injection power of 7.1 kW is multiplied by

800

60

o

40

o

20

o

0

Ratio of injected to installed power

“May ®June ®mJuly ®August

Figure 7.13 Ratio of injected to installed power in photovoltaic systems

4) Base load consumption: Typically, not all generated power is injected into the grid,

as a portion is consumed directly within the household (regardless of whether the
customer has a full-injection or self-consumption tariff). An analysis of around 850 load
curves shows that, in most cases, base load ranges between 2 and 3 kW during peak

injection periods.
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Figure 7.14 Typical base loads at peak PV injection
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Consequently, the maximum acceptable installed PV capacity per house — assuming every
household installs a photovoltaic system — is calculated as follows:

Maximum installed photovoltaic capacity per house = Theoretical injection power * Security

margin* 1/S5imultaneity factor = 1/Injected-to-installed capacity ratio + Base load adjustment

Maximum installed photovoltaic capacity per house = 7.1 kW % 1.2% 1/0.54* 1/0.85 + 2,5 kW
=21kWp

In the low-voltage grid, when considering all historical requests since 2021, the requested
installed capacity for systems up to 30 kW (standard household connection) is distributed as
shown in Figure 7.15. With most installations falling within the 8 to 10 kWp range (well below
the maximum allowed capacity of 21 kWp), the low-voltage grid criteria prove to be well suited
for planning grids in line with current needs. For performing the future load flow calculations in
chapter 7.5, the median value of 11 kWp from the figure below is considered.
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Figure 7.15 Distribution of installed PV capacities

7.3 Comparison Kopr vs. PowerFactory

For this Distribution Network Development Plan, Kopr is used in two ways: to assess the
current grid state (section 7.4) and to provide an outlook on future low-voltage network needs
(section 7.5). As Kopr is a relatively new tool at Creos, its suitability for these two tasks is
verified to ensure compliance with Creos’ planning standards.

A targeted validation is carried out using PowerFactory as a reference. A representative low-
voltage grid area is modelled in PowerFactory using GIS grid data. The simplified structure
includes one transformer station, three distribution cabinets, twelve house connection cabinets
serving a total of 47 customer connections — including 24 with photovoltaic installations and
ten with registered electric vehicles.
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The aim of the first test is to compare Kopr’s outputs with detailed load flow simulations based
on real measured profiles. For each connection, both active and reactive power time series
with 15-minute resolution from Smart Meter measurements are used, and time-resolved load
flow calculations are performed in both tools over a full week.

The results generated by PowerFactory and Kopr are systematically compared to assess the
quality of the load flow calculations. The analysis focuses on low-voltage asset loading and
voltage deviations at the main busbars over the entire simulation period.

Figure 7.16 LV grid representation in Kopr (left) vs PowerFactory (right)

To evaluate the accuracy of asset loading, the percentage of distribution cables remaining
within specific deviation ranges over time is calculated. As seen in Table 7.3, 84.2% of cable
loads deviate by less than 2% from the PowerFactory results for at least 98% of the time. One
cable shows a deviation of less than 20% for at least 90% of the time, while two cables
consistently show deviations in the range of 40-75%, although with very low average load
levels. Transformer load also aligns most of the time between the two tools.

Number of Percentage of Average cable loading
cables cables in PowerFactory
Cables with <2% 16 84.2% 0.0027-7.4582%
deviation for at least 98%
of the time
Cable with <20% 1 5.3% 2%
deviation for at least 90%
of the time
Cables with 40-75% 2 10.5% Below 0.0035%
deviation throughout the
time

Table 7.3 Cable loading Kopr vs PowerFactory — distribution of deviations

To evaluate voltage accuracy, the percentage of busbars in distribution and connection
cabinets that remain within defined deviation thresholds is analysed. As shown in Table 7.4,
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66.7% of the busbars remain consistently within a maximum deviation of 0.1%, while the
remaining 33.3% stay below a 0.2% deviation throughout the entire period.

Number of busbars Percentage of busbars

Busbars with <0.1% deviation throughout the | 10 66,7%
time

. o v
Erl:]sébars with < 0.2% deviation throughout the | 5 33.3%

Table 7.4 Voltage deviations at busbars Kopr vs PowerFactory

Overall, the results confirm that Kopr delivers reliable outputs for typical grid structures,
provided that consistent and high-quality input data is available. The observed deviations
remain within technically acceptable limits.

In a next step, future scenario simulations are performed to determine the optimal settings in
Kopr that approximate the results obtained using Creos’ grid calculation criteria.

7.4 Current grid topology and load flows

This chapter provides an overview of the current state of the low-voltage (LV) grid. The analysis
is based on network simulations under normal conditions conducted using Kopr. For the load
flow analysis, 15-minute smart meter data from 2024 were used.

Two representative months were selected: January, characterized by high demand from heat
pumps and electric vehicles, and June, representing a period of high photovoltaic (PV)
generation. Load flow models were applied across the entire Creos low-voltage grid, enabling
a comprehensive evaluation of current performance under varying seasonal conditions.

This chapter presents the utilization and voltage conditions of key elements in the low-voltage
grid, including transformers, cables, and connection points. The following table provides an
overview of the number of elements considered in the analysis.

Analysed Elements January 2024 June 2024
Transformers 2,819 2,796
LV distribution cables 7995 km 7995 km
Connection points 160,558 160,567

Table 7.5 Number of elements in low-voltage analysis

Differences between January and June arise from network changes and minor data
inconsistencies.

7.4.1 MV/LV transformers

For the analysis of transformer loading, the maximum utilization observed for each asset during
the analysed time frame is identified. The resulting distributions, shown in Figure 7.17 and
Figure 7.18, illustrate the number of transformers falling into each utilization range under their
respective worst-case condition.
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Negative loading values observed in January are associated with small transformer stations
that serve a limited number of customers with high installed generation capacities, such as

photovoltaic systems.
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Figure 7.17 Number of MV/LV transformers per utilization range (January 2024)
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Figure 7.18 Number of MV/LV transformers per utilization range (June 2024)

Most units operate within a non-critical loading range. In January 2024, only 5 transformers
(0,18%) exceeded 80% utilization, while in June 2024, this number was reduced to 4 (0.14%).
Critical utilization levels above 100% were observed in 1 transformer (0.04%) in January and

none in June.

The following figure shows the distribution of transformer sizes for utilization ranges above

80%. It illustrates that high loadings occur across the smaller sized categories.
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Figure 7.19 Number and type of transformers in high utilization ranges
(January 2024 left and June 2024 right)

In general, high loading conditions occur only at a very limited number of locations and
represent isolated cases. Only one transformer station requires immediate attention to prevent
failure in the event of further load growth.

7.4.2 LV distribution cables

Following the transformer assessment, the analysis focuses on cable utilization. Cable loading
is categorized into utilization ranges based on the worst-case value observed for each cable.
The resulting distributions in Figure 7.20 and Figure 7.21 illustrate how many cables fall within
each range, providing a comprehensive overview of the load conditions across the low-voltage
network.
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Figure 7.20 Number of LV distribution cables per utilization range (January 2024)
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Figure 7.21 Number of LV distribution cables per utilization range (June 2024)
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In January 2024, only 27 cables (0.02%) exceeded 80% loading, while in June 2024, the share
was slightly lower at 0.01% (14 cables). Critical utilization levels above 100% were observed

in 8 cables in January and 9 cables in June.

Figure 7.22 shows the distribution of cables by worst-case loading and conductor type for
January and June 2024. High utilization occurs across several standard cable types, with
copper 120/70 and copper 95/95 being the most frequently represented in the highest
utilization ranges. Other cable types appear only occasionally in the upper loading bands.
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Figure 7.22 Number and type of cables in high utilization ranges
(January 2024 left and June 2024 right)

A complementary perspective is provided by the distribution of cable lengths across the
utilization ranges in Figure 7.23.
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Similar to the transformer stations, high loadings can be observed in the current LV grid
topology, but they remain confined to a limited number of locations and represent isolated
cases.

7.4.3 LV connection points

Lastly, the analysis includes an evaluation of voltage levels at each low-voltage connection
point. In Figure 7.24 and Figure 7.25 the results are grouped by voltage range, with each
connection point assigned to a category based on its worst-case value. The resulting
distributions show how many connection points fall within each range, providing an overview
of voltage conditions across the low-voltage grid.
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Figure 7.24 Number of LV connection points per voltage range (January 2024)
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Figure 7.25 Number of LV connection points per voltage range (June 2024)

In January 2024, no connection points exceeded +5% voltage deviation from the nominal
value. In June, slightly higher voltages were observed and a very small number of connection
points are above the limit of +-5% as shown in Figure 7.26.
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Figure 7.26 Number of connection points with voltage deviations above 5% (June 2024)

The analysis confirms that significant voltage deviations at connection points are rare, with
most values remaining close to the nominal voltage, and only a few isolated cases observed
with elevated voltage levels.

7.5 Future load flow calculations

Following the assessment of the current grid situation, this chapter examines a future scenario
for the low-voltage grid. The analysis is based on the January 2024 network, extended to
include additional demand from electric vehicles and heat pumps. The simulation illustrates
the impact of these additional loads on the grid in January 2035.
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The simulation was conducted using Kopr, within a specifically configured scenario in a
dedicated simulation environment. The configuration was cross-validated in a selected area
using PowerFactory and follows the calculation criteria applied by Creos. Within this
framework, additional loads from electric vehicles, heat pumps, and photovoltaic installations
are distributed across the low-voltage grid in line with the assumptions described in Chapter
7.2. The scenario reflects a representative allocation of future developments rather than a
direct one-to-one assignment of technologies to each household.

Building on the described methodology, the following results present the utilization of
transformers and cables as well as the voltage deviations at connection points in the 2035
scenario.

7.5.1 MV/LV transformers

As in the previous chapter, the analysis of transformers under the 2035 scenario is based on
worst-case utilization. Each unit is assigned to a utilization range according to its maximum
projected loading. The resulting distribution shows the number of transformers falling into each
category (see Figure 7.27).
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Figure 7.27 Number of MV/LV transformers per utilization range (2035)

In the 2035 scenario, transformer utilization shifts significantly toward higher ranges.
Approximately 35% of transformers exceed 80% loading, while around 22% reach utilization
levels above 100%. Figure 7.28 presents the distribution of transformer sizes within the higher
utilization ranges observed in the 2035 scenario.
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Since Creos aims to plan a future-proof grid that ensures operational flexibility in the event of
outages, all transformers with an expected loading above 80% are to be reinforced within the
next ten years, resulting in 990 stations identified for further analysis.

7.5.2 LV distribution cables

As in the previous chapter, the analysis of cable utilization in the 2035 scenario is based on
worst-case loading. Each cable is assigned to a utilization range according to its maximum
projected value. The resulting distribution indicates how many cables fall within each category

(see Figure 7.29).
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Figure 7.29 Number of LV distribution cables per utilization range (2035)

Most cables remain below the 80% loading threshold, while approximately 4% exceed 80%,
and about 2% reach utilization levels above 100%. Figure 7.30 illustrates the distribution of the
most prominent cable types within the higher utilization ranges for the 2035 scenario.



138 Distribution Network Development Plan

800

3

5 600

©

o

U

2 400

(]

R

E 200 I I

=z

0 . | | J— -
Q 3 Q 3 X
£ g g £ g
> S = S =
2 3 5 : N
o N N X
00 o o o
= 2 2 p
Worst-case loading [%)]
BTS Cu 95/95 mBTS Cu 120/70 BTS Cu 150/150 BTS Cu 95/50
BTS Alu 240/240 EBTS Alu 150/150 BTS Cu 50/25
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Figure 7.31 illustrates the distribution of cable length for the most prominent cable types across
the higher utilization ranges.
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Figure 7.31 Length and type of cables in high utilization ranges (2035)

Similar to the approach for transformer stations, the objective over the next ten years should
be to gradually reinforce all low-voltage cable sections with an expected loading of 80% or
more, amounting to over 160 km of cables to be reinforced.

7.5.3 LV connection points

For each connection point in the low-voltage grid, voltage levels in the 2035 scenario are
analysed. Each point is assigned to a voltage range based on its worst-case value, and the
resulting distribution shows the number of connection points falling into each category (see
Figure 7.32). Higher voltage ranges are typically observed at individual customers with low
consumption and high installed generation capacities.
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Figure 7.32 Number of LV connection points per voltage range (2035)

In 2035, some connection points are expected to exceed a +5% voltage deviation from the
nominal value, as shown in Figure 7.33.

100
90
80
70
60
50
40
30
20

" T
0

Number of points

[92% - 93%)
[93% - 94%)
[94% - 95%)

Worst-case voltage range [%]

Figure 7.33 Number of connection points with voltage deviations above 5% (2035)

Grid reinforcements must be planned to prevent any overvoltages or undervoltages exceeding
the permitted 5% threshold, in accordance with the limits defined in Chapter 7.1. By
reinforcing the previously identified undersized transformers and cable sections, voltage levels
at these connection points are expected to return to acceptable ranges.

7.6 Required reinforcements

The previous analysis identified 990 transformer stations requiring reinforcement over the next
ten years, primarily due to increasing loads on the low-voltage grid resulting from the
electrification of heating and mobility, as well as the growing number of photovoltaic
installations. This reinforcement can be implemented either through the replacement of
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transformers within existing stations or through the construction of additional stations in the
same area, in order to distribute local load more evenly.

It is estimated that two-thirds of the transformers will be replaced at their current locations,
while the remaining one-third will be alleviated through the construction of new stations. The
average cost for replacing a transformer in an existing station is estimated at €95,000, whereas
the construction of a new, fully equipped transformer station is estimated at €155,000. Based
on these assumptions, the total investment required is estimated at approximately €135 million
over the next ten years. These cost estimates are based on current average prices including
inflation and may increase in the future due to economic and market developments.

Over the past three years, Creos has installed an average of 151 transformers per year,
including transformer replacements with or without buildings and other necessary devices due
to age or expected overloading, the construction of additional transformer stations, new
housing estate developments, and replacements due to outages. The expected average of 99
transformer station interventions per year should be an achievable target. However, depending
on the type of building, the EU directive mandating SFe-free medium-voltage switchgear [26]
may require the complete replacement of additional transformer buildings rather than only the
equipment itself, which could have a considerable effect on project timelines and budget.

In addition to the transformer stations, approximately 160 km of low-voltage cable will require
reinforcement due to expected load increases by 2035, not including age-related
replacements. Based on an average cost of €250 per metre, including cables and civil
engineering works, this corresponds to a total estimated investment of €47 million over a ten-
year period. As with transformer-related reinforcements, these cost estimates are based on
current average prices including inflation and may increase over time due to economic and
market developments.

7.7 Evaluation of flexibility options

Flexibility in the low-voltage grid refers to the capability to dynamically adapt generation,
consumption, and storage in response to current network conditions. It facilitates the
integration of renewable energy sources, mitigates peak loads, and helps prevent local
congestion. With the progressing electrification driven by electric vehicles, heat pumps, and
photovoltaic systems, the relevance of local flexibility is increasing substantially.

To assess the practical impact of flexibility on network utilization, a simulation-based analysis
is conducted. The methodology focuses on evaluating the effects of flexibility within two
representative low-voltage networks of different ages. This comparison captures the influence
of varying household structures, technology mixes, and building characteristics on different
types of grid infrastructure.

7.7.1 Simulation setup

Two low-voltage network models are used in PowerFactory, representing real-life residential
areas: a modern residential area designed according to the latest grid calculation criteria,
offering strong switching options in case of outages or maintenance on neighbouring stations,
and an older area constructed before these criteria are implemented. These are hereafter
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referred to as “modern grid area” (MGA) and “conventional grid area” (CGA). Each model
includes one transformer and several feeders with multiple household connection points.

The simulation is based on typical household load profiles provided by the Fraunhofer Institute.
Five representative household types with ten profile variants each are used to reflect different
consumption behaviours. The household types considered are Family, Fulltime, HomeOffice,
PartTime, and Retired, representing different occupancy and activity patterns. The Family type
corresponds to a household with two adults and two children. Fulltime represents two adults
working full-time in office settings, while HomeOffice describes two adults working mainly from
home. PartTime includes two adults working part-time and Retired represents a single-person
household without regular employment.

Each household profile can be extended by adding an electric vehicle (EV), a heat pump (HP)
and a small or large photovoltaic (PV) system. For heat pumps, different curves are used for
MGA and CGA areas. A battery simulation is implemented in Jupyter and coupled to the
household profiles, with the battery being charged exclusively by the photovoltaic system. Two
operation modes are considered: one optimizing self-consumption and another applying peak-
shaving control. This setup enables an assessment of how different flexibility strategies
influence the resulting load patterns. For the self-consumption strategy, a battery capacity of
10 kWh with a charge and discharge power of 5 kW is applied and for the peak-shaving
strategy, a 15-kWh battery with a charge and discharge power of 5 kW is used. These
parameters are selected to approximate typical system sizes for residential applications.
Sensitivity tests indicate that using a uniform battery capacity of either 10 kWh or 15 kWh for
all households has only a limited impact on the aggregated results. A more detailed
optimization, adjusting battery capacity and control individually for each household, would
likely improve local performance but is beyond the scope of this analysis.

The following scenarios were defined to evaluate the combined effects of different
technologies:

Base consumers

Consumers + EV

Consumers + HP

Consumers + EV + HP

Consumers + EV + HP + PV

Consumers + EV + HP + PV + Battery (Self-Consumption)
Consumers + EV + HP + PV + Battery (Peak-Shaving)

NoOakr~WON =

Load profiles generated for the seven defined scenarios are imported into PowerFactory and
distributed randomly across the grid models to perform load-flow simulations for representative
winter (January) and summer (June) months. The results are analyzed to derive key indicators
such as the utilization of cables and transformers, as well as the voltage levels at the
connection points.

7.7.2 Results

For each area, month, and asset, one diagram is prepared showing all seven flexibility
scenarios. Figure 7.34 illustrates the transformer loading for the “conventional grid area”
(CGA) in January (top left) and June (bottom left), and for the “modern grid area” (MGA) in
January (top right) and June (bottom right).
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Figure 7.34 Transformer loading in the CGA and MGA for a week in January and June

Additional plots are created for visual clarity, highlighting selected scenarios to illustrate
characteristic load patterns. The first step of the analysis compares transformer loading
between the base load (in red) and the full asset configuration (in green), which includes
electric vehicles, heat pumps, and photovoltaic systems. The objective is to illustrate the
overall impact of the integrated assets on transformer utilization. For both the CGA and the
MGA, the results are presented for January and June in Figure 7.35, following the same layout
as previously used.
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Figure 7.35 Transformer loading — Comparison between base load and full asset
configuration

In both areas, the integration of additional assets results in higher overall transformer
utilization. In the CGA, the transformer tends to exceed its rated capacity during particularly
cold winter days with increased heating and warm water demand. The influence of photovoltaic
generation varies seasonally, slightly reducing daytime loading in winter but increasing midday
peaks in summer as a result of feed-in. In the CGA, transformer loading reaches over 80%
during summer conditions.

The analysis is further expanded to assess the influence of different battery operation
strategies. Two strategies are evaluated: self-consumption optimization (SC) and peak-
shaving control (PS), both using batteries charged exclusively by the photovoltaic system.
Figure 7.36 illustrates the transformer loading for both residential areas and both seasons,
comparing the two battery strategies across all four cases.

Across all simulations, both battery operation strategies influence the transformer load profile,
although the overall impact remains moderate. This can be explained by one of three factors,
depending on the specific conditions of each household and scenario: the battery capacity is
too small compared to the photovoltaic generation volume; the PV generation volume is too
low to sufficiently charge the battery and prevent peak loads later on; or the household
consumption is too low to fully discharge the battery and enable effective PV peak shaving.
The overall impact is therefore highly dependent on the specific battery configuration,
particularly the installed capacity and the defined shaving limits.
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The peak-shaving control generally achieves a stronger reduction of evening peaks, while in
a few individual cases the self-consumption mode results in slightly better smoothing of
daytime variations. As the batteries are charged exclusively by photovoltaic generation, their
effect also varies with seasonal irradiation and PV output. With optimized configurations and
advanced control algorithms, a significantly stronger influence can be expected.
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Figure 7.36 Comparison of the impact of different battery strategies: self-consumption
optimization (left) and peak-shaving control (right) in the CGA (top) and the MGA (bottom)
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Cable loading is evaluated as part of the same load-flow simulations, based on the utilization
of each low-voltage line section relative to its rated current capacity. Overall, the cable loading
behaviour in each area corresponds to that of the transformer. Figure 7.37 illustrates the
loading of the most utilized cable section for all scenarios in January and June for both
residential areas. In the CGA, cable loading reaches almost 60% during winter conditions,
reflecting the higher demand from heating.

CGA - January MGA - January

Cable loading [%]
Cable loading [%]

CGA-June MGA - June

Cable loading [%]
Cable loading [%]

——Base Load ——Base Load + EV
——Base Load + HP ——Base Load + EV + HP
Base Load + EV + HP + PV ——Base Load + EV + HP + PV + Batt (SC)

——Base Load + EV + HP + PV + Batt (PS)

Figure 7.37 Cable loading in the CGA and MGA for a week in January and June

Voltage deviation is evaluated at all connection points of both low-voltage networks. Across
all scenarios, voltage levels remain within acceptable limits. Stronger dips occur in cases with
electric vehicles and heat pumps, particularly in January in the CGA, where a voltage drop of
over 4% is observed. Combined with a possible voltage drop of 5% in the upstream medium-
voltage grid, the acceptable 10% threshold risks being exceeded. Photovoltaic generation
leads to higher voltages during midday, particularly in summer. Batteries have a stabilizing
effect, slightly reducing the range of fluctuations. Figure 7.38 illustrates the voltage deviation
from the nominal voltage of 1.0 p.u. at the most affected connection point for all scenarios in
January and June for both residential areas.
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Figure 7.38 Voltage deviation in the CGA and MGA for a week in January and June

7.7.3 Conclusion

Regarding the loading of assets, photovoltaic generation exerts the strongest influence on
network utilization, particularly during summer, when feed-in leads to additional current flow
and higher loading levels. The impact of electric vehicles and heat pumps on the network is
clearly observed in the simulations, especially during evening hours with increased demand.
Battery systems show visible effects in reducing peak loads and smoothing load profiles,
particularly under peak-shaving control. However, the magnitude of these effects varies
significantly with the chosen battery configuration, including capacity, control strategy, and
shaving limits. In addition, as the batteries in this study are charged exclusively from
photovoltaic generation, their effectiveness is further constrained.

The modern grid area (MGA) demonstrates sufficient network capacity and moderate
utilization levels, whereas the conventional grid area (CGA) exhibits considerably higher
loading and more pronounced voltage variations. These differences are mainly attributed to
the higher base load and the use of heat pumps in old buildings with lower efficiency, combined
with a weaker grid infrastructure. Battery operation provides some local relief but is not
sufficient to fully compensate for the higher overall utilization.

Generally, it is observed that the CGA is at risk of overloading during periods of high demand
in winter (heat pumps and electric vehicles) and during times of high local renewable
generation in summer. In the MGA, designed according to the revised grid calculation criteria,
loading peaks remain more moderate. This offers the ability to switch loads from one
transformer to another in the event of an outage or maintenance, an operational flexibility not
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available in the CGA, which places constraints on grid operation in these areas.

Voltage deviations remain within acceptable technical boundaries in all simulated cases.
Photovoltaic feed-in causes higher voltage levels during midday, while batteries help stabilise
the voltage profile. However, during cold periods in the CGA, voltage deviation thresholds of -
10% risk being exceeded when combined with voltage dips in the upstream medium-voltage
network. Creos continues to monitor voltage conditions in its low-voltage networks to ensure
operational reliability.

The comparison of both areas underlines the importance of network-specific flexibility
assessments. Older networks with limited reserve capacity and heterogeneous consumer
structures are more sensitive to decentralized generation and electrification effects,
highlighting the potential need for targeted flexibility measures or reinforcement strategies. In
general, developing a grid-friendly tariff that aims to smooth load peaks in the low-voltage
network during both the high demand and high generation periods remains a high priority, as
it enables Creos to operate both new and existing networks more efficiently. At the same time,
guiding battery operation towards grid-friendly behaviour has additional potential to reduce
peak loads, although the magnitude of this effect remains dependent on battery configuration.
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8. Conclusion

The Distribution Network Development Plan (DNDP) consolidates a comprehensive
assessment of Luxembourg’s electricity distribution infrastructure across all voltage levels and
provides a coordinated roadmap for its development over the coming decade. Building on the
projections of the Scenario Report and the detailed analyses performed throughout this
document, including currently known connection capacity requests, the DNDP establishes a
transparent, data-driven basis for dimensioning the distribution grids in line with the national
energy and climate targets.

The results highlight a structurally evolving electricity system shaped by rising demand from
electrification of mobility, heating and industry, and by a rapid increase in decentralized
renewable generation. These developments redefine power flows at all voltage levels,
necessitating targeted reinforcements, grid extensions and optimizations.

At the high-voltage level, the analyses identify clear regional patterns of constraint, driven
primarily by the strong growth in renewable injection in the North and East and the substantial
demand growth in the Centre and South. The projected overloads are addressed through
region-specific reinforcement packages, including new substations, additional connections,
and a stepwise transition from 65 kV to 110 kV, significantly increasing distribution capacity
and improving operational resilience. Cost-benefit analyses demonstrate that, in selected
cases, downward or upward flexibility constitutes a viable option to defer individual
investments, though flexibility remains beneficial only under specific boundary conditions, and
reinforcement remains indispensable in regions with structural deficits. The main investment
implications for the HV grid are summarized in the aggregated Table 8.1 for HV lines and
Table 8.2 for HV/MV stations, which provide a regional overview of the corresponding project
volumes, asset scope, and costs up to 2035.

Sum of New Sum of Line Sum of Other Sum of Costs
Region Lines [m] Replacements [m] Line Works [m NDP Lines [M €]
Center 47.000 23.000 0 77,0
East 0 24.700 26.100 51,8
North 21.900 200 109.800 41,5
South-East 7.900 4.700 0 16,2
South-West 12.600 6.400 0 15,6
West 30.500 0 0 40,7
Grand Total 119.900 59.000 135.900 2429

Table 8.1 Regional summary of HV line measures
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Count of New Count of Station Count of other Sum of Costs NDP

Stations Replacements Station Works | Stations [M €]
Center 1 7 2 209.,4
East 0 3 1 64,7
North 2 5 3 134,0
South-East 1 2 0 46,8
South-West 0 3 3 106,0
West 1 0 2 13,9
Grand Total 5 20 11 574,8

Table 8.2 Regional summary of HV station measures

At the medium-voltage level, the feeder-level assessment reveals a substantial increase in
loading by 2030 and 2035. Scaling factors derived from the Scenario Report, combined with
point loads for industrial projects and decentralized generation, provide a realistic
representation of future grid states. The identification of loading-driven and structural
constraints leads to a portfolio of optimization, reinforcement, and expansion measures based
on the NOVA principle. In addition, a cost-benefit analysis for the Senningerberg — Munsbach
area shows that flexibility may economically defer reinforcements for a limited period but not
avoid them completely. The main medium-voltage reinforcement measures are summarized
by region in Table 8.3 and illustrate the scale of the investments required within the planning
horizon.

Sum of New | Sum of Line Sum of Costs

Region Lines [m] Replacements [m] NDP Lines [M €]

North 28.700 82.300 34,9
East 24.500 26.200 15,2
Center 2.200 16.100 18,9
West 20.800 15.700 10,3
South-West 8.400 7.500 3,9
South-East 13.900 26.200 13,5
Total 98.500 174.000 96,7

Table 8.3 Regional summary of MV line measures

At the low-voltage level, the simulation-based assessment using Smart Meter data provides
a granular understanding of current grid conditions and future reinforcement needs. While
today’s LV grid largely operates within acceptable ranges for transformer loading, voltage
deviation and cable utilization, the 2035 scenario illustrates a pronounced rise in loading due
to the combined effects of heat pumps, electric vehicles, and photovoltaic systems.
Approximately one third of LV transformers and several thousand cable segments require
reinforcement within the planning horizon. The evaluation of flexibility options indicates that
local battery systems can mitigate peak loads and voltage variations, but their effectiveness
strongly depends on technological configuration and operating strategies. The results confirm
that flexibility can complement, but not replace, the structural reinforcements needed to
maintain system quality under growing electrification. The main reinforcement results for this
voltage level are consolidated in the aggregated Table 8.4 for MV/LV stations and Table 8.5
for LV lines, which provide an overview of associated numbers and costs.
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Count of New Count of Station Sum of Costs NDP

Stations Replacements Stations [M €]
660 330 135

Table 8.4 Summary of LV station measures

Sum of New Sum of Line Sum of Costs NDP
Lines [m Replacements [m] Lines [M €

107.000 53.000 47

Table 8.5 Summary of LV line measures

Across all voltage levels, the DNDP highlights the increasing relevance of flexibility, both as
an operational tool and as a potential complement to traditional grid reinforcements. Flexibility
offers measurable benefits in selected cases, particularly where overloads are moderate or
structurally temporary. Nevertheless, many constraints — especially those involving regional
bottlenecks requiring the electrical development of a new area or endangering N-1 security —
require structural measures that provide long-term, predictable capacity. Similarly, necessary
modernization measures cannot be replaced by flexibility, as they address ageing
infrastructure and fundamental system requirements. Flexibility therefore forms part of an
integrated planning approach, complementing but never substituting physical reinforcement
where structural, security-related, or asset-condition constraints arise.

The DNDP also underscores the necessity of a coordinated and iterative grid planning cycle.
Biennial updates of the Scenario Report and the Network Development Plans ensure that
infrastructure planning remains aligned with technological developments, policy priorities, and
evolving demand and generation patterns, while accounting for the increasing relevance of
electrification and the expanding role of decentralized resources. The planning process
therefore continuously integrates empirical data, stakeholder feedback, and updated scenario
trajectories to maintain a robust and adaptive long-term perspective.

In conclusion, the DNDP establishes a forward-looking, scientifically grounded plan for the
development of Luxembourg’s distribution grid. It defines the reinforcements required to
maintain security of supply across all voltage levels, supports the connection of renewable
energy sources, and integrates flexibility as an emerging system resource. By combining
technical analyses, economic evaluation, and strategic system development considerations,
the DNDP contributes to the realization of a resilient, efficient, and climate-aligned electricity
system capable of supporting Luxembourg’s long-term energy transition.

In line with national regulatory requirements, the DNDP undergoes a public consultation
process, ensuring transparency and enabling all stakeholders to contribute to the further
refinement of long-term grid development. The consultation provides an opportunity for
municipalities, industrial and commercial actors, renewable energy developers, civil society,
and the general public to review the proposed measures and submit comments. The feedback
received during this process forms an integral part of the iterative planning cycle and
contributes to a robust, inclusive, and evidence-based approach to shaping the future
electricity distribution network of Luxembourg.



Bibliography 151

9. Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Creos Luxembourg S.A., “Plan de développement du réseau 2024-2034,” [Online].
Available: https://www.creos-net.lu/particuliers/creos-luxembourg/ndp.

Creos Luxembourg S.A., “Scenario Report 2040 — Version 2024,” [Online]. Available:
https://www.creos-net.lu/particuliers/creos-luxembourg/scenario-report-2040-version-
2024.

European Union, “Consolidated text: Directive (EU) 2019/944 of the European
Parliament and of the Council of 5 June 2019 on common rules for the internal market
for electricity and amending Directive 2012/27/EU (recast) (Text with EEA relevance),”
[Online]. Available: https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A02019L0944-20240716.

Journal Officiel du Grand-Duché de Luxembourg, “Loi du 1er aolt 2007 relative a
I'organisation du marché de I'électricité,” 9 June 2023. [Online]. Available:
https://assets.ilr.lu/energie/Documents/ILRLU-1685561960-1117.pdf.

European Commission, “National energy and climate plans,” [Online]. Available:
https://commission.europa.eu/energy-climate-change-environment/implementation-eu:
countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-
plans_en.

ILR, “Orientations et recommandations relatives aux processus d’établissement et de
mise a jour des plans décennaux de développement des réseaux d’électricité,”
[Online]. Available: https://www.ilr.lu/wp-content/uploads/ilr-elc-cp-2025-03-20-
Orientations_recommandations_plan_decennal.pdf.

CEER, “ACER-CEER guidance on Electricity Distribution Planning,” [Online].
Available: https://www.ceer.eu/publication/acer-ceer-guidance-on-electricity-
distribution-planning/.

DSO Entity, “DSO Entity’s identified good practices on Distribution Network
Development Plans,” [Online]. Available: https://eudsoentity.eu/wp-
content/uploads/2024/09/DSO-Entitys-identified-good-practices-on-Distribution-
Network-Development-Plans_Final.pdf.

Creos Luxembourg S.A., “Capacity Reservation Process for Generation Units from
Renewable Energy Sources,” [Online]. Available: https://www.creos-
net.lu/fileadmin/public/images/downloads/gb_Info_Capacity-
Reservation.pdf?t=1759590100168.

Creos Luxembourg S.A., LIST, SnT, “FlexBeAn Project,” [Online]. Available:
https://www.flexbean.lu/.

Creos Luxembourg S.A., “Creos - About Us,” [Online]. Available: https://www.creos-
net.lu/en/particuliers/creos-luxembourg/about-us.

Creos Luxembourg S.A., “Creos - Electricity Transmission Grid,” [Online]. Available:
https://www.creos-net.lu/en/particuliers/creos-luxembourg/electricity-grid.

Creos Luxembourg S.A., “Plan de développement du réseau 2024-2034,” 2024.
[Online]. Available: https://www.creos-net.lu/particuliers/creos-luxembourg/ndp.



152

Distribution Network Development Plan

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Creos Luxembourg S.A., “Creos Annual Report 2024,” [Online]. Available:
https://www.creos-net.lu/fleadmin/dokumente/downloads/ANNUAL_REPORT2024-
WEB_DEF.pdf?t=1747612800051.

DIgSILENT - Power System Solutions, “PowerFactory Applications,” [Online].
Available: https://www.digsilent.de/en/powerfactory.html.

DataThings, “KOPR - SMART GRID Al TWIN,” [Online]. Available: https://kopr-
twin.com/.

DIN MEDIA, “DIN EN 50160:2020-11 Voltage characteristics of electricity supplied by
public electricity networks”.

DSO Entity; ENTSO-E, “Definition of the type and format of data and the methodology
for the analysis by transmission system operators and distribution system operators of
the flexibility needs at national level,” [Online]. Available: https://eudsoentity.eu/wp-
content/uploads/2025/04/FNA-methodology ENTSOE_DSO-Entity.pdf.

ACEA, “Interactive maps — Electric trucks: stop locations, western Europe,” [Online].
Available: https://www.acea.auto/figure/interactive-maps-electric-trucks-stop-locations-
western-europe/.

STATEC - Institut national de la statistique et des études économiques, “Regards 13
sur le stock des batiments et logements,” 2017.

Ministére de I'Energie et de I'Aménagement du territoire, “Plan directeur sectoriel «
zones d'activités économiques »,” [Online]. Available: https://amenagement-
territoire.public.lu/fr/plans-caractere-reglementaire/plans-sectoriels-
primaires/zones_activites_economiques.html.

Enedis, “Valorisation économique des Smart Grids : Contribution des gestionnaires de
réseau public de distribution,” 2017. [Online]. Available:
https://www.enedis.fr/sites/default/files/documents/pdf/rapport-valorisation-
economique-des-smart-grids.pdf.

Ministére de I'Economie, “Zuverlassigkeitstandard fiir Luxembourg und Deutschland,”
[Online]. Available: https://meco.gouvernement.lu/dam-assets/le-
ministere/fonctions/energie/electricite/Zuverlassigkeitsstandard-mit-Unterschriften.pdf.

European Energy Exchange (EEX), “Power Market Data — Market Data Hub,” [Online]
Available: https://www.eex.com/en/market-data/market-data-
hub/power/futures#%7B%22snippetpicker%22%3A%2228%22%7D.

Creos Luxembourg S.A., “Critéres de planification a long terme des réseaux
électriques a haute tension,” [Online]. Available: https://www.creos-
net.lu/fileadmin/dokumente/downloads/fr_planification_reseaux_ht.pdf?t=1768573014
977.

European Union, “Regulation (EU) 2024/573 of the European Parliament and of the
Council of 7 February 2024 on fluorinated greenhouse gases, amending Directive
(EU) 2019/1937 and repealing Regulation (EU) No 517/2014 (Text with EEA
relevance),” [Online]. Available: https://eur-lex.europa.eu/eli/reg/2024/573/oj/eng.
VDE, “DIN VDE 0276-1000 VDE 0276-1000:1995-06, Power cables, Current-carrying
capacity, general; conversion factors,” 1995.



Bibliography 153

[28]

[29]

[30]

[31]

VDE, “DIN VDE 0276-620 VDE 0276-620:2024-12, Distribution cables with extruded

insulation for rated voltages from 3,6/6 (7,2) kV up to and including 20,8/36 (42) kV,”
2024.

“‘Réglement ILR/E24/18 du 28 juin 2024 arrétant les méthodes de calcul des tarifs
d’utilisation des réseaux de transport, de distribution et industriels et des services
accessoires pour la période de régulation 2025 a 2028 - [...]- Secteur électricité,”
[Online]. Available: https://legilux.public.lu/eli/etat/leg/rilr/2024/06/28/a290/jo.

Ministére de I'Environnement, du Climat et du Développement durable, “380 -
Modernisierung der Hochspannungsinfrastruktur auf dem Teilabschnitt Bofferdange-
Aach (DE),” [Online]. Available:
https://environnement.public.lu/content/environnement/fr/femweltprozeduren/evaluatio
n-incidences-
eie/projets_eie/2019/97708_Creos_Hochspannung_Bofferdange _Aach.html.

Enedis, “Quelle est la valeur socio-économique de la continuité d’alimentation du
Réseau Public de Distribution géré par Enedis ?,” 2021. [Online]. Available:
www.enedis.fr.



154 Distribution Network Development Plan

10. Appendix

10.1 Project descriptions

10.1.1 Region North

Construction of the new Colmar-Berg station

Project ID: P7103

Technical specification: COLMAR-BERG, construction of a new 110-65/20 kV
station

Advancement status: Under construction

Reason: Switch to 110 kV of Region North

Commissioning date: 2025

Project description:

The Colmar-Berg station is planned as part of the preparatory works for the transition from
65 kV to 110 kV in Region North, scheduled for 2031. As many large industrial clients in the
region operate their own private 65kV transformers, a solution is required to ensure the
continuation of seamless operation for these customers.

In addition, the station will support the optimized distribution of load from the underlying
medium-voltage grids, notably by relieving the projected overloading at Roost station, which
is expected to reach its maximum capacity by 2031.

The realisation of the station is completed, only work considering the connection of the MV
grid is carried out in 2025.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Construction of the new Flebour - Walsdorf - Marnach connection

Project ID: L7120 & L7121

Technical specification: FLEBOUR-WALSDORF & WALSDORF-MARNACH,
construction of a new 110 kV ready connection
(cables and overhead lines)

Advancement status: Under construction

Reason: Overload

Expected commissioning date: | 2026
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Project description:

Grid extension through the construction of a new connection between Flebour, Walsdorf,
and Marnach, as the analysis of future load flows identifies the Flebour - Marnach,
Roullingen - Wiltz Usines and Wiltz Usines - Lentzweiler connections as the primary
bottlenecks in Region North, with overloads expected in 2026 under the demand scenario
and 2027 under the generation scenario.

This third parallel connection from Flebour to Marnach via Walsdorf will alleviate overloads
in both scenarios. In the demand scenario, the reinforcement ensures that, in an N-1 event,
the load of a failed line or cable can be redistributed between the remaining two connections.
In the generation scenario, the new connection enables a more balanced distribution of high
generation output across multiple paths.

This new connection also supports the switch to 110 kV in the region as it provides the
necessary flexibility for a stepwise upgrading of the lines.

The commissioning of this new connection is scheduled for 2026, thereby preventing the
forecasted overloads on the existing infrastructure.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Construction of the new Walsdorf station ‘

Project ID: P7113

Technical specification: WALSDORF, construction of a new 110-65/20 kV
station

Advancement status: In planning

Reason: Development of new area & overload

Expected commissioning date: | 2030

Project description:

The construction of the new Walsdorf station enables targeted grid development in the
eastern part of Region North, alleviating the load from demand and generation on the
medium-voltage sections of the Marnach and Flebour stations, which are projected to be
overloaded in 2031 and 2033, respectively.

A high volume of connection requests for wind parks is already concentrated in the vicinity
of the planned Walsdorf station, further reinforcing the need for this infrastructure expansion.

No CBA comparing with flexibility is performed for this project, as it represents the
development of a new area. Failure to construct the necessary grid infrastructure would
prevent the connection of multiple renewable energy installations.
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Switch to 110 kV in the Region North \

Project IDs / Technical P5101 / BISSEN station 220/110-65/20 kV, installation
specifications of a 110kV GIS replacing the 65 kV section of
substation P6114-ROOST

P5105 / FLEBOUR station, modernization/upgrade to
110 kV of 65/20 kV station

P5109 / ROOST station, relocation of transformer A to
BISSEN station

P6107 / LENTZWEILER station,
modernization/upgrade to 110 kV of 65/20 kV station
P6110 / ROULLINGEN station,
modernization/upgrade to 110 kV of 65/20 kV station
P7106 / INGELDOREF station, modernization/upgrade
to 110 kV of 65/20 kV station

P7108 / MARNACH station, modernization of 110-65
kV part of the station

L6104 / INGELDORF-STAUSEI connection,
replacement of 65 kV line insulators with 110 kV line
insulators

L6105 / STAUSEI-ROULLINGEN connection,
replacement of 65 kV line insulators with 110 kV line
insulators

L6107 / FLEBOUR-MARNACH connection,
replacement of 65 kV line insulators with 110kV line
insulators

L6108 / FLEBOUR-ROULLINGEN connection,
replacement of 65 kV line insulators with 110kV line
insulators, conductor replacement, pylon
reinforcement

L6111 / MARNACH-LENTZWEILER connection,
replacement of 65 kV line insulators with 110 kV line
insulators

L6114 / FLEBOUR-INGELDOREF connection,
replacement of 65kV line insulators with 110 kV line
insulators

L6304 / BISSEN-TREFILARBED BISSEN connection,
underground connection to the new station BISSEN
L7101 / BISSEN-COLMAR connection, replacement
of 65 kV ROOST-COLMAR connection (110 kV)

Advancement status: Under construction

Reason: Overload

Expected commissioning date: | 2031
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Project description:

This project aims to optimise the use of the existing grid infrastructure by upgrading its
operating voltage from 65kV to 110kV. To enable this transition, adaptations to various
substations, overhead lines, and underground cables are required to support the higher
voltage level.

The analysis of future demand and generation scenarios has identified several connections
and substations that are projected to reach or approach overload conditions by 2035. These
issues cannot be fully resolved by the construction of the new Flebour - Walsdorf - Marnach
connection and Walsdorf station alone, or any other reinforcement measures, nor by any
other individual reinforcement measure.

To ensure overall security of supply and to increase the transmission capacity within Region
North, a phased transition from 65kV to 110kV is planned until 2031. This upgrade will
address both the anticipated rise in electricity demand and the significant growth in
renewable generation capacity.

As part of this reinforcement program, all substations in the region will be equipped with at
least two 110 kV-ready transformers with a capacity of 50 MVA, effectively resolving the
projected substation overloads.

The Roullingen substation, which is projected to be overloaded by 2030, will be upgraded to
110kV in the same year.

A new 110 kV-ready substation in Bissen is scheduled for commissioning by 2026, replacing
the existing Roost substation.

The substations in Marnach, Lentzweiler, and Flebour will be progressively reinforced
through 2031, in line with the timing of projected overloads.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Increase of capacity in station Roost/Bissen ‘

Project ID: P5101

Technical specification: BISSEN station 220/110-65/20 kV, installation of a
third repurposed transformer

Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

Although the construction of the Colmar-Berg station will alleviate loading at Roost/Bissen,
it will not provide a permanent solution. As projected demand in the Roost/Bissen area
continues to rise, the station’s capacity is expected to be reached under N-1 conditions by
2035.

One potential option involves increasing capacity at the Roost/Bissen station by installing a
third 25/31 MVA 65/20 kV transformer. However, no new transformer investment would be
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required, as the unit would be repurposed following its decommissioning during the planned
transition to 110kV in Region North, given that it is not compatible with the higher voltage
level. The Roost/Bissen station would continue to operate at both 65 kV and 110kV, as the
eastern and western areas connected to Roost/Bissen are not expected to transition to
110kV in the near future.

Given that the projected overload is still nearly a decade away, this option will be re-
evaluated in future editions of the Network Development Plan, once demand projections and
actual load trends become more certain. A CBA will be conducted to assess whether the
addition of this third transformer can be postponed through the application of flexibility
measures (see annex 10.2.1).

Increase of capacity in station Marnach ‘

Project ID: P7108

Technical specification: MARNACH station 110-65/20 kV, installation of a third
transformer with construction of an additional
transformer bay

Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

The construction of a new substation in Marnach is already underway and forms part of the
regional transition from 65 kV to 110 kV. As part of this modernisation step, the station is
planned to be equipped with two 40/50 MVA, 65(110)/20 kV transformers.

However, due to the high number of capacity requests for wind farms, the new station is
projected to become overloaded by 2035. The forecasted generation exceeds 100 MVA by
2035, making an additional reinforcement necessary.

One potential option involves increasing capacity at the station by installing a third 40/50
MVA, 65(110)/20 kV transformer, which would require the construction of an additional
transformer bay.

Given that the projected overload is still nearly a decade away, this option will be re-
evaluated in future editions of the Network Development Plan, once demand projections and
actual load trends become more certain. A CBA will be conducted to assess whether the
addition of this third transformer can be postponed through the application of flexibility
measures (see annex 10.2.2).
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10.1.2 Region East

Works on overhead line Roost/Bissen-Freckeisen ‘

Project ID: L6210

Technical specification: Part 1: ROOST/BISSEN-FRECKEISEN, partial
undergrounding

Part 2: ROOST/BISSEN-FRECKEISEN, partial pylon
replacement

Advancement status: Under construction/In planning

Reason: Client request/Overload

Expected commissioning date: | 2026 (part 1)
2029 (part 2)

Project description:

Part 1: The first 3.7 km of the Roost-Freckeisen line, starting from the Roost substation, was
laid underground over a length of 1.5 km in 2021. Furthermore, Creos was commissioned
by a client to carry out a further request for partial cabling of 600 m on this remaining section
of the overhead line. In addition, a connection to the new 110 kV substation Bissen must be
established, which would have left only a few small sections of overhead line above ground.
As it would not have made sense from a technical and electrical point of view to leave these
overhead lines, it was decided to proceed to their undergrounding.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Part 2: The Roost/Bissen - Freckeisen overhead line can currently be operated at a
maximum temperature of 40 °C, which limits its admissible transfer capacity. This design
constraint is expected to cause overloads in both demand and generation scenarios as of
2030, as the line represents one of the two main infeeds supplying the eastern region.

It is possible to upgrade the line to permit operating temperatures of up to 80 °C, thereby
significantly increasing its load-carrying capacity and preventing the projected overloads in
both demand and generation scenarios. To achieve this, several pylons must be replaced
with higher structures to accommodate the increased conductor sag at higher temperatures.

As this project concerns one of the two main infeeds supplying Region East and is essential
to maintain security of supply, no CBA comparing with flexibility will be conducted to evaluate
flexibility as an alternative measure.

Undergrounding of overhead line Junglinster - Betzdorf - Potaschbierg

Project ID: L7202 & L7213

Technical specification: JUNGLINSTER-BETZDORF-POTASCHBIERG &
BETZDORF-POTASCHBIERG, undergrounding of
overhead line
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Advancement status: Under construction

Reason: Compensation measure

Expected commissioning date: | 2030

Project description:

This undergrounding measure is implemented as compensation measure as described in
the EIA (Environmental Impact Assessment) [30] for the construction of the new 380 kV
overhead line (project 380 kV). In this context, the Betzdorf substation will be fully integrated
into the connection between Junglinster and Potaschbierg, while the Beidweiler substation
will be decommissioned and the load will be transferred to the MV grid.

No CBA comparing with flexibility is carried out for compensation measures.

Renewal of the Freckeisen station ‘

Project ID: P6206

Technical specification: FRECKEISEN, renewal of the 110-65/20 kV station
Advancement status: In planning

Reason: Overload

Expected commissioning date: | 2031

Project description:

The construction of a new substation in Freckeisen is planned to replace the existing
substation, equipped with two 25/31 MVA transformers, in order to prepare for the transition
from 65 kV to 110 kV in Region East and to provide the required capacity for the production-
driven increase in loading. The renewed station is planned to enable the placement of up to
three transformers.

Due to the high number of connection requests for new renewable generation facilities, the
current Freckeisen station is projected to be overloaded as early as 2029. Based on the
projected generation, 66 MVA would be required in 2029, with an expected maximum of 84
MVA in subsequent years, according to current connection requests.

The estimated costs are based on the renewal of the substation and the installation of two
40/50 MVA transformers. However, the reuse of three 25/31 MVA transformers is also
considered as an alternative.

In 2025 and 2026, work will be done on the MV part of the Freckeisen station to
accommodate all authorized large renewable installations, before starting with the HV
part in 2028.

A CBA will be conducted to assess whether the addition or reinforcement of transformers
can be postponed through the application of flexibility measures, given that the expected
commissioning date currently extends beyond the projected date of necessity, or whether
the project schedule requires adaptation (see respective sub-chapter).
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Integration of new stations Steinsel and Bofferdange into Heisdorf-Junglinster

connection

Project ID: L6201

Technical specification: HEISDORF-JUNGLINSTER, integration of new
stations STEINSEL and BOFFERDANGE into existing
connection

Advancement status: In planning

Reason: Project 380 kV

Expected commissioning date: | 2030

Project description:

As part of the introduction of the 380 kV voltage level, the Heisdorf (220/65/20 kV) substation
will be replaced by two substations in Bofferdange (380/220/110 kV) and Steinsel (110/20
kV). The original connection from Junglinster to Heisdorf will therefore be integrated into the
two new stations in several phases.

Since this project concerns one of the two main infeeds supplying Region East and forms
an integral part of the 380 kV grid expansion, no CBA comparing with flexibility will be
conducted, as flexibility cannot serve as an alternative measure for this type of
reinforcement.

Renewal of the Potaschbierg station ‘

Project ID: P6209

Technical specification: POTASCHBIERG, renewal of the 110-65/20 kV station
Advancement status: In planning

Reason: Supply security

Expected commissioning date: | 2030

Project description:

The Potaschbierg substation is currently equipped with a single transformer, which is
projected to experience overloads under both demand and generation scenarios by 2031.
To address these constraints, the construction of a new substation with three transformer
bays is planned, designed to accommodate anticipated future loads exceeding 31 MVA by
2031 and 40 MVA by 2035 under the demand scenario.

Currently, N-1 security is ensured through several resupply options from other HV/MV
transformer substations via the medium-voltage grid. However, with increasing demand, this
will no longer be sufficient in the future, and the installation of at least two transformers is
required.

The estimated costs are based on the installation of two 40/50 MVA transformers, although
the reuse of three 25/31 MVA transformers is also being considered and may be decided
upon at a later stage.




162 Distribution Network Development Plan

No CBA comparing with flexibility will be conducted for this project, as it ensures compliance
with the N-1 criterion under future demand projections.

Renewal of the Bocksbierg station ‘

Project ID: P6202

Technical specification: BOCKSBIERG, renewal of the 110-65/20 kV station
Advancement status: In planning

Reason: Modernization

Expected commissioning date: | 2034

Project description:

The Bocksbierg substation was commissioned in the 1980s and needs to be modernized. It
will be equipped with three transformer bays and constructed 110 kV-ready to ensure
compatibility with the transition from 65 kV to 110 kV in Region East.

Additionally, the current substation has insufficient space for medium-voltage cells, limiting
the connection of new large renewable installations. The new station will therefore be
equipped with an increased number of MV cells to accommodate future connections.

The estimated costs refer to the use of two 40/50 MVA transformers. However, also the re-
use of three 25/31 MVA transformers may be possible, which would reduce the costs.

No CBA comparing with flexibility is performed for modernization measures.

To mitigate the projected overload in 2032 on the second infeed in Region East — the Heisdorf
- Junglinster connection — two alternative options are currently under analysis. Based on
current cost estimates and implementation feasibility, alternative 1 appears to be the preferred
solution; however, this assessment must be re-evaluated depending on the future availability
of 110/65 kV autotransformers.

Alternative 1: 110 kV operation of the Bofferdange - Junglinster connection

Project ID: L6201 & P7208

Technical specification: BOFFERDANGE-JUNGLINSTER, 110 kV operation
using autotransformer

Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

As part of the long-term plan for a 110 kV transition in the eastern region, the connection
between Bofferdange and Junglinster is to be upgraded for 110 kV operation. In parallel, a
new substation in Bofferdange is foreseen as part of the new 380 kV transmission line,
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replacing the existing Heisdorf substation. This new facility will be equipped with 380/110 kV
transformers, enabling the distribution of 110 kV to other substations.

To mitigate the projected overload in 2032 on the Bofferdange - Junglinster connection in
65 kV operation, and even prior to a complete regional transition to 110 kV, it will be possible
to operate this connection at 110 kV through the installation of two 110/65 kV 130 MW
autotransformers at Junglinster.

Upgrading this line to 110 kV would substantially increase its transfer capacity and thereby
prevent the overloads projected for the Heisdorf - Junglinster connection for 2032 under both
the demand and generation scenarios.

As this project concerns one of the two main infeeds supplying Region East and is essential
to maintain security of supply, no CBA comparing with flexibility will be conducted to evaluate
flexibility as an alternative measure.

Alternative 2: Construction of a new connection Senningerberg - Betzdorf

Project ID: L7212

Technical specification: SENNINGERBERG-BETZDOREF, construction of
double underground cable

Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

To mitigate the projected overload on the Bofferdange - Junglinster connection in 2032, one
of the two main infeeds into Region East, a third infeed may be constructed from
Senningerberg to Betzdorf. This connection would be designed for 110 kV operation but
initially operated at 65 kV until the regional transition to 110 kV takes place. Such an option
would further increase the overall transfer capacity into Region East.

As this project concerns one of the two main infeeds supplying Region East and is essential
to maintain security of supply, no CBA comparing with flexibility will be conducted to evaluate
flexibility as an alternative measure.
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10.1.3 Region Center

Construction of the new Kirchberg station ‘

Project ID: P7612 & P6613 & L7616

Technical specification: KIRCHBERG, construction of a new 110-65/20kV
station

Advancement status: In commissioning

Reason: Modernization

Expected commissioning date: | 2027

Project description:

The new Kirchberg substation is planned to replace the existing Kirchberg A substation,
commissioned in the 1970s. The new installation has become necessary to ensure the
supply of the Luxtram network and will be 110 kV-ready, providing compatibility with future
voltage developments. It will serve as a strategic node for the distribution of power flows
from the future VHV substation Bofferdange towards the city.

No CBA is performed for projects that are in commissioning.

Construction of the new Senningerberg - Kirchberg connection

Project ID: L7614

Technical specification: SENNINGERBERG-KIRCHBERG construction of a
new 110kV ready cable connection

Advancement status: Commissioned

Reason: Connection of new station

Commissioning date: 2025

Project description:

The new connection between Senningerberg and Kirchberg allows the commissioning of the
new Kirchberg substation within the HV-Grid and establishes the junction between the city
and the future VHV substation Bofferdange.

No CBA is performed for projects already commissioned.

Construction of the new Weimershaff station ‘

Project ID: P7619 & L7613 & L7618 & L7616

Technical specification: WEIMERSHAFF, construction of a new 110-65/20kV
station

Advancement status: Under construction

Reason: Modernization

Expected commissioning date: | 2027
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Project description:

The existing Kirchberg B substation, commissioned in the 1970s, will be replaced by a new
110 kV-ready gas-insulated substation (GIS) due to its age and technical obsolescence. The
new station will be directly connected to the substations Europe, Blooren and Kirchberg. It
will relieve load from the Kirchberg and Europe substations from the medium-voltage grid
and will serve as a strategic node on the high-voltage level for the distribution of power flows
from the VHV substation Blooren.

No CBA comparing with flexibility is performed for projects under construction.

Construction of the new Merl station ‘

Project ID: P7616

Technical specification: MERL, construction of a new 110-65/20kV station
Advancement status: Under construction

Reason: Modernization & security of supply

Expected commissioning date: | 2028

Project description:

The existing Belair air-insulated substation, commissioned in the 1970s, will be replaced by
a new 110 kV-ready gas-insulated substation (GIS). The new installation will include two
additional feeders, improving integration within the high-voltage grid. This configuration
enables the connection of the future Hollerich substation and strengthens the security of
supply in the area.

No CBA comparing with flexibility is performed for projects that are already under
construction, include modernization measures, and ensure the security of supply to the HV
connection of an existing area.
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Construction of the new Hollerich station ‘

Project ID: P7610

Technical specification: HOLLERICH, construction of a new 110-65/20kV
station

Advancement status: Under construction

Reason: Overload

Expected commissioning date: | 2028

Project description:

The new Hollerich station will be 110kV ready and is positioned near the city center, allowing
to take over MV loads from the Belair/Merl and ECCO substations. It will also constitute a
crossing point on the HV-Level between the different infeeds from the VHV substations in
the city.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Construction of the new Europe - Hollerich - Merl connection

Project ID: L7620 & L7629

Technical specification: MERL-HOLLERICH-EUROPE, construction of a new
110kV ready cable connection

Advancement status: Under construction

Reason: Connection of new station

Expected commissioning date: | 2029

Project description:

The new connection enables the integration of the Hollerich substation into the high-voltage
grid and forms a second junction between the western (Bertrange) and eastern (Blooren)
VHYV injection points. This configuration increases the N-1 capacity and enhances network
interconnectivity, robustness, and operational flexibility.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Construction of the new ECCO - Hollerich connection ‘

Project ID: L7627

Technical specification: ECCO-HOLLERICH, construction of a new 110kV
ready cable connection

Advancement status: Under construction

Reason: Connection of new station & security of supply

Expected commissioning date: | 2029
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Project description:

The connection between the ECCO and Hollerich substations establishes a new path linking
the northern and southern connections of the VHV substations Bertrange and Blooren. This
cross-path enhances network interconnectivity, robustness, and operational flexibility,
thereby strengthening the security of supply for Luxembourg City.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Construction of the new Kirchberg - Schleed - Europe connection

Project ID: L7617 & P7606

Technical specification: KIRCHBERG-EUROPE via Schleed, construction of a
new 110kV ready cable connection
EUROPE, installation of two additional HV feeders

Advancement status: Under construction

Reason: Security of supply

Expected commissioning date: | 2029

Project description:

The new connection between the Europe and Kirchberg substations via Schleed will be
constructed to ensure the distribution of energy to the city centre from the future extra-high-
voltage (VHV) substation Bofferdange. This second supply path, in addition to the existing
Kirchberg - Weimershaff - Europe connection, ensures a more balanced distribution of
electricity and strengthens the continuity of supply in the event of a failure on one of the
connections.

No CBA comparing with flexibility is performed for projects that are already under
construction.
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Modification of the connection Cloche d’Or-Bertrange

Project ID: L6605

Technical specification: BERTRANGE-CLOCHE D'OR-HOWALD-
BONNEVOIE-BLOOREN, partial undergrounding and
connection of new station Leudelange

Advancement status: In planning

Reason: Client request & connection of new station

Expected commissioning date: | 2029

Project description:

The existing overhead line in the Kockelscheuer area will be replaced by an underground
cable due to third-party construction projects in the vicinity. The works also include
preparatory measures for the future connection of the planned Leudelange substation.

No CBA is performed for projects initiated by third parties.

Construction of the new Leudelange station ‘

Project ID: P7615

Technical specification: LEUDELANGE, construction of a new 110-65/20kV
station

Advancement status: In planning

Reason: Modernization & overload

Expected commissioning date: | 2030

Project description:

The new Leudelange substation is planned to replace the existing Cloche d’Or substation,
commissioned in the 1970s. The new installation will be 110 kV-ready and located further
south to strengthen the conurbation around the capital. The new location was chosen to
optimally cover the increasing energy demand in the activity zones of Leudelange and
Kockelscheuer and the power needs for electric mobility (bus and truck charging, tramway),
making this development essential to ensure adequate supply capacity.

No CBA comparing with flexibility is performed for modernization measures.

Construction of the new Bertrange - Leudelange - ECCO connection

Project ID: L7625

Technical specification: BERTRANGE-LEUDELANGE-ECCO construction of a
new 110kV ready cable connection

Advancement status: In planning

Reason: Connection of new station

Expected commissioning date: | 2031
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Project description:
The new Leudelange substation will be integrated into the high-voltage grid of the regions
Center and South-West.

No CBA comparing with flexibility is performed for this project, as it represents the
connection of the new station Leudelange.

Undergrounding of HV line Bonnevoie - Howald - ECCO

Project ID: L7623 & L7626

Technical specification: BONNEVOIE-HOWALD-ECCO & BONNEVOIE-
ECCO undergrounding of overhead line.

Advancement status: Under construction

Reason: Security of supply

Expected commissioning date: | 2029

Project description:

The underground connection through the southern part of the city strengthens the
interconnection between the VHV substations Blooren and Bertrange via the substations
Bonnevoie, Howald, and ECCO. This project increases distribution capacity within the city
and enhances operational flexibility.

Specifically, the substations Bonnevoie and ECCO will be connected via a double
connection from two distinct directions, which ensures supply continuity.

No CBA comparing with flexibility is performed for projects that are already under
construction.

Undergrounding of HV line Helfent - Merl ‘

Project ID: L7607

Technical specification: HELFENT-MERL undergrounding of overhead line
Advancement status: Under construction

Reason: Modernization

Expected commissioning date: | 2030

Project description:

The existing 1980s connection between the Helfent and Merl substations will be replaced by
a 110 kV-ready underground cable connection. The new cable is designed with a larger
cross-section, increasing the transfer capacity and reinforcing the injection path from the
VHYV substation Bertrange into the city.

No CBA comparing with flexibility is performed for projects that are already under
construction.
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Renewal of the Bonnevoie station ‘

Project ID: P6602

Technical specification: BONNEVOIE, renewal of the 110-65/20 kV station
Advancement status: In planning

Reason: Security of supply

Expected commissioning date: | 2030

Project description:

The existing Bonnevoie air-insulated substation is being replaced by a new 110 kV-ready
gas-insulated substation. The new installation includes two additional feeders that cannot be
accommodated on the existing busbar. These additional feeders are essential to improve
the station’s integration into the HV grid and to increase the security of supply.

No CBA comparing with flexibility is be conducted for this project, as it ensures security of
supply for the Bonnevoie area and the city in case of a pylon collapse on the Blooren -
Bonnevoie line.

Construction of the new Steinsel station ‘

Project ID: P7618

Technical specification: STEINSEL, construction of a new 110-65/20kV station
Advancement status: In planning

Reason: Modernization & overload & project 380 kV

Expected commissioning date: | 2030

Project description:

The new Steinsel substation will replace the 65/20 kV section of the existing Heisdorf
220/65/20 kV substation. The Heisdorf substation will be dismantled following the
commissioning of the Steinsel and Bofferdange substations.

The increasing load demand in the urban area around Luxembourg requires an expansion
of the existing capacity currently provided by Heisdorf. A first overload could occur under N-
1 conditions in 2029 and will be managed through the thermal overload capacity of the
transformers for short durations, complemented by operational measures on the medium-
voltage grid to bridge the period until the commissioning of the new substation.

No CBA is performed for this project since it is an integral part of the 380 kV transmission
grid project.
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Construction of the new Helfenterbreck station

Project ID: P7609

Technical specification: HELFENTERBRECK, construction of a new 110-
65/20kV station

Advancement status: In planning

Reason: Modernization

Expected commissioning date: | 2032

Project description:

The new Helfenterbreck substation is planned to replace the existing Helfent substation,
commissioned in the 1980s. The new facility will be designed as 110 kV-ready, ensuring
compatibility with future voltage level developments and enhancing network flexibility.

No CBA comparing with flexibility is performed for modernization measures.

Reinforcement of the Senningerberg station ‘

Project ID: P7617

Technical specification: SENNINGERBERG, increase of capacity
Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

Due to dense activity and increasing consumption in the Senningerberg area, the demand
is expected to exceed the maximum capacity of the Senningerberg substation under N-1
conditions by 2029.

To address this issue, the capacity of the substation could either be increased by installing
a third repurposed transformer or by replacing the existing transformer units. For the first
option, no new transformer investment would be required, as the unit could be repurposed
after its decommissioning during the planned 110 kV transition in the Northern Region. The
costs reflect the construction of an additional transformer bay and moving the repurposed
transformer.

A CBA will be conducted to assess whether the addition or reinforcement of transformers
can be postponed through the application of flexibility measures (see respective sub-
chapter).
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10.1.4 Region West

Construction of the Roost/Bissen-Rambrouch-Redange connection

Project ID: L7307, L7308 & P7303

Technical specification: REDANGE-RAMBROUCH, ROOST/BISSEN-
RAMBROUCH & REDANGE, construction of a new
110 kV ready connection (cables and overhead lines)

Advancement status: In planning

Reason: Connection of new station & overload

Expected commissioning date: | 2030

Project description:

The construction of the Roost/Bissen - Rambrouch - Redange connection will enable the
integration of the new Rambrouch substation. This connection runs parallel to the existing
Roost/Bissen - Redange line, thereby alleviating congestion under future demand scenarios.
Furthermore, several production sites are planned to be connected in this area.

No CBA is performed for this project, as it represents the development of a new grid area.
Failure to construct the necessary grid infrastructure would prevent the connection of
multiple renewable energy installations.

Construction of the new Rambrouch station

Project ID: P7115

Technical specification: RAMBROUCH, construction of a new 110-65/20 kV
station (finalization)

Advancement status: In planning

Reason: Development of new area & overload

Expected commissioning date: | 2030

Project description:

The construction of the Rambrouch substation enables targeted grid development in the
upper western region, alleviating the load on the medium-voltage grid between the
Roullingen, Redange, and Flebour substations. The new station also improves voltage
quality by shortening MV connection distances. Several already submitted connection
requests for generation facilities further reinforce the need for this expansion.

No CBA is performed for this project, as it represents the development of a new grid area.
Failure to construct the necessary grid infrastructure would prevent the connection of
multiple renewable energy installations.
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Reinforcement of the Koerich station

Project ID: P6302

Technical specification: KOERICH, installation of a third repurposed
transformer

Advancement status: Under analysis

Reason: Overload

Expected commissioning date: | tbd

Project description:

As projected demand in the area continues to increase, the maximum capacity of the Koerich
substation is expected to be reached under N-1 conditions by 2031. One potential option
involves increasing capacity at the Koerich substation by installing a third 25/31 MVA, 65/20
kV transformer. No new transformer investment would be required, as the unit could be
repurposed following its decommissioning during the planned 110 kV transition in Region
North, given its incompatibility with the higher voltage level. However, this measure would
require the construction of a third transformer bay at Koerich, including the necessary
equipment to accommodate the additional transformer.

A CBA will be conducted to assess whether the addition of a third transformer can be
postponed through the application of flexibility measures (see respective sub-chapter).
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10.1.5 Region South-East

Construction of the new Ellange station ‘

Project ID:

P7407

Technical specification:

ELLANGE, construction of a new 110-65/20kV station

Advancement status:

In planning

First year of necessity:

Development of new area & overload

Expected commissioning date:

2031

Project description:

Energy demand in the region continues to rise, particularly due to the development of a new
economic activity zone and the increasing electrification of mobility, which drives demand
for fast-charging stations in the border area.

The construction of the Ellange substation alleviates loading on the MV grid between the
substations Aspelt and Erpeldange and prevents the projected overloads resulting from
growing demand and decentralised generation at these stations. The new substation also
improves voltage quality by reducing MV connection distances.

No CBA comparing with flexibility is performed for this project, as it represents the
development of a new area. Failure to construct the necessary grid infrastructure would
prevent the connection of multiple consumers and renewable energy installations.

Construction of the new Riedgen - Ellange - Aspelt connection

Project ID:

L7406

Technical specification:

RIEDGEN-ELLANGE-ASPELT, construction of a new
110 kV-ready connection

Advancement status:

In planning

First year of necessity:

Connection of new station

Expected commissioning date:

2030

Project description:

Project ID:

The connection is needed to integrate the new Ellange substation in the HV grid.

No CBA comparing with flexibility is performed for this project, as it is required for the
commissioning of the Ellange substation.

Renewal of the Erpeldange station ‘

P7404

Technical specification:

ERPELDANGE, renewal/modernization of 65/20kV
station

Advancement status:

In planning

First year of necessity:

Modernization
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Expected commissioning date: | 2027

Project description:

The existing Erpeldange substation, built in the 1960s, is being replaced by a new 110 kV-
ready installation. The existing transformers are replaced by new 110 kV-ready units with
higher capacity, preventing the projected overloads at the Erpeldange station caused by
increasing demand and decentralised generation.

No CBA comparing with flexibility is performed for modernization measures.

Construction of the new Wolser station ‘

Project ID: P5514

Technical specification: WOLSER, construction of a new 220/110-65/20kV
station

Advancement status: In planning

First year of necessity: Modernization & security of supply

Expected commissioning date: | 2028

Project description:

The new Wolser substation is planned to replace the ageing Dudelange (1972) and
Galvalange (1982) substations. Combining the two existing substations, each currently
equipped with a single 65/20 kV transformer, increases the security of supply by improving
operational flexibility on the MV grid during outages.

In addition to strengthening capacity on the MV grid through the installation of higher-rated,
110 kV-ready transformers, the new substation also provides an additional interconnection
to the 220 kV very-high-voltage grid, thereby increasing the capacity of the 65 kV HV
network in this highly industrialised region. This measure will further be analysed in the
future TNDP.

No CBA comparing with flexibility is performed for modernization measures.
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Modification on the connections between Schifflange, Kayl, Riedgen and Wolser

Project ID:

L6504

Technical specification:

SCHIFFLANGE / KAYL / RIEDGEN — WOLSER,
connection of the new station Wolser

Advancement status:

In planning

First year of necessity:

Connection of new station

Expected commissioning date:

2028

Project description:

The new Wolser substation, replacing the Dudelange and Galvalange substation for
modernisation purposes, will be integrated into the existing connection between Schifflange,

Kayl and Riedgen.

No CBA comparing with flexibility is performed for this project, as it is required for the
commissioning of the Wolser substation.
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10.1.6 Region South-West

Construction of the new Sanem station ‘

Project ID:

P7511

Technical specification:

SANEM, construction of a new 110-65/20 kV station

Advancement status:

In planning

First year of necessity:

Modernization

Expected commissioning date:

2028

Project description:

region.

The new Sanem substation will replace the ageing Woiwer substation (1980s), taking over
its electrical load and ensuring a more efficient and future-proof supply structure for the

No CBA comparing with flexibility is performed for modernization measures.

Extension works at Ehlerange station for the construction of the Ehlerange - Sanem

connection
Project ID:

P7504

Technical specification:

EHLERANGE, extension works at Ehlerange station

Advancement status: In planning
First year of necessity: Security of supply
Expected commissioning date: | 2027

Project description:

departures.

connection.

To integrate the new Ehlerange - Sanem connection at the Ehlerange substation, extension
works will be carried out in the substation, including the installation of two additional GIS

No CBA comparing with flexibility will be conducted for this project, as it ensures security of
supply for the Ehlerange region in case of a failure on the Schifflange - Ehlerange

Construction of the new Ehlerange - Sanem connection

Project ID:

L7512

Technical specification:

EHLERANGE-SANEM, construction of a new (cable)
connection

Advancement status:

Under construction

First year of necessity:

Security of supply

Expected commissioning date:

2028




178 Distribution Network Development Plan

Project description:

The Ehlerange substation, currently supplied only via a double cable connection from
Schifflange, will be supplied through a second connection from the new Sanem substation.
In the current configuration, a failure on the Schifflange - Ehlerange connection would leave
Ehlerange without backup supply.

No CBA comparing with flexibility will be conducted for this project, as it is already under
construction and ensures security of supply for the Ehlerange region in case of a failure on
the Schifflange - Ehlerange connection.

Integration of new Sanem station into existing connections

Project ID: L6508

Technical specification: BASCHARAGE-SANEM-PAAFEWEE-WOIWER,
connection of the new station Sanem

Advancement status: Under construction

First year of necessity: Connection of new station

Expected commissioning date: | 2028

Project description:
The new Sanem substation, replacing the Woiwer substation for modernization purposes,
will be integrated into the existing connection between Bascharage and Paafewee.

No CBA comparing with flexibility is performed for modernization measures.

Construction of the new Sanem - Lamadelaine connection

Project ID: L7513

Technical specification: SANEM-LAMADELAINE, construction of a new cable
connection

Advancement status: Finalization

First year of necessity: Overload

Expected commissioning date: | 2028

Project description:

The new connection contributes to a reduction of loading on the Bascharage - Niedercorn
and Niedercorn - Lamadelaine lines, as the loads of Niedercorn and Lamadelaine will in the
future be partly supplied through Sanem rather than solely via Bascharage. This is
particularly important since the Bascharage - Niedercorn connection is projected to become
overloaded under N-1 demand conditions by 2031.

No CBA comparing with flexibility is performed for projects that are already constructed.
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Reinforcement of the Niedercorn station ‘

Project ID: P7508

Technical specification: NIEDERCORN, change of 65/20 kV transformers
Advancement status: Under analysis

First year of necessity: Overload

Expected commissioning date: | tbd

Project description:

As projected demand in the Region South-West continues to increase, the maximum
capacity of the Niedercorn substation is expected to be reached under N-1 conditions by
2029.

One potential option involves increasing capacity at the Niedercorn substation by replacing
the currently used 25/31 MVA transformers with two transformers of higher capacity. Based
on the projected demand, 35 MVA would be required in 2029, with an expected maximum
of 52 MVA in subsequent years.

A CBA will be conducted to assess whether the reinforcement of transformers can be
postponed through the application of flexibility measures (see respective sub-chapter).

Modernization of the Schifflange station ‘

Project ID: P5512

Technical specification: SCHIFFLANGE, modernization of the 220/110-
65/20 kV station

Advancement status: Under construction

First year of necessity: Modernization

Expected commissioning date: | 2030

Project description:

The station was originally constructed in the 1970s and has undergone several modifications
and extensions over the years. The planned measures include a range of modernization
works across the different voltage levels. These works comprise, among others, the
replacement of one 220/65 kV transformer, the renewal of the GIS system, and other
additional works.

No CBA comparing with flexibility is performed for modernization measures.

Renewal of the Bascharage station ‘

Project ID: P6501
Technical specification: BASCHARAGE, renewal of the 220/110-65/20 kV
station

Advancement status: In planning
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First year of necessity: Overload & modernization

Expected commissioning date: | 2028 (MV)/2031 (HV)/2034 (VHV)

Project description:

As the station in Bascharage approaches 40 years of operation, it will be renewed in view of
a planned future transition to the 110 kV voltage level and an additional integration into the
220 kV grid. The project also comprises essential works on the MV side, planned for
completion by 2028, in order to enable additional customer connections. Without these
works, further customer connections cannot be realised under the current grid conditions.

The new installation is foreseen to be equipped with three 110-65/20 kV 40/50 MVA
transformers, ensuring sufficient capacity to meet the anticipated increase in load demand.
Based on current forecasts, an overloading situation is expected to occur around 2033, with
the maximum projected loading exceeding 73 MVA by 2035.

The estimated costs also include measures for integration into the 220 kV grid. Among other
things, this will require the acquisition of an additional 220/110-65 kV transformer. The
expected commissioning date for the integration of the Bascharage substation into the 220
kV grid is 2034. These measures will further be analysed in the TNDP.

No CBA comparing with flexibility is conducted for this project, as it comprises necessary
modernisation measures and essential MV works required to facilitate additional customer
connections. Without these works, the integration of further customers into the grid would
not be possible.

Increase of capacity in station Lamadelaine

Project ID: P6507

Technical specification: LAMADELAINE, change of 65/20 kV transformers
Advancement status: Under analysis

First year of necessity: Overload

Expected commissioning date: | tbd

Project description:
As projected demand in the area continues to increase, the maximum capacity of the
Lamadelaine substation is expected to be reached under N-1 conditions by 2034.

One potential option involves increasing capacity at the Lamadelaine substation by replacing
the currently used 25/31 MVA transformers with two transformers of higher capacity. Based
on the projected demand, 33 MVA would be required in 2034, with an expected maximum
of 36 MVA in 2035.

Given that the projected overload is still nearly a decade away, this option will be re-
evaluated in future editions of the Network Development Plan, once demand projections and
actual load trends become more certain. A CBA will be conducted in due time, similar to
previous CBA analyses for the stations Roost, Koerich and Niedercorn, to assess whether
the change of the transformers can be postponed through the application of flexibility
measures.
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10.2 Cost-Benefit Analyses

This section presents the cost-benefit analyses (CBAs) for selected projects, comparing
traditional grid reinforcements with flexibility-based alternatives, while maintaining a
technology-agnostic approach. The CBA methodology applied is described in chapter 4.

10.2.1 P5101: Increase of capacity in station Roost/Bissen

As part of the projected demand increase, the Roost/Bissen substation is expected to reach
its capacity limit under N-1 conditions by 2035, despite the construction of the new Colmar-
Berg substation, which will relieve loading in the area.

A potential reinforcement measure involves adding a third 25/31 MVA, 65/20 kV transformer
to increase capacity. This transformer could be repurposed from another site following its
decommissioning during the regional transition to 110 kV, thereby avoiding investment in new
equipment. The cost of this reinforcement in 2035 is estimated to be roughly 43,000€, covering
decommissioning, transport, and commissioning activities for the repurposed unit.

This Cost-Benefit Analysis (CBA) assesses whether the installation of the third transformer
can be postponed by one year through the application of flexibility measures. Since the
projected overload results exclusively from the demand-side, only upward flexibility is
considered.

The following two strategies are under analysis:

e Flexibility strategy Sﬂex(Pf): The substation Roost/Bissen remains equipped with two
40/50 MVA transformers in 2035. Overload situations are managed through upward
flexibility activation. The reinforcement is deferred to 2036.

e Reinforcement strategy S,.r: The substation Roost/Bissen is reinforced by adding a
third transformer (25/31 MVA) to cover the forecasted demand increase in 2035.

The assets under evaluation are (110)65/20 kV (or HV/MV) transformers. In case of a failure
on one of the transformers, it is assumed that the entire load of both transformers would be
taken over by the remaining unit. The incident probability for these assets is determined based
on available statistical data regarding the annual number of failures of HV/MV transformers —
giving a probability of a transformer failure (lasting longer than two minutes) per year. The
outage duration is derived from statistical analyses of outage times on the MV feeder side, as
such interruptions are most likely resolved through network reconfiguration within the MV grid.
This results in the following parameters for the analysis:

e Incident probability (p;): 3.9%
e Outage duration (tp,): 60.3 min

Figure 10.1 shows the resulting maximum collective surplus calculation as specified in chapter
4.2. As explained in the methodology and shown in the following graph, the maximum collective
surplus strongly depends on the activation delay (tf,.,) of the applied flexibility and the
available flexibility power Pf.
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Figure 10.1 Maximum collective surplus calculation for CBA Roost/Bissen (P5101)

The results show that a very small positive maximum collective surplus is achieved only for an
activation delay of five minutes; for all other activation delays, the surplus remains negative.
This is mainly because the investment costs associated with using a repurposed transformer
are very low.

Since the resulting maximum collective surplus is negative for almost all values considered in
the analysis, the installation of the third repurposed transformer in 2035 in Bissen remains the
recommended strategy, as flexibility measures cannot compensate for the expected load
increase without negative welfare effects.

10.2.2 P7108: Increase of capacity in station Marnach

As part of the 110 kV switch in Region North, a new 65(110)/20 kV substation in Marnach —
equipped with two 110 kV-capable 40/50 MVA transformers — is currently under construction.
However, the increasing number of renewable energy connection requests is expected to push
total generation beyond 100 MVA, leading to an overload of the site by 2035.

As a potential reinforcement measure, the installation of a third 40/50 MVA transformer is under
consideration. This would require the construction of an additional transformer bay within the
Marnach substation. The total cost of this reinforcement in 2035 is estimated at approximately
€4.7 million.

The following CBA analyses whether the addition of the third transformer and the necessary
modifications within the substations can be postponed by one year through the application of
flexibility measures. Since the projected overload results exclusively from production, only
downward flexibility is considered as potential flexibility measure.
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The following two strategies are under analysis:

- Flexibility strategy Sf,ex(Pf): The Marnach substation remains equipped with two
40/50 MVA transformers in 2035. The resulting production overload is managed
through downward flexibility. The reinforcement is deferred to 2036.

- Reinforcement strategy S,.,: The Marnach substation is reinforced through the

construction of an additional transformer bay and adding a third 40/50 MVA transformer
to absorb the production overload projected for 2035.

For the calculation, the incremental renewable energy injection is allocated to the Marnach
substation in accordance with the approach described in section 5.2, resulting in approximately
90 MVA of additional renewable injection by 2035. In line with the CBA methodology outlined
in chapter 4, a safety margin of 1 MVA per transformer is applied, defining the point at which
downward flexibility begins to capture excess generation in the flexibility strategy Sﬂex(Pf).

Table 10.1 shows the results of the maximum collective surplus calculation.

‘ 1-year investment deferral ‘

Maximum collective surplus (annual value) 236,000 €
Max. expected flexibility volume per year 118 MWh
Max. expected flexibility capacity 20 MVA

Table 10.1 CBA for Marnach Substation Reinforcement (P7108)

The results indicate a positive maximum collective surplus. Accordingly, deferring the
additional reinforcement of the Marnach substation to 2036, enabled by an appropriate
flexibility measure in 2035, can be justified from a social-welfare perspective.

Based on the projections used in this cost-benefit analysis, approximately 118 MWh of annual
flexibility would be needed, with a maximum power provision of roughly 20 MVA from the
flexibility resource.

However, a final decision requires further analysis, as it depends on several factors,
particularly the availability and the price of suitable flexibility options. Moreover, the results are
highly sensitive to the actual level of renewable capacity installed by 2035. An increase of only
17 MVA in installed injection would already result in a negative collective surplus, making
immediate grid reinforcement for 2035 the preferred strategy.

The reported maximum collective surplus serves as an initial benchmark for the maximum total
all-in cost envelope that such a flexibility measure could reasonably sustain. It is important to
note that this represents a social-welfare price signal, not a remuneration tariff for flexibility
providers. Operation and maintenance costs on Creos’ side (see chapter 4) were excluded
from the calculation and must be accounted for in a potential Request for Information (RFI),
which will reduce the amount available for provider compensation.

Further analysis will therefore be conducted, including a potential market screening for
possible flexibility measures. Moreover, calculated values may be subject to updates based
on adjusted projections of injection capacity within the Marnach substation for 2035.
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10.2.3 P6206: Renewal of the Freckeisen station

A new station is planned in Freckeisen to replace the existing substation with two 25/31 MVA
transformers, supporting the transition from 65 kV to 110 kV in the Region East and
accommodating higher production-related loads. The new facility will allow space for up to
three transformers. As numerous renewable generation projects are expected to connect, the
current station is projected to be overloaded by 2029.

This CBA assesses whether the reinforcement of the station can be postponed through the
application of flexibility measures, given that the excepted commissioning date in 2031
currently extends beyond the projected date of necessity. The cost of this reinforcement is
estimated to be roughly €19 million, corresponding to the modernization of the entire station
and the use of two 40/50 MVA transformers.

The following strategies are under analysis:

- Flexibility strategy Sﬂex,l(Pf)i The Freckeisen station renewal is deferred to 2030. The
resulting generation overload in 2029 is managed through downward flexibility.

- Flexibility strategy Sﬂex_z(Pf): The Freckeisen station renewal is deferred to 2031

(corresponding to the current commissioning date). The resulting generation overload
in 2029 & 2030 is managed through downward flexibility.

- Flexibility strategy Sgex 3 (Pf): The Freckeisen station renewal is deferred to 2032. The
resulting generation overload in 2029, 2030 & 2031 is managed through downward
flexibility.

- Reinforcement strategy S,.;: The Freckeisen substation is entirely renewed with two
40/50 MVA transformers in 2029.

Similar to the analysis for the substation Marnach (P7108), a safety margin of 1 MVA per
transformer is applied, defining the point at which downward flexibility begins to capture excess
generation in the flexibility strategy Sg;e, (Pf).

Table 10.2 shows the results of the maximum collective surplus calculation.

1-year deferral \ 2-year deferral ‘ 3-year deferral ‘

Maximum Collective Surplus 996,000 € 958,000 € 605,000 €
(annual value)

Max. expected flexibility 17 MWh 592 MWh 4,687 MWh
volume per year

Max. expected flexibility 10 MVA 22 MVA 33 MVA
capacity

Table 10.2 Maximum collective surplus calculation for CBA Freckeisen (P6206)

The results indicate a positive maximum collective surplus for a deferral of the reinforcement
enabled by flexibility of up to three years. Accordingly, deferring the reinforcement of the
Freckeisen substation up to 2032, enabled by an appropriate flexibility measure in 2029, 2030
and 2031, can be justified from a social-welfare perspective.
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Similar to the considerations in the CBA Marnach (P7108), a final decision requires further
analysis, as it depends on several factors, particularly the availability and the price of suitable
flexibility options. Moreover, the results are highly sensitive to the actual level of renewable
capacity installed. Calculated values may therefore be updated based on revised load and
generation projections.

The calculated maximum collective surplus represents the upper boundary of what society
could reasonably pay for a corresponding flexibility measure. This value should therefore be
interpreted as a social-welfare cost ceiling, not as a remuneration rate for flexibility providers.
Actual compensation levels would depend on market response and would be subject to
reduction once Creos’ implementation and operational costs are taken into account.

10.2.4 P7617: Reinforcement of the Senningerberg station

The increasing demand in the Senningerberg area is expected to exceed the substation’s N-1
capacity limit by 2029. To resolve this, the substation capacity can be reinforced either by
installing a third repurposed 25/31 MVA transformer or by replacing the existing units with
higher capacity equipment.

The first option is expected to be more cost-efficient, as the transformer could be reused
following its decommissioning during the planned 110 kV transition in the Region North and
would only require the construction of a third transformer bay. The cost of this reinforcement,
when constructed in 2029, is estimated to be roughly 1.1 M€.

This CBA assesses whether the installation of the third transformer can be postponed by one
year through the application of flexibility measures. Since the projected overload results
exclusively from the demand-side, only upward flexibility is considered. For the cost of non-
quality term, the same parameters as those used in the CBA Roost/Bissen (P5101) are
applied, given that the assets under analysis likewise correspond to HV/MV transformers.

The following two strategies are under analysis:

e Flexibility strategy Ss;.x (Pf): The substation Senningerberg remains equipped with two
25/31 MVA transformers in 2029. Overload situations are managed through upward
flexibility activation. The reinforcement is deferred to 2030.

e Reinforcement strategy S,.r: The substation Senningerberg is reinforced by adding a
third transformer (25/31 MVA) to cover the forecasted demand increase in 2029.

Figure 10.2 shows the results of the maximum collective surplus calculation as specified in
chapter 4.2.



186 Distribution Network Development Plan

100.000
50.000
)
3 ——u
= 0
=1
@ i\
2
© -50.000
2
°
(8]
€ .100.000
E
X
=
-150.000
-200.000
0 2 4 6 8 10 12
P; [MVA]
t flex =5 min e=li==t flex =15 min et flex = 25 min
t flex =35 min t flex = 45 min

Figure 10.2 Maximum collective surplus calculation for CBA Senningerberg (P7617)

The results indicate that the maximum collective surplus remains negative for most analyzed
combinations of activation delay and available flexibility power, meaning that upward flexibility
does not generally provide net social welfare benefits compared to the traditional reinforcement
strategy. For an activation delay of five minutes and 15 minutes, the analysis shows partially
positive maximum collective surplus values. However, the resulting maximum collective
surplus values are so low that flexibility at this location is not considered a meaningful option
for postponing the reinforcement. This is primarily because, without reinforcement, overloading
situations of up to approximately 10 MVA above the N-1 capacity may occur. The main drivers
of this development, in addition to regional load growth, are several new high-demand
customer connections planned at the Senningerberg substation. The reinforcement therefore
remains the recommended strategy in 2029.

10.2.5 P6302: Reinforcement of the Koerich station

Projected demand growth in the area is expected to bring the Koerich substation to its capacity
limit under N-1 conditions by 2031. To reinforce this substation a third 25/31 MVA 65/20 kV
transformer could be installed. No new transformer investment would be required, as a unit
made available from the planned 110 kV transition in Region North could be repurposed.
However, the measure would necessitate the construction of a third transformer bay and the
installation of the required equipment to accommodate the additional transformer. The
estimated investment cost in 2031 amounts to roughly 1.2 M€.

This CBA examines whether the installation of the third transformer and the related
construction works in the Koerich substation can be deferred through the use of flexibility
measures. Since the projected overload results exclusively from demand, only upward
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flexibility is considered. For the cost of non-quality term, the same parameters as those used
in the CBA Roost/Bissen (P5101) are applied, given that the assets under analysis are likewise
HV/MV transformers.

Analysis 1: One-year investment deferral

For the analysis of a one-year investment deferral enabled through an appropriate flexibility
measure, the following two strategies are under consideration:

e Flexibility strategy Sﬂex(Pf): The substation Koerich remains equipped with two 25/31
MVA transformers in 2031. Overload situations are managed through upward flexibility
activation. The reinforcement is deferred to 2032.

e Reinforcement strategy S,.r: The substation Koerich is reinforced by adding a third
transformer (25/31 MVA) to cover the forecasted demand increase in 2031.

Figure 10.3 shows the results of the maximum collective surplus calculation according to the
methodology specified in chapter 4.2.
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Figure 10.3 One-year investment deferral: maximum collective surplus calculation for CBA
Koerich (P6302)

The results show a positive maximum collective surplus for all combinations of flexibility
capacity (P¢) and activation delay (tf;.,). This outcome is mainly attributed to the fact that the
load forecast for the Koerich substation in 2031 projects only very limited overloads.
Consequently, deferring the reinforcement of the Koerich substation to 2032 — enabled by an
appropriate flexibility measure implemented in 2031 — can be justified from a social welfare
perspective. Based on the load forecasts and the incident probability, the use of such a
flexibility measure is expected to be required for less than two hours per year, with a maximum
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necessary flexibility capacity of approximately 3.3 MVA.

Analysis 2: Two-year investment deferral

An additional two-year deferral scenario was analysed, leading to the following two strategies
being under consideration:

o Flexibility strategy Sf,ex(Pf): The substation Koerich remains equipped with two 25/31
MVA transformers in 2031 and 2032. Overload situations are managed through upward
flexibility activation. The reinforcement is deferred to 2033.

e Reinforcement strategy S.,.r: The substation Koerich is reinforced by adding a third
transformer (25/31 MVA) to cover the forecasted demand increase in 2031.
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Figure 10.4 Two-year investment deferral: maximum collective surplus calculation for CBA
Koerich (P6302)

The results show a positive maximum collective surplus for most combinations of flexibility
capacity and activation delay. This indicates that postponing the reinforcement of the Koerich
substation by up to two years through the use of flexibility could be justified from a social
welfare perspective. Based on the load forecasts and the incident probability, such a flexibility
measure would need to provide a maximum flexibility capacity of more than 5 MVA and would
be required for up to 6 hours per year.

Based on these findings, it is therefore assumed that a flexibility measure to postpone the
reinforcement could be economically viable for two years. In a scenario involving a three-year
investment deferral through flexibility, mostly all tested combinations of activation delay and
flexibility capacity result in a negative maximum collective surplus, indicating that a three-year
postponement would not be economically justified.
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As in the previous CBAs, the calculated maximum collective surplus represents the upper
boundary of what society could reasonably pay for a corresponding flexibility measure. This
value should therefore be interpreted as a social-welfare cost ceiling, not as a remuneration
rate for flexibility providers. Actual compensation levels would depend on market response and
would be subject to reduction once Creos’ implementation and operational costs are taken into
account. Furthermore, calculated values may be updated based on revised load projections.

10.2.6 P7508: Reinforcement of the Niedercorn station

Demand in the South-West region is projected to steadily increase, and the current Niedercorn
substation is expected to reach its maximum N-1 capacity by 2029. To address this constraint,
the existing 25/31 MVA transformers could be replaced with higher-capacity units. For the
reinforcement strategy, it is assumed that two 40/50 MVA transformers will be installed.
However, as outlined in section 5.3.6, Reinforced grid, the use of transformers with higher
capacity is also being considered, given the anticipated demand growth in the southwestern
region. The total cost of this reinforcement in 2029 is estimated at approximately 5.4 M€.

This CBA assesses whether the installation of two transformers providing higher capacity can
be postponed through the application of flexibility measures. Since the projected overload
results exclusively from the demand-side, only upward flexibility is considered. The CBA
compares the results for a potential reinforcement deferral of up to three years within a single
assessment. The analysis consolidates the outcomes for 1-, 2-, and 3-year flexibility scenarios
into one comprehensive plot for conciseness. Two different activation delays (tfox,; = 15 min
and tr.y, = 35min) are examined, and the resulting flexibility strategies are evaluated
against the reference strategy S,.r to determine their effectiveness in postponing the

reinforcement.
This leads to the following strategies under analysis:

e Flexibility strategy 1 5f1ex,1(Pf)1 The substation Niedercorn remains equipped with two
25/31 MVA transformers in 2029. Overload situations are managed through upward
flexibility activation. The reinforcement is deferred to 2030.

e Flexibility strategy 2 S¢;c - (Pf): The substation Niedercorn remains equipped with two
25/31 MVA transformers in 2029 and 2030. Overload situations are managed through
upward flexibility activation. The reinforcement is deferred to 2031.

e Flexibility strategy 3 Sgjex 3 (Pf): The substation Niedercorn remains equipped with two
25/31 MVA transformers in 2029, 2030 and 2031. Overload situations are managed
through upward flexibility activation. The reinforcement is deferred to 2032.

e Reinforcement strategy S...r: The substation Niedercorn is reinforced by replacing the
current transformers with two 40/50 MVA transformers to cover the forecasted demand
increase in 2029.

For the cost of non-quality term, the same parameters as those used in the CBA Roost/Bissen
(P5101) are applied, given that the assets under analysis are likewise HV/MV transformers.

Figure 10.5 shows the results of the maximum collective surplus calculation as specified in
chapter 4.2.
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Figure 10.5 Maximum collective surplus calculation for CBA Niedercorn (P7508)

The results indicate that flexibility proves most beneficial for an investment deferral of one and
two years, as all combinations of flexibility capacity and activation delay result in positive
maximum collective surplus values. For a three-year postponement of the reinforcement, the
activation delay of the applied flexibility would need to be shorter than the 35 minutes shown
in order for the use of flexibility to remain beneficial. Based on the current load forecasts and
taking incident probability into account, the required flexibility availability is estimated at up to
five hours per year for a one-year deferral, nine hours per year for a two-year deferral, and
approximately 17 hours per year for a three-year deferral. The maximum flexibility capacities
required can be directly derived from the endpoints of the curves (x-axis) shown in the figure.

As in the previous CBAs, the calculated maximum collective surplus represents the upper
boundary of what society could reasonably pay for a corresponding flexibility measure. This
value should therefore be interpreted as a social-welfare cost ceiling, not as a remuneration
rate for flexibility providers. Actual compensation levels would depend on market response and
would be subject to reduction once Creos’ implementation and operational costs are taken into
account. Furthermore, calculated values may be updated based on revised load projections.

10.2.7 Reinforcement of the MV grid between Senningerberg and Munsbach

To meet the increasing demand in the Senningerberg — Munsbach region — particularly driven
by electrification in the logistics sector — a grid reinforcement project is planned for completion
by 2030. The project includes the construction of two dedicated feeders (approximately 5-6
km) to supply the industrial zone and the renewal of the existing lines. The total cost of this
reinforcement is estimated at approximately 10 M€.
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This CBA examines whether this grid reinforcement could be deferred through the use of
flexibility measures. Since the projected overload results exclusively from demand, only
upward flexibility is considered. The CBA compares the results for a potential reinforcement
deferral of up to three years within a single assessment. The analysis consolidates the
outcomes for 1-, 2-, and 3-year flexibility scenarios into one comprehensive plot for
conciseness. Two different activation delays (tfiex: = 15min and ity , = 35min) are
examined, and the resulting flexibility strategies are evaluated against the reference strategy
Sref to determine their effectiveness in postponing the reinforcement.

This leads to the following strategies under analysis:

o Flexibility strategy 1 Sﬂex,l(Pf)i The Senningerberg — Munsbach region continues to
operate with the existing grid configuration. Overload situations in 2030 are managed
through upward flexibility activation. The reinforcement is deferred to 2031.

e Flexibility strategy 2 S¢ey2(Pr): The Senningerberg — Munsbach region continues to
operate with the existing grid configuration. Overload situations in 2030 and 2031 are
managed through upward flexibility activation. The reinforcement is deferred to 2032.

e Flexibility strategy 3 S¢ie»,3(Pr): The Senningerberg — Munsbach region continues to
operate with the existing grid configuration. Overload situations in 2030, 2031 and 2032
are managed through upward flexibility activation. The reinforcement is deferred to
2033.

e Reinforcement strategy S..r: The Senningerberg — Munsbach region is reinforced by
the construction of two dedicated feeders for the industrial zone and the renewal of the
existing lines in 2030.

In contrast to the analyses presented in the HV chapter, where the assets under consideration
for demand-driven CBAs were exclusively HV/MV transformers, the current assessment
focuses on MV cables. Consequently, the parameters for calculating the cost of non-quality
are adapted accordingly. The incident probability is now derived from available statistical data
on annual MV feeder incidents. The outage duration, however, remains the same as in the
HV/MV transformer analyses, since outages in the MV network are also most likely resolved
through switching operations within the MV grid. In Phase 2 of the flexibility strategy, it is
assumed that in the event of a cable outage on one of the two feeders under analysis, the
entire load would be transferred to the remaining cable. This results in the following parameters
for the analysis:

e Incident probability (p;): 13.9 %
e Outage duration (tp,): 60.3 min

Figure 10.6 shows the results of the maximum collective surplus calculation according to the
methodology in chapter 4.2.
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Figure 10.6 Maximum collective surplus calculation for CBA Senningerberg — Munsbach

The results show positive maximum collective surplus values for all three analyzed deferral
periods, indicating that flexibility could potentially be used to postpone the reinforcement by up
to three years. Based on the current load forecasts and taking incident probability into account,
the required flexibility availability is estimated at up to 7 hours per year for a one-year deferral,
slightly above 12 hours per year for a two-year deferral, and approximately 26 hours per year
for a three-year deferral. The maximum flexibility capacities required can be directly derived
from the endpoints of the curves (x-axis) shown in the figure.

Despite these consistently positive results, it should be emphasized that the calculated
maximum collective surplus values remain sensitive to deviations from the load development
assumed in the general regional load scaling. As noted in the project description, the analyzed
region shows significant potential for electromobility in the logistics sector. Individual new
projects in this area could therefore materially affect the results.

As in the previous CBAs, the calculated maximum collective surplus represents the upper
boundary of what society could reasonably pay for a corresponding flexibility measure. This
value should therefore be interpreted as a social-welfare cost ceiling, not as a remuneration
rate for flexibility providers. Actual compensation levels would depend on market response and
would be subject to reduction once Creos’ implementation and operational costs are
considered. Furthermore, calculated values may be updated based on revised load
projections.
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10.3 Collective Surplus — general formulation for deferral years x = 1

General formula with residual term neglected:
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Positive collective surplus (x=1)
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The flexibility costs Cyj.,(n*) are directly calculated by determining the maximum collective
surplus (see Figure 4.1).

Maximum collective surplus (x=1)
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