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Disclosure

This report updates the Scenario Report 2040 — Version 2022, which was published
on March 10, 2023. The new report aligns with the goals set out in Luxembourg’s
revised National Energy and Climate Plan (NECP), released on July 17, 2024.

Erratum: Following the publication of the Scenario Report, a correction was identified in selected
projections presented in Chapter 8. The affected figures have been updated accordingly. The correction
does not affect the overall findings or conclusions of the report.
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Executive Summary 1

1. Executive Summary

Luxembourg’s energy strategy, outlined in the updated National Energy and Climate Plan
(NECP) of July 2024, aims to decarbonize economic sectors through electrification and
promote renewable energy generation, presenting challenges for the electricity grid. Compared
to the 2020 version of the NECP, the updated plan projects an increase in electricity
consumption across all sectors, alongside further growth in renewable energy generation.

Based on the NECP, this Scenario Report provides forecasts through 2040 for peak
consumption, generation, import and export loads. Both low- and high-estimation scenarios
are evaluated. Projections are made for midday and evening peaks and include regional or
voltage-level allocations, to provide maximum detail. These forecasts form the basis for future
network development plans for the distribution and transmission grids, serving as a strategic
roadmap to ensure a stable, secure, and sustainable energy supply for the coming decades.

First, national and international political and legal framework are analysed to define
requirements and gain insights into the future evolution of the energy sector. Before presenting
forecasts, the selected scenarios and parameters are clearly defined. A retrospective analysis
of the Creos grid since 2005 highlights historical trends in consumption and generation,
offering valuable insights to inform future load forecasts.

According to the 2024 NECP, future electricity consumption is projected to increase
significantly across all key sectors. The mobility sector, driven by the rapid adoption of electric
vehicles, is expected to contribute substantially to peak power demand, adding up to 1.000
MW of additional load by 2040 in the high-estimate scenario. Similarly, the widespread
adoption of heat pumps to replace thermal heating systems will raise power demand in the
residential and tertiary sectors, contributing an additional 600 MW across these two sectors
combined. The decarbonization of industrial processes and the growing number of data
centres will further amplify electricity needs, adding approximately 500 MW. Additionally, the
NECP foresees national hydrogen production, estimated to require 60 MW during peak load
times. Overall, total peak consumption could rise to 3.200 MW by 2040.

At the same time, the measures outlined in the NECP highlight Luxembourg's ambition to
expand renewable energy generation capacity while gradually phasing out non-renewable
energy carriers. In the highest estimate, peak generation capacity is projected to increase to
2.600 MW by 2040. However, only a fraction of this capacity can be considered reliable and,
therefore, deducted from peak consumption to calculate import needs. The Scenario Report
examines the variability of renewable energy resources and explores various energy storage
solutions, which will play a crucial role in balancing electricity generation and consumption,
smoothing peak loads, and ensuring supply security.

The report concludes with several key recommendations for grid development in Luxembourg.
To effectively address future challenges, prioritizing appropriate infrastructure investments is
essential, alongside assessing different kinds of flexible solutions. Sector-specific strategies
are critical to managing electricity needs effectively across the mobility, tertiary, industry, and
residential sectors. Strong collaboration between stakeholders in the political and energy
sectors is crucial to ensuring the achievement of national climate and energy goals, while
ensuring a reliable and affordable electricity supply.
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2. Introduction

Creos Luxembourg S.A. operates electricity and natural gas networks in Luxembourg. For
electricity, Creos is responsible for the planning, construction, maintenance and operation of
high, medium and low voltage networks. The high-voltage (HV) grids include the 220 kV, 65
kV and the soon-to-be-constructed 380 kV and 110 kV levels. Medium voltage (MV) refers to
the 20 kV level, whereas low-voltage (LV) grids operate at 400 V. Figure 2.1 illustrates Creos’
HV grid, with 220 kV lines in dark blue and 65 kV lines in white, along with the locations of the
different transformer stations. The figure also shows the two interconnectors with Germany
and the interconnector with Belgium. [1]

Creos has a unique role as both the transmission and distribution system operator. This dual
role facilitates a more integrated approach to planning the coordination of all voltage levels.
Currently, the 220 and 380 kV levels are considered part of the electricity transmission grid,
while all other voltage levels constitute the electricity distribution grid.

Overall, the Creos portfolio counts 2.873 transformer substations, with the majority (2.821
stations) equipped with 20/0.4 kV transformers. It also comprises 945 km of mostly overhead
high-voltage lines, 3.521 km of medium-voltage lines and 7.813 km of low-voltage lines, both
of which are mostly underground. Over 317.000 electricity customers are connected to the
Creos infrastructure. [2]

The following sections detail Creos’ responsibilities in long-term electricity grid planning and
describe the approach taken to fulfill these duties. Sub-chapter 2.3 offers further explanations
to help readers better understand this technical document, while sub-chapter 2.4 offer basic
knowledge on flexibility.

G Réseau 220 kV
— Reéseau 65 kV
@ Poste 220/65/20 kV
@ Poste 220/20 kV
@ Poste 220 kV

Poste 65 kV
O Poste client 65 kV

Connexion 2 x 220 kV
avec I'Allemagne

)

Connexion
| ¢ 2 x 220 kV

avec

I'Allemagne

© Contern

Connexion 220 kV
avec la Belgique

Schifflange Bettembourg

Figure 2.1 Creos’ high voltage grid (220 kV & 65 kV) [3]
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2.1 Political and legal framework

The energy sector's development is heavily influenced by political decisions, from global
agreements to European and national policies. Understanding the political framework is key to
assessing future developments and their impacts on electricity grids. The following
subchapters present the most relevant documents for the energy sector in chronological order
of publication, with national legal requirements outlined in the final section.

2.1.1 Paris Agreement

The Paris Agreement, negotiated at the 2015 COP21, aims to combat climate change. Its
central goal is to strengthen the international response by keeping the global temperature
increase well below 2°C, while pursuing efforts to limit it to 1.5°C above pre-industrial levels.
To achieve this target, greenhouse gas (GHG) emissions must peak as soon as possible to
reach a balance between emissions from human activities (e.g. burning fossil fuels and
industrial processes) and removals by sinks of GHGs — natural or artificial systems that absorb
more GHGs than they release, such as forests, oceans, or carbon capture technologies — in
the second half of the century. [4]

The agreement also seeks to enhance countries' capacity to address the impacts of climate
change and to align financial flows with pathways that promote low greenhouse gas emissions
and climate resilience. To achieve these ambitious goals, it calls for the effective mobilization
and provision of financial resources, the implementation of a new technology framework, and
strengthened capacity-building efforts. These measures aim to support the actions of
developing and vulnerable countries in line with their national objectives. Additionally, the
Agreement establishes an enhanced transparency framework for both action and support. [4]

2.1.2 European Green Deal

The European Green Deal was launched in December 2019 by the European Commission. It
includes a set of policy initiatives, as for example the Fit for 55 package, aimed at making the
European Union climate-neutral by 2050, in line with the Paris Agreement. [5]

The European Green Deal promotes the transformation of the EU into a fair and prosperous
society with a competitive and modern economy. It emphasizes the need for an integrated and
cross-sectoral strategy, ensuring that all relevant policy areas contribute to the overarching
climate objectives. The package encompasses initiatives in climate, environment, energy,
transport, industry, agriculture, and sustainable finance, highlighting their strong
interconnections. [5]

2.1.3 European Climate Law & Fit for 55 package

The European Climate Law and the Fit for 55 five package are among several initiatives
included in the European Green Deal. Adopted in 2021, the European Climate Law legally
binds the EU to achieve climate neutrality by 2050, as set out in the European Green Deal.
With this law, the EU and its member states also committed to an interim target of reducing
GHG emissions by at least 55% by 2030, compared to 1990 levels. [5] [6] [7]
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The Fit for 55 package is a set of legislative proposals designed to align existing EU laws with
the 2030 climate target set by the European Climate Law. Below are some of the main
proposals, particularly those impacting the energy sector [8]:

- A reform of the EU Emissions Trading System (EU ETS), a cap-and-trade carbon
market for energy-intensive industries and the power generation sector, which is the
EU’s key tool for reducing greenhouse gas emissions. The reform includes extending
the system to maritime transport and creating a new, separate ETS for buildings, road
transport and fuels for additional sectors. The overall emissions cap will also be
reduced faster than initially planned. [9]

- A revision of the Renewable Energy Directive to increase the share of renewable
energy in the EU’s overall energy mix from the current target of at least 32% to at least
42,5% by 2030, with specific targets for each sector. [10]

- Arrevision of the Energy Efficiency Directive to reduce final energy consumption at EU
level by 11,7% in 2030, compared to 2020 projections. The main sectors affected are
buildings, industry and transport. [11]

2.1.4 EU Action Plan for Grids

The EU Action Plan for Grids supports the European Green Deal by promoting faster and more
efficient electricity grid development. Its key objectives include accelerating Projects of
Common Interest (PCls) through enhanced political steering, targeted monitoring, and
streamlined implementation procedures. The plan aims to strengthen long-term grid planning
by aligning infrastructure with increasing shares of renewables, electrified end-use sectors,
and hydrogen integration—guided by transmission system operators and national regulatory
authorities. It also introduces regulatory incentives by providing frameworks for forward-looking
investments and cross-border cost-sharing, particularly for offshore projects. Grid usage is to
be optimized via improved transparency, harmonized network tariffs, and deeper cooperation
among system operators, fostering innovation and smarter grid operations. The Action Plan
highlights enhanced access to financing, with a focus on EU funding opportunities for smart
grids and distribution grid modernization. To address administrative barriers, it proposes
measures to accelerate permitting, including technical assistance and stakeholder
engagement strategies. Finally, the plan calls for the strengthening of supply chain resilience
by harmonizing technical requirements for grid-connected generation and demand assets. [12]

2.1.5 Clean Industrial Deal

The Clean Industrial Deal is a strategic initiative by the European Commission to reshape
Europe’s industrial landscape while reinforcing its global competitiveness. It aims to transform
decarbonisation into a growth engine by reducing energy costs, fostering quality employment,
and creating enabling conditions for industrial development. The Deal places a particular focus
on supporting energy-intensive sectors — such as steel, metals, and chemicals — in their
transition to clean energy sources, while addressing challenges related to high production
costs and international competition. It also promotes innovation and sustainable manufacturing
practices across the clean-tech sector to drive industrial transformation and circularity.
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Key actions include lowering energy bills, accelerating the deployment of clean energy, and
reducing dependence on imported fossil fuels. The Deal encourages recycling, reuse, and
sustainable production to minimize waste and extend material lifespans. Financial support is
central to its implementation, with over €100 billion mobilised for clean industrial projects. This
includes a new state aid framework and the expansion of the EU Innovation Fund to incentivize
investment in clean manufacturing technologies. [13]

2.1.6 REPowergEU

The REPowerEU plan is an initiative launched in 2022 by the European Commission in
response to the energy market disruptions caused by Russia’s invasion of Ukraine. The plan
aims at reducing the EU’s dependence on Russian fossil fuels by saving energy, diversifying
energy supplies and producing clean energy. The REPowerEU Plan is speeding up the green
transition and promoting massive investment in renewable energy. [14]

Although a lot has been achieved from 2022 to 2024, the EU remains focused on the goal of
the REPowerEU plan, by further reducing imports from Russian gas, boosting industrial
decarbonization, rolling out renewables faster, investing in energy infrastructure and
interconnection and improving energy efficiency. [14]

2.1.7 National Energy and Climate Plan (NECP)

The Regulation on the Governance of the Energy Union and Climate Action (EU) 2018/1999
introduced the National Energy and Climate Plans (NECPs), requiring each EU country to
outline how it intends to meet the 2030 energy and climate targets. The NECPs for 2021-2030
address measures and strategies for decarbonization, energy security, energy efficiency, the
internal energy market, and research, innovation, and competitiveness. [15]

The regulation sets up a system for regular monitoring and reporting on progress towards the
targets. Member States must submit biennial progress reports, which the European
Commission will assess to provide recommendations. Furthermore, Member States are
required to develop long-term strategies to ensure alignment with their NECPs and the EU’s
climate goals. [16]

The Luxembourg government submitted the initial draft of its NECP to the Commission in early
2019, with the final version released in May 2020. In July 2023, a draft of the updated NECP
was released, followed by the final version in July 2024 [16]. Chapter 3 will delve deeper into
the goals of the Luxembourg government and the scenarios used for forecasts in this report.

2.1.8 National legal requirements

As an electricity network operator, Creos fulfills its responsibility as a public utility by planning
its infrastructure to meet the evolving demand for electricity. According to Article 27bis of the
Luxembourgish Electricity Law (Loi du 1er aolt 2007 relative a I'organisation du marché de
I'électricité modifiée par la loi du 9 juin 2023), published in 2007 and amended several times
since, electricity grid operators are required to publish ten-year network development plans
(NDP) for their transmission and distribution grids. These plans provide information on planned
investments and projects aimed at maintaining, reinforcing, and extending the grid and must
be updated every two years. [17]
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The network development plans should be based on estimates of future electricity
consumption and generation loads. 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. Like the NDPs, these forecast
scenarios should be updated biennially and are subject to public consultation. Furthermore,
paragraph (8) of Article 27bis of the Electricity Law requires a transparent identification of the
need for flexibility services in the medium and long term within the scope of the distribution
NDPs [17]. The purpose of the present “Scenario Report 2040” is to provide the necessary
estimates and information as a basis for the different NDPs.

The previous scenario report was published in March 2023 [18]. However, as the European
Union’s requirements have become more specific, Creos' obligations as both transmission and
distribution system operator (TSO and DSO) have evolved. In the past, only TSOs were
required to publish a network development plan for their grids. The EU Directive 2019/944
mandates that European DSOs also develop, publish and update a distribution network
development plan every two years [19]. The June 2023 update of the Luxembourgish
Electricity Law transposed these requirements into national law, as noted in the first paragraph.
Consequently, Creos, in its role as both TSO and DSO, is now obligated to publish network
developments plans for all voltage levels. Moreover, the Scenario Report must now extend its
forecasts and analyses to include the lower voltage levels.
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2.2 Goal and approach

The purpose of the Scenario Report is to provide forecasts of the peak consumption and
generation loads on the Creos grids in a transparent and comprehensible manner. These
forecasts will serve as the foundation for the network development plans for both Creos’
distribution and transmission grids. Therefore, the considerations presented will address not
only the highest voltage levels but also reflect on the levels below.

A variety of sources will be referenced and linked throughout the report, allowing readers to
delve deeper into any publicly available documents. Sub-chapters 2.3 and 2.4 will provide
basic knowledge on electricity grid development and flexibility. To ensure a more cohesive
analysis, flexibility will be integrated into the assessment of load evolution across each sector,
rather than being addressed in a separate chapter, as was done in the previous Scenario
Report.

Following the outline of the international political framework and national legal requirements in
sub-chapter 2.1, chapter 3 will analyse the recently updated National Energy and Climate Plan
(NECP) [20], which will be the primary input for these forecasts. It will also define the selected
scenarios for determining future loads. Chapter 4 will offer a retrospective of the peak load on
the Creos grid, as historic developments and trends will serve as indicators for future
evolutions.

Following this, chapters 5, 6and 7 will provide a detailed outlook on electricity consumption,
generation, and electrical energy storage, respectively. These chapters are organized by
sectors, energy sources, and energy storage technologies.

Findings will be consolidated in Chapter 8, culminating in the principal output of this document:
the forecast of the overall peak load on the Creos grids, with special focus on the highest
voltage levels. Finally, chapter 9 will present conclusions and recommendations for the
subsequent elaboration of the network development plans.

2.3 Electricity grid development basics

This document covers technical topics related to the electricity sector and grid development.
The following explanations are designed to help the reader better understand the content of
the various chapters.

Energy consumption and power requirements are two fundamentally different variables, and
distinguishing between them is crucial in the energy sector. Energy consumption is measured
in watt-hours (Wh) or, for larger quantities, in kilowatt-hours (kWh), megawatt-hours (MWh),
gigawatt-hours (GWh), terawatt-hours (TWh), and so on. Power, on the other hand, is
measured in watts (W) and can be expressed as kilowatts (kW), megawatts (MW), gigawatts
(GW), terawatts (TW), etc. Watts indicate the amount of power needed for a system to operate
correctly. Energy consumption is calculated by multiplying the power used with the number of
utilization hours.

Energy consumption [Wh] = Power [W] * utilization hours [h]
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In physics the unit of measurement of energy is called a joule (J). A watt can be expressed as
one joule per second.

1w=1 é or Energy[]] = Power [W]  utilization time [s]

Commercially, the watt-hour is the unit of measurement used to designate a quantity of energy
instead of the joule because it’s easier to quantify, as 1 Wh equals 3.600 joules. [21]

By analogy to a watermill, power can be compared to the necessary flow of water in liters per
second (I/s) to make the wheel turn at a certain speed. Determining the amount of energy
consumed would be equivalent to calculating how much water (in liters) passes through the
watermill in a certain period of time by multiplying the water flow (I/s) with the length of the time
period in seconds (s). [21]

For the design of electricity grids, power is the key factor. Creos, as the grid operator, needs
to plan the electricity grids to accommodate the peak power demand. Continuing with the
watermill analogy, the electricity lines can be compared to the pipes that allow water to flow to
the watermill. Their cross-section needs to be wide enough to let the maximum necessary flow
of water — or energy — pass. Energy providers purchase the necessary quantities of energy
(“water”) to meet their clients’ needs and use the grid infrastructure to supply them. [21]

A client’s energy consumption does not necessarily indicate their impact on the electricity grid
infrastructure. As shown in Figure 2.2, a fictitious Client 1, who only charges their electric car
once per day for four hours with 11 kW, will consume roughly 44 kWh of energy. In contrast, a
fictitious Client 2, who has a heat-pump with a continuous power requirement of 5 kW, will
consume 120 kWh a day. However, the grid infrastructure required for Client 2 can be
significantly smaller than what is needed to support Client 1.
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Figure 2.2 Comparison of power demand and energy consumption
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Understanding the difference between energy and power needs will also help clarify why
increasing energy efficiency does not necessarily reduce infrastructure requirements. A ten-
year-old fridge with power requirements of 1 kW may need to be supplied with this power
constantly to maintain its temperature, while a newer model may only require the same power
for 6 hours a day. The energy consumption of the newer device is much lower, making it more
energy efficient, but the demand on the electricity grid remains unchanged.

Moreover, increasing energy efficiency is a general goal set by the European Commission (cf.
Chapter 2.1) that is being achieved by switching some sectors and processes from fossil fuels
to electricity. This is particularly relevant for some industrial processes and sectors such as
heating and mobility, among others. As a result, requirements on electricity grid infrastructure
and electric energy consumption are expected to increase in the coming years, even though
final energy consumption per capita may decline.

Overall, the energy transition will have a considerable impact on the electricity grids, not only
due to increased electrification but also because of the growing number of decentral energy
production units. In recent years, energy flows have become bidirectional instead of solely
flowing downward from higher to lower voltage levels. To support the planning process, this
Scenario Report will analyse the consumption of different sectors and their expected needs,
as well as the development of national electricity generation.

2.4 Flexibility basics

This chapter aims to provide insights into the different types of flexibility and flexibility
mechanisms. They become increasingly important as challenges for the electricity grid
increase, with higher loads due to electrification in the transport and heating sectors and with
the increase in the share of wind and solar in the electricity mix, which generate electricity in a
volatile manner and can only be controlled to a limited extent. Flexibility in the electricity sector
means the possibility to adjust the electrical consumption or the electrical production of an
installation or process. This could be in response to a price signal, a grid frequency deviation,
or an activation signal from the grid operator or any other market party. In the future, artificial
intelligence may play a key role in facilitating the orchestration and activation of flexibility
across the grid. [22] [23] [24]

Different types of flexibility, categorized based on their triggers, can be defined as follows:

Market-oriented flexibility (“Wholesale flex”) refers to the capacity of market participants to
adjust their generation or consumption of electricity in response to market signals on a bidding
zone level. Providers leverage price fluctuations on power exchanges to optimize their revenue
[23]. Creos has no influence over electricity prices in the wholesale market and therefore
cannot directly manage flexible customers participating in this market. As a TSO and DSO,
Creos must monitor the impact of market-oriented flexibility, whether it creates additional stress
on the grid infrastructure or provides relief.

System-oriented flexibility (“Balancing flex”) refers to the flexibility required to balance load
and generation in the real-time system operation timeframe. Products in this category include
Frequency Containment Reserve (FCR), Automatic Frequency Restoration Reserve (aFRR),
and Manual Frequency Restoration Reserve (mFRR). These products are traded on the
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ancillary services market and must comply with strict requirements. FCR is activated
automatically when the frequency deviates from the dead band between 49.99 Hz and 50.01
Hz. It must reach full capacity within 30 seconds and remain active for at least 15 minutes [25].
Afterward, aFRR takes over, which is then replaced by mFRR after another 15 minutes [26]
[27]. Luxembourg shares a load-frequency control area with the German TSO Amprion, which
holds responsibility for providing ancillary services. However, through the Flexy project,
Luxembourgish providers (e.g. industry) can participate in the German “Regelenergiemarkt’
and the European balancing market if they meet the necessary requirements. Since 1 January
2020, Luxembourgish participants have been able to provide FCR, and from 1 January 2025,
they have also been able to provide aFRR and mFRR. [28] Creos must ensure that interested
parties are properly connected to the grid and can deliver their services without restrictions.

Grid-oriented flexibility refers to flexibility used for congestion management and voltage
control, helping to prevent outages and damage to grid elements. With the increasing risks of
congestions due to electrification and the growing penetration of renewable energy sources,
Creos should prioritize developing the necessary capabilities to utilize and procure flexibility
effectively.

Grid-oriented flexibility will be the primary focus in analysing the flexibility potential of each
sector, as it is the only type that Creos directly influences and can use to optimize grid
operations and planning. This flexibility can help minimize or postpone the need for grid
reinforcements, reducing investment costs and facilitating quicker connections for new clients.
By leveraging flexible assets and modern grid operation strategies, the grid operator can
connect more consumers and producers to the existing infrastructure and utilize the grid more
efficiently.

Figure 2.3 illustrates the various options available to the grid operator for addressing the risk
of grid congestion or voltage issues.

Grid Operators’ access to flexibility

Rules based Connection Network Market-based
approach agreements tariffs procurement

Figure 2.3 Options for the grid operator to manage grid congestion and voltage issues [29]

Grid reinforcement eliminates the need for flexibility by resolving congestion at the source.
However, it is a long-term solution associated with high investment costs and significant
implementation delays.

The rule-based approach is characterized by mandatory access to flexibility for the network
operator. Flexibility owners do not have the option to deny the grid operator’s (active)
intervention in the dispatch of their units. This provides the grid operator with a tool to be used
in case of an emergency when grid load exceeds technical limits, preventing damage to grid
infrastructure or supply failures.
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A connection agreement is a contractual arrangement between the grid operator and a network
user that defines the conditions under which the operator may control the user’s load and/or
impose operational limits on their grid usage. Such agreements can technically enable
interventions similar to those in a rule-based approach, but with the key difference that
customers have the choice to opt in or out.

Network tariffs can incentivize network users to change their grid usage behavior — such as
adjusting the dispatch of their flexible units — in ways that benefit the network, by reducing
peak loads or shifting flexible loads to times of lower grid usage. Network users voluntarily
decide whether and to what extent they respond to the price signals, either by using their own
resources (manually or through automated control systems) or by delegating the task to a third
party (e.g., a commercial flexibility aggregator). Compared to the approaches discussed
earlier, this method is characterized by a high degree of voluntariness and a low level of control
by the grid operator. The system operator’s influence is limited to setting the level of the
incentive. Therefore, this approach alone cannot guarantee secure network operation, as it is
uncertain whether the response from flexible units to the network tariff will be sufficient to
prevent congestion.

A market-based approach is a flexibility mechanism where the grid operator procures flexibility
products based on its specific needs. This approach requires bidirectional, real-time
communication between the grid operator and the flexibility provider, potentially facilitated by
an intermediary such as an aggregator or a platform. Each flexibility offer must be defined by
its location, magnitude, duration, remuneration, and other technical specifications.

The different mechanisms are not mutually exclusive and vary in their technical, economic,
and legal feasibility. The rule-based approach, which serves as an emergency instrument, can
be established and kept permanently on standby. Connection agreements, network tariffs, and
the market-based approach can be implemented alongside the rule-based approach, either
individually or in combination. However, competition for the same flexibility may arise, as
multiple requesters could compete for the same physical flexibility in the future.

For each sector, the relevant flexibility mechanisms are described in detail in the respective
chapters, along with an indication of Creos’ implementation maturity and an outlook on planned
developments.
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3. Selected scenarios for future electricity needs

The forecast scenarios for Luxembourg’s electricity sector in this 2024 Scenario Report will
primarily be based on scenarios from the 2024 National Energy and Climate Plan (NECP). The
2022 version of the Scenario Report relied on the 2020 NECP, which included two scenarios:
the reference scenario and the more ambitious target scenario. In the 2024 NECP, these
scenarios are renamed as WEM (With Existing Measures) and WAM (With Additional
Measures). The WEM scenario incorporates measures adopted by December 31, 2021, while
the WAM scenario includes additional and reinforced measures outlined in the 2024 NECP
[30]. Only the WAM scenario has been updated with observed measurements, which explains
discrepancies between historical data in the WEM and WAM scenarios.

To put the WAM and WEM scenarios into perspective, they will be compared with the 2020
NECP reference and target scenarios in the following sections. This comparison will also
provide an opportunity to evaluate the new forecasts against those from the previous Scenario
Report and explain any observed differences. In earlier reports, data points were available only
in 5-year intervals, with missing values linearly interpolated for the graphs in the subsequent
sub-chapters. In the new report, data points are available for each year.

The revised 2024 NECP incorporates the latest data, including changes in population
expansion, economic development, advancements in energy technologies, and planned
government measures, to reflect the evolving landscape of energy consumption and
generation in Luxembourg. STATEC has revised downward the population and GDP growth
projections compared to the demographic scenario used in the 2020 NECP. The 2024 NECP
projections for the WAM scenario anticipate a population of nearly 844.000 inhabitants in 2040,
compared to 869.000 in the 2020 NECP. For GDP growth, the 2024 NECP projections estimate
long-term annual growth of around 2%, rather than the 2,75% estimated in the 2020 NECP.
[31] [30]

STATEC confirmed that no specific projects involving carbon capture technologies or data
centers are included in the forecasts. Known projects with a future connection to the Creos
grid will therefore be added to the projections in the respective chapters to give a clearer view
of future energy demands and infrastructure needs.

Essentially, this Scenario Report provides both a “high estimate” and a “low estimate” for
the load evolution of each relevant sector and technology. These estimates are based on the
data from the 2024 NECP WAM and WEM scenarios, supplemented with additional projects,
technologies and information where applicable. Where relevant, the contribution to the midday
and evening peak are differentiated. Additionally, the report aims to quantify the flexibility
potential of each sector and incorporate this variability into the projected load curves.

At the European level, Creos contributes to ENTSO-E’s Ten-Year Network Development Plan
(TYNDP) and the European Resource Adequacy Assessment (ERAA) processes, supporting
the development of joint scenario frameworks for the integrated European electricity grid.
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3.1 Final energy consumption according to the 2020 and 2024 NECP

The projected future evolution of national total final energy consumption, including all energy
sources (both fossil and renewable), is shown in Figure 3.1. Four scenarios are presented: the
reference and target scenarios from the 2020 NECP, and the WEM and WAM scenario from
the 2024 NECP.
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Figure 3.1 National final energy consumption, NECP 2020 and 2024 comparison [31] [20]

Final energy consumption is directly influenced by CO- reduction targets, explaining the steep
decline in the 2020 target and 2024 WAM scenarios. Since these targets have
not fundamentally changed from 2020 to 2024, the target and WAM scenarios are very similar.
The 2020 reference scenario projects a slight increase in final energy consumption, while the
2024 WEM scenario anticipates a decline, though less pronounced than in the 2024 WAM
scenario.

3.2 Electricity consumption according to the 2020 and 2024 NECP

The projected decline in overall national energy consumption does not extend to electricity
consumption. Energy efficiency and CO- reduction targets are driving a shift in energy carriers,
particularly from fossil fuels to electricity, as electrical processes generally offer higher
efficiency than conventional thermal processes. Figure 3.2 illustrates the evolution of national
electricity consumption across the different scenarios. The 2024 WAM scenario projects a 56%
increase over the 2020 target scenario, from 6.568 GWh to 10.454 GWh by 2040, thereby also
widening the gap to the reference scenario, which included projections similar to the target
scenario. The 2024 WEM scenario anticipates a slower rise in electricity consumption than the
2024 WAM scenario. [20] [31]
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Figure 3.2 National electricity consumption, NECP 2020 and 2024 comparison [31] [20]

When translating electricity consumption into load forecasts on the Creos grid, it is important
to note that only part of the national consumption is supplied by the Creos network, with the
steel industry in southern Luxembourg being supplied by its own industrial network.

Figure 3.3 presents the forecast of national electric energy consumption across the industrial,
transport, residential, and commercial sectors. The data reveals a steady increase in electricity
usage across all these sectors in the 2024 WAM scenario. This is a notable shift from the 2020
target scenarios, which anticipated reduced electricity consumption in all sectors except for
transport.

Although STATEC has revised the population and GDP growth projections downward
compared to the 2020 NECP, these factors remain the primary drivers of increased electricity
consumption. In certain sectors, targeted measures also contribute to this increase, as will be
explained in more detail below.
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Figure 3.3 Sectorial electricity consumption, NECP 2020 and 2024 comparison [31] [20]

In the residential and tertiary sectors, the planned phase-out of fossil fuels for heating is
expected to significantly increase electricity consumption. This transition is driven by
Government subsidies and incentives. Although efficiency improvements could potentially
reduce consumption, they are anticipated to fall short of offsetting the increase in demand. [20]

In the transport sector, stricter CO2 emission standards for cars, vans, and heavy-duty vehicles
are pushing manufacturers to expand production of battery electric vehicles (BEVs) and
hydrogen-powered vehicles, including fuel-cell electric vehicles (FCEVs). These alternative
technologies depend heavily on electricity as a primary fuel source, leading to increased
electric energy consumption. [32] [33] [34]

In the industrial sector, the sharp increase in 2025 is driven by the renewal of an electric arc
furnace in the steel industry [35] and an increase in production. The continuing upward trend,
as in other sectors, results from process electrification (automation, digitalization, heat
production) despite efficiency improvements.
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3.3 Electricity generation according to the 2020 and 2024 NECP

This section presents an analysis of NECP forecasts for national electricity generation. Similar
to the consumption analysis, it examines projections from the 2020 NECP reference and target
scenarios and from the 2024 NECP WEM and WAM scenarios, as shown in Figure 3.4. Each
scenario shows an increase in energy production with varying ramp-up rates, highlighting
Luxembourg’s commitment to achieve future climate neutrality.

The 2020 NECP target scenario projected national electricity generation at 3.150 GWh. In the
2024 WAM scenario, this target was revised upward to 4.075 GWh — a 30% increase. The
2020 reference scenario anticipates slower growth, reaching approximately 2.500 GWh by
2040, slightly above the projections of the 2024 WEM scenario.
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Figure 3.4 National electricity generation, NECP 2020 and 2024 comparison [31] [20]

The overall evolution of electricity generation can be further analysed by primary resource type,
as shown in Figure 3.5. The trends in the different curves reflect planned government
measures and recent developments in new installations.
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Figure 3.5 Electricity generation by resource, NECP 2020 and 2024 comparison [31] [20]

In the 2024 WAM scenario, gas power generation is projected to reach zero by 2032 due to
stricter CO, emission targets, with subsidies expiring and no new subsidies planned.
Hydrogen-based electricity generation is expected to begin around 2035, aligning with the
planned hydrogen transport infrastructure and supporting the storage and supply security
concepts outlined in the 2024 NECP. Electricity generation from biogas shows only a slight
increase (+3%) between the 2020 target (97 GWh) and the 2024 WAM (100 GWh) scenarios.
[20] [31]
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A substantial increase in biomass-based electricity generation is outlined for 2024, driven
primarily by the commissioning of a large-scale biomass-based cogeneration plant (35,9 MVA)
in December 2023. The subsequent rise in biomass production from 2025 to 2035 is consistent
with the strategic objective of using biomass as a transitional energy source, particularly in the
heating sector. After 2035, biomass generation is expected to decline, following the cascade
use principle, which prioritizes biomass applications by economic and environmental value: 1)
wood products, 2) lifespan extension, 3) reuse, 4) recycling, 5) energy recovery, and 6)
disposal. The difference between the 2020 target (338 GWh) and the 2024 WAM (621 GWh)
scenarios for 2040 represents an increase of about 83%. [20]

For hydropower, electricity generation shows no notable difference across the three scenarios,
with production remaining around 106 GWh in 2040. The Vianden pumped-storage plant is not
included in these figures, as it is connected to the German electricity grid. Wind power
generation, however, is projected to increase by 22%, from 1.166 GWh in the 2020 target to
1.417 GWh in the 2024 WAM scenario by 2040. This growth is driven by measures outlined in
the NECP, including legal and regulatory changes streamlining authorization processes,
incentives for repowering older installations, initiatives to enhance public participation, and the
implementation of innovative technologies for species protection. This volume would constitute
35% of national energy generation. Photovoltaics (PVs) are expected to account for the largest
share, generating 1.565 GWh and thereby 38% of the national production by 2040 — a goal
8% higher than the 2020 target of 1.442 GWh. As shown in Figure 3.5, electricity generation
from photovoltaic installations from 2020 to 2023 fell short of the 2020 NECP target (recent
years were updated with actual values). Consequently, the 2024 WAM scenario projects a
more rapid increase in the coming years. [20]
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4. Review of historical energy and load patterns

After outlining the future evolution of energy consumption and generation according to the
NECP, this chapter delves into historical data and identifies possible trends. The first section
reviews Luxembourg's total final energy consumption and its relationship to social and
economic indicators. The next section focuses on electricity consumption, both nationally and
on the Creos grid, with a sectorial breakdown to support more detailed projections. The third
sub-chapter examines the evolution of peak power on the Creos grid on different voltage levels
to establish a foundation for future forecasts. Installed generation capacity as well as historical
electricity generation with its peak loads is analysed in sub-chapters 4.4, 4.5, and 4.6, followed
by a comparison of electricity generation and consumption in the final sub-section.

4.1 Review of historical final energy consumption

This sub-chapter examines total final energy consumption and its historical evolution.
According to Eurostat, the term “total final energy consumption” refers to “the total energy
consumed by end users, such as households, industry and agriculture”, as well as the transport
and the tertiary sectors. It excludes energy “used by the energy sector itself", meaning energy
used during the delivery and transformation of one energy form into another. [36]

Luxembourg’s final energy consumption has decreased by about 15% since 2005, as shown
in Figure 4.1. This trend has not been uniform; during the years 2016-2019, energy
consumption increased again after an initial decrease from 2010 to 2015. However, the
COVID-19 pandemic in 2020-2021 led to a pronounced drop in energy consumption, which
has not rebounded in the following years and continues to decline.
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Figure 4.1 Yearly total final energy consumption of Luxembourg [37]
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Figure 4.2 illustrates the evolution of total final energy consumption relative to population and
GDP (gross domestic product). As the relative numbers are decreasing, even though both
GDP and population have risen over the considered period, the data indicates that the absolute
decrease in total final energy consumption is linked to an increase in energy efficiency, and
not to an economic downturn or a reduction in population.
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Figure 4.2 Yearly final energy consumption relative to GDP and population [37], [38], [39]

In 2023, mineral oil products account for the majority of total final energy consumption, with
electricity covering 14,6%. This percentage is expected to increase over the next 20 years, as
the NECP aims to reduce the use of fossil fuels and the associated CO- emissions by shifting
to other energy forms, with a particular focus on electricity [20].
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Figure 4.3 Total final energy consumption by product (2023) [37]
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4.2 Review of historical electricity consumption

After reviewing total final energy consumption, this chapter shifts focus to electricity
consumption. It will provide an in-depth analysis of historical electricity usage, exploring trends
and patterns that have shaped current consumption levels and may be extrapolated to forecast
future demand.

The analysis of Luxembourg’s electricity consumption is based on data provided by the
government statistics service, STATEC. Figure 4.4 shows that national electricity consumption
has remained relatively constant over the last 20 years, despite a decrease of around 30% in
per capita consumption — a trend similar to the evolution observed in total final energy
consumption and indicating increased energy efficiency.

The graph separates consumption on Creos grid from consumption outside Creos grid, as this
Scenario Report focuses solely on providing forecasts for the Creos network development
plans. At the 220 kV level, a second grid operator, Sotel, supplies several industrial facilities in
the south of the country, primarily in the heavy steel industry. The Sotel grid has its own infeeds
from France and Belgium, and the connected clients do not place any load on the Creos grid.
The consumption “outside Creos grid” is calculated as follows:

Electricity consumption outside Creos grid =
Total electricity consumption (STATEC) - Electricity consumption on Creos grid (measured)

All other grid operators in Luxembourg operate at the distribution system level and are supplied
through Creos grid infrastructure; therefore, their consumption is included in the “on Creos
grid” category, represented in dark blue.
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Figure 4.4 Luxembourg’s yearly total electricity consumption [40], [41]
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Hereafter, the evolution of electricity consumption by sector will be examined, beginning with
the industrial sector. As mentioned earlier, Luxembourg'’s industry is only partially supplied by
the Creos grid. The electricity consumption of industries outside the Creos grid corresponds to
the total amount of electricity consumed outside Creos grid, as Sotel exclusively supplies
industrial clients. Consequently, the electricity consumption of industries connected to the
Creos grid is determined by subtracting the consumption of industries outside the Creos grid
from the total industrial electricity consumption reported by STATEC.
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Figure 4.5 Yearly electricity consumption of the industrial sector [40], [41]

Over the last 15 years, mixed industries connected to the Creos grid have contributed more to
overall electricity consumption than the heavy steel industry not connected to it. A slight decline
in total industrial electricity consumption can be observed, with the decrease being more
pronounced in industries not connected to the Creos grid.

The following two figures illustrate electricity consumption in the tertiary and residential sectors
as provided by STATEC. Both sectors have shown a growing trend in total electricity
consumption over the past few years, entirely supported by the Creos grid infrastructure.
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Figure 4.6 Yearly electricity consumption of the tertiary sector [40]

Even though total residential electricity consumption is increasing, per capita residential
consumption has decreased significantly — by 20% since 2005 — indicating increased energy
efficiency in households.
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The comparison in Figure 4.8 between the years 2005 and 2023 shows a shift in electricity
consumption from the industrial toward the residential and tertiary sectors. However, the
industrial sector still accounts for the largest share of national electricity consumption. The
electrical transport sector currently plays only a small role in overall electricity consumption but
is expected to grow with the transition toward electromobility, as outlined in the NECP [20].
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Figure 4.8 Evolution of the share of electricity consumption per sector [40]

In summary, Figure 4.9 shows that total electricity consumption on the Creos grid has
increased by 10% over the past 19 years, in contrast to the relatively constant total electricity
consumption of Luxembourg.
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When analysing the objectives from the NECP and drawing conclusions for the development
of the Creos grid infrastructure, it's important to consider that some differing assumptions
regarding energy consumption may need to be applied, as not all industry is located on the
Creos grid. Additionally, attention must be given to the power and energy requirements of
subordinated distribution system operators.

4.3 Review of historical electricity peak load

This chapter examines the peak load on the Creos grid, focusing on its historical long-term
evolution and yearly variations. The analysis is structured into three parts: the first explores
peak demand, taking into account national generation. The second part analyses the load
evolution at the interconnectors with Germany and Belgium, considering only cross-border
electricity flows. The final section provides an in-depth examination of the 220 kV and 65 kV
voltage levels. Compared to the previous Scenario Report, this more detailed analysis offers
enhanced insights to support the development of the new Network Development Plan for the
distribution grid.

4.3.1 Peak electricity demand on the Creos grid

Over the past decades, the peak demand on the Creos grid has shown continuous growth, as
illustrated in Figure 4.10. The electricity demand is calculated as follows:

Electricity demand on the Creos grid [MW] =
Power flow into the Creos grid - Power flow exiting the Creos grid + National generation

The sustained increase underscores the importance of meticulous long-term planning, as
infrastructure built today must accommodate the load 20 to 40 years into the future. Over such
a timeframe, peak power demand can increase significantly—for instance, it grew by 70%
between 1990 and 2010. In 2023, the peak load on the Creos grid reached 824 MW.
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Figure 4.10 Evolution of peak electricity demand on the Creos grid
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Figure 4.11 provides a detailed overview of the past 20 years. During this period, peak demand
on the Creos grid has increased moderately by 16%. However, with the measures outlined in
the NECP, this growth rate is expected to accelerate over the next two decades. In contrast,
peak generation power has experienced much more substantial growth, increasing by
approximately 270% over the same timeframe, reaching 345 MW in 2023. This trend is
expected to continue, with installed generation capacity projected to reach up 2.000 MW by
the end of the decade, compared to 800 MW today. [20]
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Figure 4.11 Peak demand and generation on the Creos grid

The annual load duration curves in Figure 4.12 illustrate the percentage of the year during
which demand and generation exceed a certain power level. These curves are created by
sorting all measured power values for a year from highest to lowest. For instance, electricity
demand exceeds 600 MW for 35% of the year, while generation surpasses 200 MW for 15%
of the year. However, consumption and generation do not necessarily align.

This highlights that peak loads on the grid occur only during a limited number of hours each
year. Without flexibility, the grid infrastructure must be designed to accommodate these

maximum loads. However, with flexibility, there is potential to reduce the infrastructure capacity
needs for such peak loads.
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Figure 4.12 Load duration curves for 2023 for consumption and generation

The yearly usage hours, shown in Figure 4.13, are calculated as the ratio of total electricity
consumption to the peak power observed on the grid. This metric indicates how consistently
electricity is consumed throughout the year. Over the past 20 years, yearly usage hours have
decreased from nearly 6.400 hours to approximately 5.920 hours. This decline suggests that
peak power demand has increased at a faster rate than overall electricity consumption.
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Figure 4.13 Yearly usage hours on the Creos grid
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4.3.2 Peak load on interconnectors

Three cross-border lines are connected to the Creos grid, two interconnectors to Germany and
one interconnector to Belgium. The two interconnectors to Germany currently serve as the
primary source of power for the Creos grid. The load on these interconnectors is lower than
the peak demand of 824 MW due to contributions from local generation. However, power
transfers between Germany and Belgium add additional load to these interconnectors. The
interconnector to Belgium links the grid operated by Creos with the Belgian grid operator Elia.
The commercial use is currently not planned due to the lack of positive results from SPAIC
analyses (Standard Procedure for Assessing the Impact of Changes). [42]

In 2023, the maximum combined load on the two interconnectors to Germany reached 792 MW
and the load on the interconnector to Belgium peaked at 324 MW.

The peak import load (residual load) shown in Figure 4.14 is the maximum power imported to
cover the gap between national consumption and generation. It increased from around
607 MW in 2005 to 694 MW in 2023, roughly mirroring the electricity demand trend in Figure
4.11. Variations from the interconnector values in the previous table are due to power transfers
between Belgium and Germany during peak periods.
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Figure 4.14 Historical peak import load
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4.3.3 Peak load across voltage levels

Previous analyses did not differentiate between voltage levels. This edition of the Scenario
Report will specifically examine the transported power at the 220 kV and 65 kV voltage levels
for 2023 to provide insights into seasonal and daily patterns.

The transported power of a voltage level is defined as the total power entering that grid level,
including injections from generation installations and transfers from higher or lower voltage
levels. Table 4.1 provides detailed information about the various sources of injected power.

220 kV 65 kV

Interconnectors to Germany and Belgium Downward power transfer from 220 kV
Upward power transfer from 65 kV Upward power transfer from 20 kV
Generation installations at 65 kV

Table 4.1 Sources of transported power per voltage level

Figure 4.15 and Figure 4.16 present the minimum, average, and maximum transported power
per month for the 220 kV and 65 kV grids, respectively, along with the 98th percentile, which
excludes the top 2% of power values for each month. This percentile view excludes rare,
extreme power values, providing a clearer picture of typical grid usage and avoiding distortions
caused by outliers.

The maximum transported power is 814 MW at the 220 kV level and 678 MW at the 65 kV
level. There is a strong seasonal variation in peak power on the 220 kV grid, with fluctuations
of approximately 200 MW. At the 65 kV level, the seasonal dependency is less pronounced,
with variations ranging between 100 MW and 150 MW.
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Figure 4.15 Transported power on the 220 kV grid per month in 2023
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The higher peak values at 220 kV compared to 65 kV can be attributed to consumption at the
220 kV level and power transfers between Germany and Belgium via Luxembourg. The
transported power on the 220 kV grid is lower than the peak demand, indicating that part of
the peak consumption is already met by national generation facilities. Further details on this
topic are provided in chapter 4.7.
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Figure 4.16 Transported power on the 65 kV grid per month in 2023

Figure 4.17 presents the annual load duration curves for the 220 kV and 65 kV grids. While
peak values reach 814 MW at the 220 kV level and 678 MW at the 65 kV level, the demand
remains below 600 MW for over 95% of the time and falls between 300 and 600 MW for more
than 80% of the time. This underscores the importance of flexibility in shaving peak loads and
minimizing the need for grid reinforcements.
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Figure 4.17 Load duration curves for 2023 for transported power — 220 and 65 kV grids

To understand the time dependence of peak values, Figure 4.18 and Figure 4.19 display the
98th percentile of peak transported power over the course of the day, based on data from
2023. The lower line represents the maximum transported power for each timestamp during
late spring and summer (May—August), and is adjusted for summertime. The upper line shows
maximum transported power for each timestamp during winter months (November—January).

As already observed in Figure 4.15 and Figure 4.16, grid load is significantly lower during the
summer months.
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Figure 4.18 Transported power on the 220 kV voltage level by time of day

In winter, the peak of the transported power is reached between 10 a.m. and 1 p.m. and again
in the evening from 5 p.m. to 8 p.m. In summer, the midday peak remains at the same time,
but the evening peak shifts slightly later, occurring between 6 p.m. and 9 p.m. These peak

times are crucial for electricity grid design, as they represent the periods of highest load on the
network.



32 Scenario Report 2040

Active power (MW)
w H
S

IO I I I Y N e P R R S N N N NN
S SEILLTLFLLELTLTLSLLLL LSS
NS '6"6”6"‘6"@'\6"@'9\ ST R8T 0T LT T ST ST N Y g

Maximum power transported 65 kV - Summer Maximum power transported 65 kV - Winter

Figure 4.19 Transported power on the 65 kV voltage level by time of day

The insights from this section will be used to determine the additional load in the specific
sectors during peak times and to analyse the flexibility potential in chapter 5.

4.4 Review of installed electricity generation capacity

The installed electricity generation capacity and national electricity output are expected to
increase significantly over the next twenty years. This and the following sub-sections analyse
the dependency of electricity generation on various factors, including energy type, installed
capacity, and seasonal and hourly variations, using historical data. This analysis is crucial for
projecting future peak generation loads based on NECP forecasts for electricity generation.

Installed generation capacity has increased from 260 MW in 2010 to 800 MW in 2023. As
shown in Figure 4.20, this growth is primarily driven by the expansion of PV capacity, from 30
MW to 384 MW, and wind capacity, from 61 MW to 208 MW. Although smaller in absolute
terms, biogas/biomass has also experienced significant growth, increasing from 10 MW in
2010 to 84 MW in 2023, mostly due to a few large installations. In contrast, cogeneration
capacity using natural gas has decreased from 100 MW to 60 MW, while waste burning and
hydropower capacities have remained stable at 21 MW and 34 MW (without the Vianden
pumped-storage plant, as it is connected to the German electricity grid), respectively.
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Figure 4.20 Installed cumulated generation capacity by energy type

The following chapters will examine past electricity generation and its contribution to national
consumption peak loads.

4.5 Review of historical electricity generation volumes

Over the last 15 years, electricity generation on the Creos grid has significantly increased,
rising from 600 GWh in 2010 to 1.350 GWh in 2023 (without the Vianden pumped-storage
plant). As shown in Figure 4.21, growth was slower during the initial years until 2015 but
accelerated thereafter, aligning with the increase in installed capacity illustrated in Figure 4.20.
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Starting in 2018, more detailed data on different energy types reveals that this growth is not
uniform across sources. Electricity generated from waste burning and hydropower remains
relatively constant, with a minor dip in hydropower observed in 2022. Conversely, other energy
types show greater variation. Energy from cogeneration plants using natural gas remained
steady from 2018 to 2021 but declined significantly from 2022 onward due to high gas prices.

For biogas/biomass, PV, and wind, the increase in electricity generation corresponds to the
expansion of their installed capacities. Additionally, PV and wind generation are weather-
dependent. For example, the substantial increase in wind energy production from 2022 to 2023
can be partially attributed to above-average wind conditions in 2023.

Understanding the seasonal behavior of electricity generation is crucial for projecting future
power generation and its correlation with consumption peaks. As shown in Figure 4.22, PV
and wind exhibit strong seasonal variations. Solar power generation peaks during the spring
and summer months but drops significantly in winter. In contrast, wind power generation is
strongest in autumn and winter and weaker in summer. The reduction in energy from
cogeneration plants using natural gas during summer can be attributed to lower heating
demand, while reduced rainfall in summer leads to lower hydropower generation.
Biogas/biomass generation remains relatively constant throughout the year. Similarly, waste
burning is consistent, though the only plant in Luxembourg was out of service in November
and December.
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Figure 4.22 Seasonal variation in generated energy in 2023

Considering daily and hourly variations is also essential. As shown in Figure 4.23, wind and
PV generation can fluctuate significantly between days, making it challenging to estimate
future generation peak loads, particularly in relation to consumption peaks.
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Figure 4.23 Daily variation in generated energy in 2023

After examining the amounts of energy generated by different sources and their influencing
factors, the next chapter will investigate the loads imposed on the grids by electricity
generation. These loads are critical for determining the necessary grid infrastructure.
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4.6 Review of historical electricity generation

The following figures illustrate the hourly variations in electricity generation load with seasonal
dependencies, displaying the yearly average for 2023 alongside a representative curve for
each season.
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Figure 4.24 Hourly behavior of generated power for wind and PV

Wind generation is highly unpredictable, with fluctuations exceeding 75% within a single hour,
interspersed with periods of constant output or even zero generation. On average, wind
generation is 15% lower during midday compared to nighttime (22h00 — 06h00). Solar power
follows a more predictable pattern, with seasonal changes driven by varying sunset times and
solar position. However, significant hour-to-hour fluctuations can occur due to weather
conditions.
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Figure 4.25 Hourly behavior of generated power for hydropower and biomass/biogas
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Hydropower shows a relatively flat average hourly profile, with two small peaks in the morning
and evening. These peaks correlate with the average day-ahead prices on the electricity
market. While seasonal variations are predictable, the low number of installations results in
significant variations during outages. Biogas/biomass plants exhibit stable behavior with
minimal hourly or seasonal variation.
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Figure 4.26 Hourly behavior of generated power for natural gas and waste burning

Natural gas plants follow a rectangular pattern, with lower generation at night (22h00 — 06h00)
and higher, gradually decreasing output during the day. As mentioned earlier, this pattern is
strongly influenced by seasonal variations in heat demand. Waste burning has a flat profile
with low seasonal dependency but is highly affected by outages, as there is only one
installation.

It is also essential to compare the peak power of electricity generation to the total installed
capacity. Absolute values are presented in Figure 4.27, showing an upward trend over the last
five years, in line with the growth of installed generation capacity.
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Figure 4.27 Peak power generation by energy type, 2018-2023
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Correlating peak electricity generation with installed capacity yields the results shown in Figure
4.28, revealing different percentages across energy types. Wind power consistently exceeds
80% of installed capacity, with peaks reaching 100%. Solar power ranges between 55% and
65%, partly due to the suboptimal orientation of some installations relative to the sun.
Biogas/biomass plants typically operate at 70% to 80% of installed capacity. Deviations in 2018
and 2023 are attributed to the installation of large plants in those years that did not contribute
to the peak generation.

Similar effects, though less pronounced, are observed for wind and PV, where new
installations are added every year. Waste burning consistently operates between 60% and
70%, while hydropower exhibits larger variations (60%—80%) due to its strong dependency on
rainfall. For natural gas plants, reduced usage caused by high gas prices has led to a decline
in utilization rates, dropping from 80% to 50%.
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Figure 4.28 Peak power generation relative to installed capacity, 2018-2023

Although some energy sources can reach up to 100% of their installed capacity during peak
power production, these levels are not guaranteed during peak consumption periods,
particularly for renewable energy sources, which are highly variable. To assess how much of
local consumption can be met by national generation during peak load times, the following
chapter compares electricity consumption with generation for selected periods.
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4.7 Comparison of generation and demand

The previous sections of this chapter analysed historical demand and generation patterns
separately. However, this approach does not provide sufficient insight into their behaviour to
support future projections. To effectively correlate estimations of future demand and
generation loads, it is essential to examine their co-evolution over time. The following charts
underscore the importance of such an analysis.

Electricity demand and generation for 2023 are presented in a single graph in Figure 4.29. As
previously identified, demand peaks during the winter months and shows a clear decrease
during the summer. Generation spans a wide range of values, with its maximum nearly
matching the minimum demand.

As generation capacity increases, the gap between demand and generation is expected to
narrow, albeit unevenly. For instance, in 2023, prolonged periods in January and December
showed very low generation coinciding with peak demand. A high-resolution analysis of the
peaks is necessary to determine whether minimum generation and maximum demand occur
at the same time of day.
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Figure 4.29 Demand and generation on the Creos grid in 2023

To gain an initial understanding of the correlation between demand and generation, Figure
4.30 presents a scatter plot with one data point for each 15-minute interval in 2023, showing
demand and generation values at that time on the respective axes. The graph indicates that
maximum generation (green circle) does not coincide with maximum demand (blue circle).
More broadly, no clear correlation is immediately apparent from the graph, highlighting the
need for a more detailed analysis.
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Figure 4.30 Correlation between demand and generation, 2023

Figure 4.31 illustrates the wide range in the relative contribution of electricity generation to
demand. Data from 2018 to 2023 has been analysed, revealing that each year, in the worst-
case scenario, only a few percent of the demand on the Creos grid was covered by national
generation capacities. The maximum contribution has reached approximately 50% in recent
years, with an exceptional performance in 2023 (see chapter 4.5). Due to the increase in
installed capacity, both minimum and maximum contributions have risen over the past years.
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Figure 4.31 Relative contribution of national electricity generation to demand

The previous graphs only give a rough overview of the link between peak demand and
contributions by national energy generation. The following chapter will therefore analyse high-
demand events and the corresponding levels of national electricity generation during these
times, with a focus on the transport grid.
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4.7.1 High-demand events

A high-demand (HD) event is defined as a period during which demand exceeds the 95
percentile, meaning the values during such an event are higher than 95% of all recorded values
during a year. Two examples of HD events are shown in Figure 4.32, with durations of 5 hours
(08:30 to 13:30) and 1 hour 30 minutes (18:00 to 19:30). The 95" percentile for 2023 is
calculated at 725 MW and is represented by a red line, indicating that 95% of the yearly values
fall below this threshold, while 5% exceed it.

Additionally, a period of low generation is defined as any generation value below 20% of the
high-demand limit, represented by the orange line at 145 MW. This criterion helps identify high-
demand/low-generation (HDLG) events, which occur when high power demand coincides with
low generation. These events are particularly important as they align with periods of maximum
import. In the example provided, generation exceeds the limit during the midday power peak
but falls below the limit during the evening peak. Consequently, a single HDLG event is
observed on this day, occurring from 18:00 to 19:45.
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Figure 4.32 Example of high-demand events on February 7, 2023

The number of HD events over the past 15 years is shown in Figure 4.33. Since the total
duration of all HD events in a year is constant (5% of total time by definition), the decrease in
the number of such events suggests that individual events are becoming longer. The
proportion of HDLG events relative to HD events remained constant until 2017 but has since
declined to 60% by 2023. This trend may be explained by a faster increase in generation
capacity compared to demand growth.
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Figure 4.33 High-demand and high-demand/low-generation events, 2010 — 2023

The distribution of events throughout 2023 is illustrated in Figure 4.34. The data clearly shows
that peak events on the transport grid occur exclusively during the winter months, with January
and December exhibiting a particularly high number of concurrent low-generation events,
resulting in increased imports.
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Figure 4.34 High-demand and high-demand/low-generation events per month, 2023

Another noteworthy statistic is the distribution of events relative to the time of day. Figure 4.35
illustrates the number of events active during each 15-minute interval throughout the day. Two
periods of interest stand out: midday and evening. Overall, the graph highlights the key hours
to focus on in further analysis.
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Figure 4.35 Number of HD and HDLG events for each 15-min. interval throughout the day

Finally, the duration of events is illustrated in Figure 4.36. Most events are shorter than 4 hours,
as they are often confined to either the midday or evening periods. However, longer HD and
HDLG events lasting up to 12 hours also occur and must be considered. These longer events
are more challenging to address compared to shorter-duration events.
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Figure 4.36 Length of high-demand and high-demand/low-generation in 2023

The following section will further analyse generation during HD events to determine what
percentage of national generation capacity can be considered reliable.
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4.7.2 Generation during high-demand events

Following the previous analysis of the statistical behavior of high-demand events, this
subsection evaluates the contribution of generation during these events. The ultimate goal is
to correlate this contribution with maximum generation load to support future projections.

A preliminary view of the impact of generation is provided by Figure 4.37. For each year, it
shows the minimum and maximum contributions across all HD events, distinguishing between
renewable and non-renewable energy sources where data is available. The minimal
contribution, approximately 10%, is primarily supplied by non-renewable sources and has
remained constant in recent years. In contrast, the maximum contribution has increased
significantly over the past 15 years, rising from 20% in 2010 to over 40% in 2023, driven mainly

by renewable energy sources.
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Figure 4.37 Minimal and maximal contribution of import and generation during HD events

The contribution of each energy type at the time of peak demand is illustrated in Figure 4.38.
Since peak power demand occurs during the winter months, the contribution of PV production
is minimal. Wind power is highly variable, with contributions ranging from near zero to
exceptional performances in 2021 and 2023. While natural gas plants show a declining trend,
the increase in contributions from biomass and biogas is linked to expanded capacity.
Contributions from hydropower and waste burning remain minimal.
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Figure 4.38 Contribution to peak power demand per energy type

For a more detailed analysis of the reliability of different energy types, two scenarios are
examined. The worst-case scenario analyses the minimal contribution during high-demand
events, focusing on midday and evening peaks. The optimistic scenario calculates the
contribution at the 25" percentile for both times of day.
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The results in Table 4.2 are presented relative to the maximum injected power of each energy
type, as chapter 6 will forecast these values. The left column under each year indicates the
contribution relative to maximal injected power during the midday peak, while the right column
highlights the contribution during the evening peak.

[iMaxinjected i o7Mw  20MW  28MW  28MW  22MW  23MW
[Mingensration| 1% 5% 1% 47% 5% 11% 2% 22% 9% 16% 6% 22%
Natural gas 2018 2019 2020 2021 2022 2023
Max Injected 70 MW 68 MW 62 MW 58 MW 55 MW 33 MW

Min generation 35% 62% 30% 68% 58% 70% 26% 59% 23% 50% 49% 63%

25th percentile .70, 780, 790, 77% 78% 82% 77% 84% 59% 64% 78% T7%
generation

17 MW 37 MW 37 MW 37 MW 41 MW 41 MW
41% 49% 17% 21% 16% 17% 37% 39% 15% 50% 42% 44%

5% T7% 41% 44% 76% 92% 84% 94% 68% 68% 77% 74%

PV 2018 2019 2020 2021 2022 2023
Max Injected 90 MW 99 MW 115 MW 154 MW 182 MW 210 MW
Min generation 0% 0% 0% 0% 2% 0% 1% 0% 2% 0% 1% 0%

25thpercentile o, o/ 7o. 0% 10% 0% 7% 0% 9% 0% 6% 0%

generation

120 MW 125 MW 140 MW 145 MW 142 MW 190 MW
0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%

7% 12% 4% 12% 12% 13% 5% 10% 5% 5% 8% 14%

Table 4.2 Generation load per energy type relative to maximum injected power, for midday
(left) and evening (right) HD events
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Table 4.3 provides an overview of the specific numbers used to estimate the future contribution
of generation to peak demand in chapter 6.9. These results can be used to calculate peak
import load in chapter 8.2 by subtracting the expected generation load from the peak demand.

The minimal contribution of waste burning is considered to be 0%, as observed over several
years. Since only a single facility exists, routine maintenance alone can suspend its
contributions. In the more optimistic scenario, a contribution of 50% is assumed.

For hydropower, the minimal contributions of 2% at midday and 10% in the evening are
significantly influenced by the presence of only a few facilities. In the optimistic scenario,
contributions are considerably higher, with 40% at midday and 60% in the evening.

Natural gas shows a higher relative contribution, with minimum values of 30% at midday and
60% in the evening, and an optimistic contribution of up to 80%. Similarly, biogas/biomass is
considered to have a minimal contribution of 20% and an optimistic contribution of 70%.

Contributions from PV, however, are non-existent at the minimum due to its inherent nature.
In the optimistic scenario, PV contributes 7% during the midday peak but 0% during the
evening peak, as sunset in winter occurs before the start of the evening peak at 18:00.

For wind power, the situation is similar, with a minimal contribution of 0%. In the optimistic
scenario, the contribution is 7% during the midday peak and 12% during the evening peak.
This difference between midday and evening contributions was previously noted in chapter
4.6.

Natural gas 30% 60% 80% 80%
20% 20% 70% 70%

PV 0% 0% 7% 0%
Wind 0% 0% 7% 12%

Table 4.3 Generation load per energy type relative to maximum injected power used for
further calculations
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5. Electricity demand forecast

This chapter will provide a detailed outlook on projected electricity consumption and load
across various sectors and technologies, anticipated to significantly impact on the electricity
grid at different voltage levels. These projections are based on the 2024 NECP WEM and
WAM scenarios for national and sectorial electricity consumption and supplemented with
additional projects, technologies and information where applicable, as outlined in section 3.2,
along with historical analyses of past electricity consumption and peak loads in chapters 4.2
and 4.3.

5.1 Mobility sector

The transportation sector is shifting toward electrification, driven by technological progress,
environmental concerns, and regulatory changes. Electromobility, including electric cars,
buses, and trucks, is set to play a key role in sustainable and energy-efficient transportation
by 2040. The growing demand for electricity to charge electric vehicles — ideally from
renewable sources — will challenge grid capacity and stability. This chapter provides an outlook
on the future of electromobility in Luxembourg, analysing key trends, challenges, and
opportunities that will impact the energy sector over the next two decades.

Figure 5.1 shows vehicle registration numbers for selected categories in Luxembourg. As of
July 2024, 85.178 EVs were registered in Luxembourg, out of a total of 618.042 vehicles —
amounting to 13,78 % [43]. E-bikes and e-scooters, with their low nominal charging power,
have no significant impact on the network infrastructure and are therefore excluded from this
analysis. Electric motorcycles and microcars are also disregarded in this study, as their
charging powers and battery capacities are negligible compared to those of electric cars,
buses, and trucks. Agricultural machinery, with its currently low electrification rate and small
numbers, is likewise considered irrelevant to the electricity grid. [44]

BEV+PHEV: 526
Buses I ICE: 1.996

BEV: 10
Trucks and road - ICE: 10.935
tractors

BEV+PHEV: 947

Vans ICE: 41.738

PHEV: 16.524
0 20.000 40.000 60.000 80.000 100.000 500.000
BEV (battery electric vehicle) PHEV (Plug-in hybrid electric vehicle)
HEV (hybrid electric vehicle) m|CE (internal combustion engine)

Figure 5.1 Vehicle registrations in Luxembourg for selected categories (July 2024) [43]
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EVs are categorized in three levels of electrification: fully electric (BEV — battery electric
vehicle), plug-in hybrid vehicle (PHEVs), and hybrid vehicles (HEVs). Since HEVs cannot be
connected to the power grid, only BEVs and PHEVs are considered grid-relevant, and their
impact on the electricity grid will be analysed further. In total, 46.324 grid-relevant EVs are
registered in Luxembourg as of July 2024, with the following graph showing the market share
of each type.

Trucks and road tractors
0,02%
Buses
Vans 1,14%
2,04%

Cars
96,80%

Figure 5.2 Market share of each type of grid relevant electric vehicle (July 2024) [43]

The following sub-chapters delve into the projected growth of the different EV categories, the
evolution of charging networks, and the anticipated impact on the electricity grid during the
midday and evening peak.

Some vehicles may use hydrogen as a fuel, and the and the electricity required for its
production will be estimated in chapter 5.6.
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5.1.1 Electricity demand from electric car and van charging

In recent years, electric cars and vans have gained popularity, aided by governmental
subsidies. Figure 5.3 shows the rise in registration figures over the last four years. In July 2024,
out of 44.841 grid-relevant electric passenger cars, 63 % are fully electric and 37 % are plug-
in hybrids. Among 947 electric vans, all but 5 are fully electric [43].

Fully electric and hybrid vehicles are expected to dominate new car registrations in the long
term. The 2024 NECP upholds the 2020 governmental target of achieving a 49% electrification
rate for passenger cars (fully electric and PHEV) by 2030 [20]. Figure 5.3 illustrates the
projected evolution of total registrations for grid relevant cars and vans, as estimated by
STATEC.

600.000

500.000

Registration numbers

400.000
300.000
200.000
100.000 l l I
w VY8827 777775773 7% %"
o o

% Plug-in hybrid electric cars ~ mFull-electric cars Full-electric vans

Figure 5.3 Past and future total cumulated registrations of fully electric and plug-in hybrid
cars and vans per year [43] [45] [46]

Multiple studies analyse the simultaneity of electric car charging processes and the resulting
power requirements per vehicle based on the number of cars in a specific area [47] [48] [49]
[50] [51] [52]. The simultaneity factor is a parameter used in electricity grid planning to account
for the fact that not all connected loads reach their maximum demand at the same time. It
reflects the degree to which individual peak loads overlap and is used to estimate the realistic
combined peak load on the network.

For a single electric car, the simultaneity factor of the charging process equals 1. However, as
the number of cars increases, the coincidence of their charging processes decreases. Most
studies apply a simultaneity factor between 0,1 and 0,2 when considering more than 200
vehicles. As a result, the total load on the electricity grid varies depending on the voltage level,
as shown in Figure 5.4 (own illustration based on the abovementioned resources). It also
depends on the charging power applied, i.e. the higher the charging power, the lower the
simultaneity of charges.
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Figure 5.4 Simultaneity of electric car charging

To evaluate the impact of electric car and van charging on future peak power demand on the
Creos high voltage grid in the “high estimate” scenario, the total projected number of vehicles
per year provided by STATEC (Figure 5.3) will be multiplied with their charging power and the
corresponding simultaneity factor.

Peak power electric charging =
Number of vehicles * Charging power [kW] * Simultaneity factor

The highest load from electric car charging is expected during the evening peak, from 5 p.m.
to 8 p.m., when users charge their cars at or close to their home after work or when electric
vans return to their depots. This expectation is confirmed through analysis of aggregated Smart
Meter load curves of households with charging stations and examination of peak utilization
times of public charging infrastructure as shown in Figure 5.9 and Figure 5.7 below. A typical
charging power of 11 kW will be applied with a simultaneity factor of 0,15 for fully electric cars
and vans. As the number of vehicles continuously increases, this simultaneity factor will
gradually decrease to 0,12 in 2030, when vehicle numbers are expected to exceed 150.000.
PHEVs, which typically charge using only one phase, are considered with a charging power of
3,7 kW and a higher simultaneity factor of 0,25. This simultaneity factor will remain unchanged,
as the number of PHEVSs is expected to increase only slightly before declining again until 2040.

For the “low estimate” scenario, the methodology for the evening peak remains the same,
but STATEC has not specified the number of electric cars and vans for the WEM scenario.
This number will be estimated based on the share of energy allocated to electric cars and vans
in the 2024 WEM scenario for the transport sector, which is calculated by subtracting the
shares for electric buses, trucks, and railways from the total energy projected. The yearly
energy consumption for electric buses is calculated based on the number of buses, multiplied
by their annual mileage and energy consumption per kilometer (see sub-chapter 5.1.2 for
details). For electric trucks, yearly energy consumption is calculated by multiplying the number
of trucks by the average daily energy consumption per truck and the number of service days
per year (see sub-chapter 5.1.3 for details). Energy consumption for trains and trams has been
determined based on 2023 measurements and is anticipated to remain stable.
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Based on the annual energy allocated to electric cars and vans, the total number of vehicles
can be calculated by assuming an energy consumption of 18 kWh/100 km and an annual
mileage of 15.000 km per electric car. To determine power requirements in the “low estimate”
scenario, the number of vehicles will then be multiplied by a charging power of either 11 kW
for BEVS or 3,7 kW for PHEVSs, as described above. The share of PHEV is assumed to be
15% and a simultaneity of 0,25 for PHEVs and 0,15 for BEVs is applied.

During the midday peak, between 10 a.m. and 1 p.m., slow AC charging is expected to be
less frequent than during the evening peak. Figure 5.7 and Figure 5.9 illustrate that the load
from AC charging is reduced by an average of 40% compared to evening peak times. This
reduction will be applied to both the high and low estimate scenarios.

Currently, Luxembourg has 53 MW of installed DC chargers, representing nearly 60% of the
total installed public recharging power [53]. According to regulation 2023/1804 on the
deployment of alternative fuels infrastructure, every EU country must provide 1,3 kW of public
recharging power per full-electric vehicle and 0,8 kW per PHEV [54]. By 2040, this requirement
would result in an installed charging power of 658 MW, with 395 MW allocated to DC charging
if the AC-to-DC ratio remains constant. For DC charging, a simultaneity factor of 0,12 is
applied, as the higher power of DC chargers leads to lower simultaneity compared to AC
chargers. This results in a maximum grid load of 48 MW for DC charging in 2040. During the
midday peak, this load is expected to be fully utilized (Figure 5.7) and is therefore included in
both the low and high estimate scenarios for the midday peak. For the evening peak, DC
charging is projected to be reduced by 30%, based on utilization rates shown in Figure 5.7.
The power will be extrapolated linearly to reach the 2040 values.

Since this analysis focuses on determining the additional load on the electricity grid compared
to 2023 levels, the existing load from electric car and van charging in 2023 is estimated and
subtracted from the calculated results for the low and high estimate scenarios. In 2023, a total
of 23.509 fully electric cars and vans and 15.126 PHEVs contributed to an estimated peak load
of 53 MW. Additionally, 6 MW from already installed and operational DC chargers are
deducted. The results are illustrated in Figure 5.5.
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Figure 5.5 Additional electricity demand for electric car and van charging

At lower voltage levels, the impact of electric mobility is highly dependent on local factors. Due
to this inhomogeneity, a calculation similar to the one used for higher voltage levels cannot be
applied. Nonetheless, the following paragraphs analyse the deployment of charging
infrastructure to illustrate its impact on the low and medium voltage levels.

Public charging infrastructure

The development of public charging infrastructure is a key factor in the widespread adoption
of electric vehicles. These charging stations are typically located in public spaces, such as
parking lots, shopping centers, and highway service areas, providing convenient options for
EV owners without private charging facilities or in transit. Currently, there are around 2.220
public charging points available in Luxembourg, with a total installed charging capacity of 89
MW, of which 41 MW are for AC charging and 53 MW for DC charging [55] [53].

The typical AC (alternative current) public charger offers a charging power of 22 kW per
charging point. Around 1.000 charging stations, each with two charging points, are installed at
various locations on the low-voltage grid as shown in dark blue in Figure 5.6. Additionally,
almost 220 fast DC (direct current) charging points, essential for long-distance travel and
situations requiring rapid charging, provide significantly higher charging capacities, ranging
from 50 kW to 350 kW, and are usually connected directly to the medium voltage grid. They
are depicted in light blue on the following map. [56]
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Figure 5.6 Public charging infrastructure in Luxembourg as of September 2024 [57]

Figure 5.7 shows the average daily utilization of the Chargy and SuperChargy networks based
on the maximum power drawn for one year. Peak times for the AC charging stations (Chargy)
occur between 6 and 8 a.m. as well as between 4 and 6 p.m., while the DC charging stations
(SuperChargy) are more frequently used between 10 a.m. and 5 p.m. The values have been
normalized, so this graph indicates only the busiest times for public charging networks and
does not reflect total power usage. Due to lower numbers of fast-charging stations, their total
power requirements remain significantly lower than those for AC charging.
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Figure 5.7: Average daily utilization of public charging networks
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The total number of public AC and DC charging stations is expected to continue growing. As
recharging powers for rapid charging increase, future charging stations will have a greater
impact on the medium-voltage grid. Service areas with a high number of charging stations may
require direct connections to a high-voltage transformer station or the construction of their own
high-voltage transformer stations nearby.

Private charging infrastructure

Private charging infrastructure provides a convenient and reliable method for EV owners to
charge their vehicles at home or work, typically offering 11 kW of charging power per charging
point. Creos allocates 11 kW per single-family home, while for multi-family homes, the
maximum allowed charging power depends on the number of units and incorporates a
simultaneity factor, as described above. Nevertheless, private charging stations significantly
impact the low-voltage grid, with the current total installed charging capacity just below 100
MW [41].

Figure 5.8 shows that wallboxes are more commonly installed in urban areas than in rural
regions. Additionally, newly developed residential areas tend to have a higher concentration
of wallboxes, suggesting that new construction projects are increasingly incorporating EV
charging infrastructure from the outset. Given the government's forecast that most newly
registered vehicles will be electric by 2040, these trends are expected to continue, with the
number of private charging stations likely to increase substantially [20].

Figure 5.8 Private charging infrastructure in Luxembourg as of September 2024, aggregated
by postal code
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Figure 5.9 shows the average daily utilization of 11 kW homechargers based on maximum
power drawn for one year. Power values have been normalized to 1. Load curves of over 7.000
Luxembourgish households with private EV chargers have been aggregated and analysed to
understand usage patterns. It is clearly visible that the evening peak begins ramping at about
4 p.m., reaches its maximum at 7 p.m., and then slowly declines.
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Figure 5.9: Average daily utilization of private 11 kW charging stations
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5.1.2 Electricity demand from electric bus charging

The Luxembourgish government has set a goal to fully electrify the public bus transport RGTR
(Régime général des transports routiers) by 2030, aiming to reduce carbon dioxide emissions
[20]. Other key operators, including TICE (Tramways intercommunaux du canton d'Esch), AVL
(Autobus de la Ville de Luxembourg) and CFL (Société Nationale des Chemins de Fer
Luxembourgeois), have also announced plans to electrify their fleets. For instance, AVL aims
to have all standard buses running on electric power by 2025 and all articulated buses by 2030
[58]. Similarly, TICE and CFL are actively working towards electrifying their fleet until 2030 [59]
[60]. These collective efforts underscore Luxembourg's commitment to sustainable public
transportation.

In July 2024, 526 electric buses were in operation, representing approximately 20% of the total
fleet of 2,684 buses [43]. Figure 5.10 shows the yearly growth in the number of electric buses
registered since 2020 and includes the 2024 NECP forecast for future electric bus numbers.
However, in this forecast, communicated directly by STATEC to Creos, full electrification of the
bus-fleet is projected only by 2040. These figures will therefore be used to calculate the
additional load on the Creos grid in a “low estimate” scenario, while the “high estimate” will
assume a more ambitious target of full electrification by 2030.
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Figure 5.10 Past and future total cumulated registrations of full-electric and plug-in hybrid
buses per year [20] [43]

In 2015, the bus fleet in Luxembourg collectively covered 65 million kilometers [61]. At that
time, the fleet included nearly 1.800 buses, averaging almost 37.000 km per bus [43]. A bus
operator under the RGTR regime reported an anticipated average of 81.000 km per bus per
year. Since not all buses operate under the RGTR regime, the annual kilometers were adjusted
downward to 60.000 km per bus in the national fleet. Figure 5.11 shows total electric bus
kilometers per year for the high and low estimate scenarios.
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Figure 5.11: Electric bus kilometers for high and low estimate scenarios

Feedback from several Luxembourgish bus operators indicates an average electricity
consumption of 0,75 to 1,4 kWh/km for 12-meter buses and 1,5 to 1,8 kWh/km for 18-meter
buses [62] [63]. International experience reports confirm similar figures [64] [65]. Since peak
load on the Creos grid typically occurs on cold days, and 12-meter buses constitute the majority
of the Luxembourgish fleet, an average of 1,4 kWh/km is used for calculations.

Since opportunity charging at bus stops is not common in Luxembourg, energy to cover these
kilometres is expected to be recharged primarily overnight, with possibly some intermediate
charging sessions between shifts. Load curves from various bus depots were analysed to
identify charging patterns. Figure 5.12, with power values normalized to 1, shows peaks in bus
charging between 7:00 p.m. and 2:00 a.m., as well as between 10:30 a.m. and 4:30 p.m.,
confirming initial expectations. Most of the energy is charged within a 13-hour period each day.
Values from multiple bus depots have been normalized to 1 to allow for comparison across
depots.

== Bus depots

Figure 5.12: Average daily utilization of bus depot charging
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Electric bus kilometers in the high and low estimate scenarios will be multiplied by the
energy consumption rate of 1,4 kWh/km to determine the total annual energy demand. These
values will then be divided by total yearly charging time — 13 hours a day for 365 days —
assuming that reductions due to the reduced Sunday service are negligible. This calculation
provides the average daily additional load on the high voltage grid due to electric bus
recharging. From Figure 5.12, it is determined that during the midday peak, the load is 15%
lower than the average load during the 13-hour charging window, while for the evening peak,
it is 15% higher.

In 2023, a total of 411 electric buses were registered in Luxembourg, generating an estimated
peak load of 7 MW. As this analysis aims to determine only the additional load on the electricity
grid, this load will be deducted from the projections. Results are presented in Figure 5.13.
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Figure 5.13 Additional electricity demand for electric bus charging

Several charging stations for electric buses have already been installed at existing bus depots,
with additional connection requests submitted for new or existing depots across the country.
Most existing bus depots already have a medium-voltage connection, which is typically
extended to provide sufficient power to charge electric buses. Once a certain power threshold
is exceeded, or if the required capacity is no longer available on the medium-voltage grid, a
direct connection to a high-voltage transformer station becomes necessary.

In addition to overnight charging, electric buses may require recharging during their daily
routes at opportunity charging stations, which operate at power levels ranging from 250 kW to
550 kW and require a medium-voltage connection. However, they are not popular in
Luxembourg and their number and utilization times are considered negligible when assessing
the additional peak power on the high voltage grid.
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5.1.3 Electricity demand from electric truck and road tractor charging

This chapter focuses on the charging of electric trucks and road tractors, which play a crucial
role in decarbonizing road freight. Leading truck manufacturers in Europe are committed to
this transition, offering an expanding range of electric vehicles and aiming for electric trucks to
account for half of their total sales by 2030 [66]. Currently, the battery capacities of electric
trucks range from approximately 200 kWh to over 600 kWh, with both AC charging and DC
supercharging capabilities. DC supercharging power varies from 50 kW to 350 kW, while
Megawatt Charging Systems (MCS) up to 3,75 MW are still in testing but are expected to
become the new supercharging standard in the medium term [67] [68].

Presently, charging infrastructure for heavy-duty vehicles in Luxembourg is limited. However,
this is expected to change as the European Union mandates the development of a reliable and
extensive charging network to facilitate the widespread adoption of electric trucks [33]. Under
the Alternative Fuels Infrastructure Regulation (AFIR), the European Commission has
introduced distance-based targets for light- and heavy-duty vehicles on the TEN-T core and
comprehensive networks. Starting in 2025, charging stations with a minimum power of 350 kW
will be required every 60 kilometers. Additionally, EU Member States must ensure the
availability of recharging stations in urban nodes and at safe, secure parking locations for
overnight charging. [69] [70]

A report by Cenex published by the Ministry of Economy in September 2023 [71] identifies the
power requirements for charging domestic electric medium- and heavy-duty vehicles across
Luxembourg. The report aims to provide a clearer understanding of additional power needs at
various truck locations, helping to assess future electricity grid demands as the number of
battery-electric trucks grows. It focuses specifically on overnight/depot charging requirements
and excludes power needs for transit charging.

First, 50 truck locations and various truck types were identified using satellite imagery. Next,
average daily energy consumption was determined based on energy consumption rates
(kWh/km) and daily mileage data from the “Energy Transition in Luxembourg’s Logistics
Sector” report [72]. Table 5.1 outlines the assumptions used in the “Medium Energy
Consumption and Power Scenario”. Different truck categories were analysed, including rigid
trucks (N2) for urban distribution, rigid trucks (N3) for regional distribution, and 40-tonne tractor
units (N3) for long-haul transport.
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N2 Rigid N3 Rigid N3 Tractor
Use Case Urban Regional Long Haul

Energy Consumption 0.4 1.32 1.65
(kWh/km)

Daily Mileage (km) 60 140 365
Typical Battery Electric 170 250 300

Vehicle Range (km)

Average Daily Energy 24 185 602
Consumption (kWh)

Depot Charging (%) 100% 100% 82%
Charging efficiency (%) 87% 87% 87%

Average Daily Charging 28 212 569
Requirement (kWh)

Table 5.1 Medium energy consumption and power scenario for electric truck charging [71]

The next step in the Cenex study involved projecting future electric truck numbers in
Luxembourg. Luxembourg has signed a “Memorandum of Understanding (MOU) on Zero-
Emission Medium- and Heavy-Duty Vehicles”, committing to collaborate with other countries
to enable 100% zero-emission new truck and bus sales by 2040 with an interim goal of 30%
zero-emission vehicle sales by 2030 [73]. Based on these targets, Cenex established a
“Luxembourg Fleet Conversion” scenario, assuming annual fleet growth of 2% until 2030 and
1% until 2040, with an annual ICE phase-out rate of 6,5%. The projections are illustrated in
Figure 5.14, which also includes projections from the 2024 NECP regarding truck and road
tractor registrations. Although both forecasts assume similar overall fleet growth, the NECP’s
estimates for electric truck adoption are much lower than those in the Cenex study. Therefore,
NECP figures are used for the “low estimate” scenario, while Cenex figures are used for the
“high estimate” scenario. Due to low historical numbers (1 electric truck in 2022 and 8 in
2023), past registrations are not visible in this graph [43].
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Figure 5.14 Past and future total cumulated registrations of full-electric trucks and road
tractors per year [20] [45] [71]
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Cenex analysed the typical time trucks spend at depots and used these durations to calculate
power requirements by dividing energy needs accordingly. Based on a survey they conducted,
the average time available for charging is approximately 12 hours, for example, from 3 p.m. to
3 a.m. after completing their shift.

N2 Rigid N3 Rigid N3 Tractor

Average Daily Charging 569
Requirement (kWh)

Time Available for Charging 11

(hours)
Average charging power (kW) 51,7

Table 5.2 Average daily charging power per truck type [71]

Cenex notes that, without load management systems, these trucks would begin recharging
with maximum power upon arrival at the depot, i.e. 22 kW for rigid trucks and 250 kW for tractor
units. However, this Scenario Report assumes that fleet operators will install smart charging
systems to minimize initial investment in electricity grid infrastructure. Average charging power
values are therefore considered to better represent the simultaneous charging demand of
multiple trucks, rather than relying on maximum charging power.

Since there is no representative number of electric trucks available for a load curve analysis,
the estimations for the “low estimate” scenario will be based on the same assumptions used
in the Cenex study, with only the number of vehicles adjusted accordingly.

In 2023, a total of 6.076 rigid trucks (55%) and 5.059 tractor units (45%) were registered [43].
These proportions will be applied to the projected number of electric vehicles per year in Figure
5.14 for each scenario and then multiplied by the average daily charging power per category
— 10 kW for rigid trucks and 51,7 kW for tractor units. This load curve is considered as the
evening peak, while depot charging load will be reduced by 70% for the midday peak. The
results are presented in Figure 5.15.
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Figure 5.15 Additional electricity demand for depot electric truck charging
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In the Cenex study, future power requirements for electric truck charging were estimated to
range between 261 and to 1.407 MW. However, assuming that depot owners will reduce grid
connection costs by implementing load management systems and optimizing fleet charging,
the estimations in this Scenario Report are significantly lower and fall at the lower end of the
indicated range. These assumptions and developments will need to be closely monitored and
reflected in future updates of the Scenario Report.

Whilst Figure 5.15 represents the additional national load due to domestic electric truck
charging, the Cenex study identified the cantons of Esch-sur-Alzette, Luxembourg, and
Capellen as having the highest concentrations of electric trucks through satellite imagery.
According to Cenex, the top four truck stop locations will need 17 MW to 41 MW of additional
power for charging battery-electric trucks, which can be reduced to 4 MW to 9 MW by using
hardware or software-based load management systems. ldentifying truck depots will be
essential for pinpointing where grid reinforcements may be needed in the medium- and high-
voltage networks. Exact long truck stop locations across Luxembourg requiring overnight
chargers have been identified by ACEA (European Automobile Manufacturers’ Association)
together with Frauenhofer ISI, using a unique dataset compiled by seven truck manufacturers
covering the GPS coordinates of some 400.000 trucks in operation throughout Europe. [74]

However, considering only national registrations of electric trucks is insufficient, as transit
traffic also plays a significant role. ACEA and Fraunhofer ISI have identified the most
frequented short truck stop locations, which will require MCS charging technologies. Long and
short truck stop locations mostly overlap. The map below illustrates, in light blue, the top 10%
most frequented truck stop locations and, in dark blue, all truck stop locations in Luxembourg.
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Figure 5.16 Truck stop locations in Luxembourg [74]
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ACEA states “The top 10% most utilised truck stop locations should be fully equipped with
suitable chargers no later than 2027”. The following list presents the top 10% of short truck
stop locations in Luxembourg.

Rank Name Location ‘
Top 5% Aire de Wasserbillig Mertert

Top 5% Aire de Capellen Mamer

Top 5% Aire de Berchem Berchem

Top 5% Luxair Cargocenter Findel Senningerberg

Top 10% | Transports Wallenborn Schuttrange (Munsbach)

Top 10% | Arcelor Mittal European Logistics Center | Differdange (Niederkorn)

Top 10% | Route de Longwy — Rodange Petange (Rodange)

Table 5.3 Top 10% short truck stop locations across Luxembourg [74]

In total there are seven locations in Luxembourg among the top 10% most frequented truck
stops. A study suggests that these locations may require up to 12 MW of fast charging capacity
each [75]. Peak usage expected during the day, while in the evening most drivers are
anticipated to opt for overnight charging. Therefore, peak power demand will be reduced by
70% in evening peak forecast, while full load is expected for the midday peak. Although
ACEA recommends these chargers be operational by 2027, this timeline is considered
unrealistic. In the “high estimate” scenario, necessary power will scale up to 3,6 MW per
location for the evening peak and 12 MW per location for the midday peak by 2030. In the “low
estimate” scenario, the same loads will be reached by 2040. Total requirements for electric
truck charging in Luxembourg are shown in Figure 5.17.
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5.1.4 Electricity demand from rail transport

All public passenger rail transport in Luxembourg is already fully electric, with the national
railway company's electrical systems connected to the Creos network, showing a peak power
requirement of 35 MW [41]. However, some local and regional freight trains still operate using
fuel traction. Electricity demand is anticipated to increase with the expansion of the rail network,
including the addition of two new tracks in the south of Luxembourg. Furthermore, several
stations will be renovated to accommodate more trains. Recently, a new power feed-in source
of 35 MW was added, enabling the rail transport system to access up to 70 MW of power. This
power capacity will be sufficient to meet the demands for the coming years. In the “high
estimate” scenario it is projected that the load will increase by 15 MW until 2040, while the
“low estimate” scenario anticipates a 10 MW increase. The analysis of load curves shows
that there is no need to differentiate between the midday and evening peaks.

An electric tramway network operates through the capital, with the initial sections already in
service and several additional lines planned. Furthermore, the first phases of a high-speed
tramway connecting the capital to the largest city in southern Luxembourg are scheduled for
completion within the next few years. These expansions are expected to more than double the
electricity demand for the tramway network, significantly impacting the medium-voltage grid,
particularly in central and southern Luxembourg. The current connection between Kirchberg
and Stade de Luxembourg had a peak load of 3,5 MW in 2024 [41]. By extrapolating this load
to account for the additional kilometers in the projected tram network expansion, it is estimated
to increase by approximately 5 MW, reaching a total of 8,5 MW by 2040. This projection serves
as the “low-estimate” scenario, while the “high-estimate” scenario includes an additional
1,5 MW, totaling 6,5 MW increase in 2040. Again, there is no necessity for a differentiation
between midday and evening peaks.

Additionally, a funicular railway, which began operation at the end of 2017, facilitates the
transfer of passengers between a railway station and a tram station in the capital. Since this
load is already accounted for in our measurements and no extension is planned, no further
load needs to be considered.
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Figure 5.18 Additional electricity demand for electric rail transport



66 Scenario Report 2040

5.1.5 Flexibility in electric vehicle charging

The electro-mobility sector offers significant potential for flexibility. Although point loads can be
very high, they are flexible, meaning that in many use cases they can be delayed or flattened,
as the vehicle often remains on standby for an extended period of time. Creos has already
introduced initial measures to harness and prepare for the flexibility offered by electro-mobility.
Various mechanisms are currently being implemented.

Rule-based mechanisms:

Creos installed the first Smart Meters in 2017. In addition to transmitting precise consumption
data, which can be analysed to identify load peaks both for individual consumers and across
the grid, these meters offer two relays that can be used for load shedding in critical situations.
According to the technical connection requirements for the low-voltage grid (TAB — Technische
Anschlussbedingungen [76]), electrical vehicle chargers with a nominal power of 7 kW or
above must be connected to one of these relays. When they receive a signal from the DSO,
they must reduce their load by at least 30% for devices with an output of 7 kW or more, by at
least 50% for devices with an output of 11 kW or more, and by at least 75% for devices with
an output of 22 kW or more.

The ongoing Creos Living Lab project equips a street with heat pumps, photovoltaic systems,
EV chargers, and batteries to simulate the energy transition in the low-voltage grid. The project
investigates how consumer behaviour affects grid performance and stability at the low-voltage
level. Among other aspects, it examines the effects of different charging behaviours, including
uncontrolled charging, peak shaving, alignment with variable grid tariffs, and charging
predominantly with renewable energy. The project also evaluates the reliability of load-
shedding via Smart Meter relays, considering potential points of failure such as incorrect
installations or communication issues. Results are expected in 2025 and will allow for a more
concrete assessment of flexibility through load shedding of electric vehicles. [77]

Grid tariff design:

A new tariff structure for the low-voltage grid has come into force in January 2025, aiming to
reduce load peaks in the electricity grid by incorporating a capacity-based component in the
tariff. The goal is for customers to reduce the simultaneity of their loads where possible (e.g.,
avoiding car charging while cooking) and opt for slower charging rates, which have a lower
impact on the grid. As the tariff is only introduced in 2025, its effects can only be evaluated
later on. [78]

Connection agreements:

A flexible connection agreement provides a cost-effective solution by minimizing investment
costs when maximum power is not constantly required. Under this agreement, the customer
has a fixed subscribed power level and an additional flexible power level that is available only
when other clients on the same grid segment are not using their maximum power (for example,
at night). The customer will receive a forecast of the available flexible power and must adjust
their power use accordingly. As part of the Feederflex project, flexible connection agreements
between Creos and bus depot owners are being tested. Bus depots have high power needs at
night for overnight charging, while their daytime requirements are lower. Traditionally, fleet
operators would need to reinforce the grid connection of their depot to ensure high power
availability at any time. Currently, the system is implemented at only one site, but other bus
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companies have already expressed interest.

Other flexibility mechanisms outside the control of the grid operator

Peak shaving through intelligent charging systems: In locations with multiple
charging points, Creos encourages clients to install intelligent charging systems
that limit peak load by managing charges over the available time period. This
approach alleviates stress on the electricity grid and helps minimize investments
costs and — with the new network tariff structure — also electricity costs.

Vehicle-to-Grid/Vehicle-to-Home (V2G/V2H): In the future, this technology could
enable EVs to communicate with their home network or the power grid and supply
electricity back to it. This bidirectional energy flow will allow EVs to both draw
electricity from the grid to charge their batteries and return stored energy to the
home or the grid when needed. V2G and V2H technology can help balance energy
supply and demand. From January 1, 2027, all new and refurbished public charging
points, as well as new private charging points, must support ISO 15118-20, which
includes Vehicle-to-Grid (V2G) capabilities. Public charging points offering Plug &
Charge or similar automated services must support both ISO 15118-2 and ISO
15118-20. [79]

In conclusion, flexibility is easier to procure in certain use cases, such as private in-home
vehicle charging and overnight bus charging, than in others, like fast charging for electric trucks
and cars. Overall, this Scenario Report assumes a potential reduction of peak load from
electro-mobility by 10-30%. The theoretical impact on the daily utilization curve for private at-
home charging and bus depot charging is illustrated in Figure 5.19 and Figure 5.20.

Reducing load above the 70% threshold means that the energy not charged during these
timeframes must be redistributed to other periods of the day. This is visualized by the light blue
areas: the surface above the 30% reduction line corresponds in size to the surface below it,
representing redistributed load and energy during periods of lower demand.
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Figure 5.19 Simulation of a 30% load reduction for private at-home charging
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30% peak load reduction

Bus depots

Figure 5.20 Simulation of a 30% load reduction for in-depot bus charging

These simulations demonstrate that a peak reduction of 30% or more is theoretically
achievable for these use cases. However, technological, operational, regulatory, and legal
preparations are essential to use this flexibility in a grid-friendly way.

5.1.6 Total future electricity demand in the mobility sector

As the transition to electric transport accelerates, forecasting peak loads on the electricity grid
becomes increasingly important to ensure adequate preparation. The projections presented in
this chapter are based on the individual forecasts discussed in the preceding sections.

Figure 5.21 compares the 2020 and 2024 NECP forecasts for energy consumption in the
transport sector. In the 2024 version, the WAM scenario (formerly the target scenario) has
been revised downward, while the WEM scenario (formerly the reference scenario) has been
adjusted upward, reflecting updated developments and policy targets.
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Figure 5.21 Electricity consumption transport sector, NECP 2020 and 2024 [20] [31]
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Based on STATEC'’s forecasts for future electric vehicle registrations, along with various
assumptions and estimations detailed in the previous sub-chapters, projections for grid-
relevant electric vehicles — fully electric and plug-in hybrid cars, vans, buses, trucks, and rail
transport — have been developed for both high and low estimate scenarios. The “high
estimate” scenario anticipates over 500.000 grid-relevant electric vehicles by 2040, while the
“low estimate” scenario forecasts significantly fewer, below 200.000 vehicles.
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Figure 5.22 Future registration numbers for grid-relevant electric vehicles

Based on the number of vehicles in each category, future additional loads were estimated for
both scenarios during the midday and the evening peak. The following figures illustrate the
sum of all individual load curves. Figure 5.23 shows the total additional load on the high-voltage
grid due to electric mobility during the midday peak, while Figure 5.24 represents the additional
load during the evening peak.
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Figure 5.23 Additional electricity demand for the mobility sector during the midday peak
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Figure 5.24 Additional electricity demand for the mobility sector during the evening peak

The estimates for the midday peak are significantly lower than those for the evening peak. This
is primarily because, for all technologies except rail transport, the charging power demand is
expected to be higher during the evening than midday. This trend is supported by the analysis
of utilization hours of charging infrastructure presented in the previous sections.

For the “high estimate” scenario, a flexibility potential of 10-30% is considered as described
in section 5.1.5. In the “low estimate” scenario, a maximum of 10% flexibility is included, as
the lower number of electric vehicles provides less margin for flexibility. Under favourable
conditions, flexibility could reduce evening peak loads from the mobility sector by nearly 300
MW, from almost 1.000 MW to 700 MW. This reduction would significantly lessen the need for
grid reinforcements, underscoring the importance of preparing the necessary technical,
regulatory, and legal frameworks to fully utilize the flexibility potential in the mobility sector.

When analysing these load curves and comparing them to the 2022 version of the Scenario
Report, it is important to note that the 2022 report calculated additional loads based on 2021
measurements and registration numbers. In contrast, this updated report uses 2023 as the
reference year, which already includes a higher load from electric mobility than in 2021.
Furthermore, the 2022 Scenario Report did not differentiate between midday and evening
peaks.

Looking at the graph, it shows that in the “low estimate” scenario, the additional load on the
electricity grid from the mobility sector is only slightly higher than the 2040 forecasts in the
2022 Scenario Report (416 MW vs. 389 MW), despite the increased energy demand in the
WEM scenario projections. The significantly higher number of electric vehicle registrations
already recorded in 2023 compared to 2021, explain why the additional load appears only
marginally higher.

Compared to the previous Scenario Report, the expected additional load in 2040 for the “high
estimate” scenario is higher, at 998 MW compared to 901 MW, despite a slight decrease in
electricity consumption in the updated 2024 NECP. While projections for the additional load
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from electric buses and railways are similar, the 2022 Scenario Report anticipated a 118 MW
higher load for electric car and van charging. This difference can be attributed to the higher
number of vehicles estimated in the 2022 report, which projected 554.000 vehicles based on
the electricity consumption forecast in the 2020 NECP. In the 2024 Scenario Report, the
number of electric cars and vans in the 'high estimate' scenario was directly available and
totals 519.000 vehicles. Conversely, the additional load for electric truck charging was
significantly underestimated in the 2022 report, with only 50 MW included in the forecasts,
whereas the updated projections estimate 274 MW for truck charging. The remainder of the
delta can be attributed to higher base loads in 2023 compared to 2021.

Overall, the load contribution from this sector is expected to increase significantly in the coming
years, although precise predictions remain challenging, as the real ramp-up in electric vehicle
numbers has yet to begin. Nevertheless, electricity grids must be prepared to meet the high
demands for charging capacities across all voltage levels, whether for private in-home
charging, in-depot charging, or public charging infrastructure for electric cars, buses, and
trucks, as outlined in the previous sections.
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5.2 Industry sector

This chapter provides projections for the future load of industrial clients on the Creos grid. The
first section presents forecasts based on the estimated future electricity consumption of the
industrial sector outlined in the 2024 NECP. The second section explores additional scenarios,
such as the decarbonization of additional processes or the supply of the steel industry, which
is currently provided by Sotel.

5.2.1 Future electricity demand in the industrial sector

The 2024 NECP provides a forecast for the electricity consumption of the industrial sector at
a national level under both the WEM and WAM scenarios. The projections are presented in
Figure 5.25. In both scenarios, electricity consumption is expected to increase, marking a shift
to the projections from the 2020 NECP. The 2020 target scenario (now WAM) predicted a
decrease in energy consumption, while the 2020 reference scenario (now WEM) expected
consumption to remain stable. This explains why the 2022 version of the Scenario Report did
not anticipate any additional load for the industrial sector.
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Figure 5.25 Electricity consumption industrial sector, NECP 2020 and 2024 [20] [31]

The WAM scenario initially shows a lower level of electricity consumption in 2024 then the
WEM scenario and a noticeable increase in electricity consumption between 2024 and 2025,
driven by the renewal of an electric arc furnace in the steel industry [35] and an increase in
production.

In the industry sector, a distinction is made between ETS and non-ETS industries. ETS refers
to the Emissions Trading System, a carbon market launched by the European Union in 2005.
This system requires polluters to pay for their greenhouse gas (GHG) emissions and applies
to sectors such as electricity and heat generation, industrial manufacturing, aviation, and
maritime transport. The ETS operates on a "cap and trade" principle, where the cap represents
the maximum allowable GHG emission level, which is reduced annually. Companies can trade
emission allowances, creating an incentive for industries to reduce emissions [80]. As a result,
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consumption in the ETS sector is expected to decline in the future. In contrast, the consumption
of the non-ETS industry is projected to increase significantly, resulting in an overall rise in
future industrial energy consumption [20]. The detailed projections for ETS and non-ETS
industries are presented in Figure 5.26.
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Figure 5.26 Electricity consumption of the industrial sector, NECP 2024 [20]

As explained in chapter 4.2, not all of Luxembourg's industrial consumption is connected to
the Creos grid, as the industrial network Sotel serves several industry clients in the south of
the country. The Sotel network has its own infeeds from France and Belgium, meaning it does
not draw any load from the Creos grid. Figure 4.5 in the aforementioned chapter analyses the
yearly electricity consumption of industry on the Creos grid and on the Sotel grid (industry
outside Creos grid).

The projected future energy consumption for the industrial sector in the 2024 NECP must be
distributed between the two grid operators. Since Sotel's clients are primarily active in the
heavy steel industry, they fall under ETS regulations. To determine the proportion of future
ETS electricity consumption that will be transported on the Creos grid, the historical share of
Sotel's consumption in the overall ETS consumption is calculated. Between 2005 and 2023,
electricity consumption on the Sotel grid accounted for an average of 80% of the total electrical
energy consumed by the ETS industry in Luxembourg. Consequently, in the projections for
ETS industries' electrical energy consumption on the Creos grid, only 20% of the 2024 NECP
forecast for the ETS industry will be considered.
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Figure 5.27 Proportion of consumption on Sotel grid in total ETS industry consumption

To determine the power requirements of the industrial sector, energy consumption can be
divided by the sector's average usage hours. An analysis of over 40 clients with an annual
consumption above 2 GWh (per ILR definition of industrial client [81]) and peak demands
exceeding 1 MVA — spanning key industry sectors such as metal, glass, wood, automotive,
and chemical — revealed an average usage of approximately 6.050 hours per year.

Variations in operating hours are influenced by factors such as daily consumption profiles and
the number of working days. Daily and annual patterns are demonstrated using the example
of the chemical and plastic/rubber industries, although similar trends can be observed across
the entire industrial sector.

Figure 5.28 illustrates the daily average power demand over one year. The chart, normalized
to the maximum power, shows minimal variation throughout the day, with only slight increases
observed during office hours and decreases during shift changes and lunch breaks.
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Figure 5.28 Normalized average daily power demand of chemical and plastic industries

The annual behavior is depicted in Figure 5.29. The chart, normalized to the maximum power,
shows the 98th percentile of the daily power demand over one year. It highlights fluctuations
between weekdays and weekends/holidays and indicates extended breaks during both the
summer and winter periods.
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Figure 5.29 98™ percentile of daily power demand over one year of chemical and plastic
industries

Using the determined usage hours, the evolution of the future additional power demand can
be calculated based on the projections for energy consumption in the 2024 NECP by applying
the following formula:

Energy consumption industry sector [MWh]

Power demand industry sector [MW] = Usage hours [h]
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For the “high estimate” scenario, the basis for the calculation will be the WAM forecasts of
the 2024 NECP, whereas the “low estimate” scenario will use the WEM projections. There
will be no differentiation between the midday and evening peaks, as Figure 5.28 shows that
the load is almost constant over the course of a day.

Creos is currently collaborating on a study with the Luxembourg Institute of Science and
Technology (LIST) and the Interdisciplinary Centre for Security, Reliability and Trust (SnT) of
the University of Luxembourg. This study is called FlexBeAn, which stands for “Flexibility
Potential and User Behaviour Analysis,” aims to determine the flexibility potential across
various sectors in Luxembourg [82]. While the project will conclude in 2025, preliminary results
are already available: A literature review suggests a flexibility potential in the industrial sector
ranging from 5% to 30%. However, a survey conducted with participation from industrial clients
in Luxembourg indicates a more reserved stance toward flexibility. Based on survey results,
combined with the observation that average daily power utilization is relatively constant (Figure
5.28), this scenario report applies a flexibility potential at the lower end of the range — 5% — to
calculate future loads. These developments will need to be closely monitored and reflected in
future updates of the Scenario Report.

Figure 5.30 shows the results of the calculations. A significant share of this additional load —
up to 176 MW by 2040 in the high estimate scenario — will affect the high voltage levels, as the
most energy-intensive clients either own their private HV transformer stations or are directly
connected to Creos’ HV/MV transformer stations.
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Figure 5.30 Additional electricity demand for the industrial sector



Electricity demand forecast 77

5.2.2 Potential additional electricity demand in the industrial sector

In alignment with European objectives to reduce GHG emissions, significant changes in energy
consumption may arise from the broader adoption of new technologies, such as carbon
capture and storage (CCS) or electric heat and steam production with e-boilers. STATEC has
confirmed that no assumptions for the implementation of distinct decarbonization projects were
included in their projections for the 2024 NECP. Therefore, this load, which could significantly
impact the peak load on the Creos grid, specifically at the HV-level, will be accounted for
separately in this Scenario Report.

An additional load of 100 MW by 2035, resulting from the adoption of decarbonization
technologies based on customer inquiries, is incorporated in the projections for the low and
high estimate scenarios from the previous section. As previously described, a 5% flexibility
deduction is applied. The results are presented in Figure 5.31.
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Figure 5.31 Additional electricity demand for the industrial sector incl. additional loads from
decarbonization technologies

Some industrial customers may switch to locally produced green hydrogen to reduce GHG
emissions by replacing natural gas. The electricity required for hydrogen production is
estimated in chapter 5.6.

As previously mentioned in this report, a portion of Luxembourg’s industrial sector is currently
supplied by the Sotel network, with a load ranging from 280 MW to 300 MW. Due to factors
such as electricity market affiliation or political considerations, some or all of these customers
could eventually transition to the Creos network. However, this possibility is currently not
foreseeable and is therefore not included in the final forecasts.
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5.3 Tertiary sector

The tertiary sector encompasses services and retail, including activities such as hospitality,
healthcare, financial services, retail sales, and more [83]. The 2024 NECP provides WEM and
WAM forecasts for the evolution of electricity consumption in this sector shown in Figure 5.32.
Both scenarios project an increase in electricity consumption, converging to the same level by
2040. Similar to the industrial sector, this contrasts with the projections in the 2020 NECP,
which anticipated a slight decrease in electricity consumption for both the reference and target
scenarios. However, in recent years and the near term, the WAM scenario shows lower
projections than the WEM scenario, differentiating it from the patterns observed in other
sectors.
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Figure 5.32 Electricity consumption tertiary sector, NECP 2020 and 2024 [20] [31]

The 2024 NECP distinguishes between electricity consumption for heating and other uses,
identifying electricity for heating as the primary cause of increased consumption in this sector,
driven by the transition to more efficient heating systems. In 2023, heating demand accounted
for only 2,2% of the sector's electricity demand, but this proportion is projected to rise to 19,4%
by 2040. [20]

In the WAM scenario, the tertiary sector experiences an initial surge in electricity consumption
from 2023 to 2024, excluding energy requirements for heating. Beyond this, only a modest
increase is projected through 2040 as efforts to enhance overall efficiency continue. Figure
5.33 illustrates the projected evolutions.
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Figure 5.33 Electricity consumption of the tertiary sector, NECP 2024 [20]

To calculate future power demand for the midday and evening peaks based on the electricity
consumption trends described in the 2024 NECP, the usage hours and peak times for both
heating and other electricity uses must be determined. The methodology applied in this chapter
follows the same approach already used for the industrial sector.

5.3.1 Electricity demand for heating in the tertiary sector

Heating demand in the tertiary sector is analysed using open-source data from the When2Heat
database. This database provides time-series data for the years 2008 to 2015 [84]. Plotting
the data over one year reveals the expected peak heating demand during winter, as illustrated
in Figure 5.34, coinciding with the highest load on the electricity grids. On average, the peak
demand occurs in February.
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Figure 5.34 Normalized 95" percentile of annual heating demand — tertiary sector [84]
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The usage hours are calculated by dividing the annual energy consumption by the peak load
observed each year. The annual energy consumption was determined by integrating the load
curves provided by the When2Heat database. This calculation resulted in a total of 2.132
hours.

Figure 5.35 displays the heating profile of an average February day, showing two distinct
peaks: one in the morning and a second peak, approximately 16% smaller, in the evening.
During midday, a drop of 19% relative to the morning peak is observed. These observed
reductions will be applied to calculate the midday and evening peaks.
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Figure 5.35 Normalized average daily heating demand of the tertiary sector [84]

The 2024 NECP WAM scenario for electricity demand for heating in the tertiary sector is used
to calculate the power demand in the “high estimate” scenario, while the WEM scenario
serves as the basis for the “low estimate” scenario. Figure 5.36 illustrates the projections for
power needs in the tertiary sector due to electric heating. In the "low estimate" scenario,
approximately 110 MW must be added for both evening and midday peaks, whereas the "high
estimate" scenario anticipates an additional 200 MW for 2040.
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Figure 5.36 Additional electricity demand for heating in the tertiary sector
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5.3.2 Electricity demand for other uses in the tertiary sector

To determine usage hours and peak load times during a day for the non-heating load
component of the NECP 2024 forecasts, standard load profiles for a yearly consumption of
1.000 kWh established by the Verband der Elektrizitatswirtschaft e. V. (VDEW) are utilized
[85]. The GO (general business) profile is chosen, as it represents the weighted average of the
tertiary group based on VDEW measurements and is considered applicable at a national level.
Usage hours are calculated by dividing the annual electricity demand by the peak power,
resulting in 4.160 hours.

The standard load profiles reveal significant fluctuations in electricity consumption throughout
the day, with pronounced peaks during midday and evening, as illustrated in Figure 5.37.
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Figure 5.37 Normalized average daily power demand of the tertiary sector w/o heating [85]

Dividing projected electricity consumption from the 2024 NECP by the calculated usage hours,
will result in a peak load occurring during the midday peak, reaching 100 MW in the “high
estimate” scenario and 34 MW in the “low estimate” scenario by 2040. As shown in Figure
5.37, this load is reduced by 15% during the evening peak. The increase in energy
consumption in the WAM scenario between 2023 and 2024 leads to a significant additional
load for the “high estimate” scenario in 2024, as illustrated in Figure 5.38.
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Figure 5.38 Additional electricity demand for other uses in the tertiary sector
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5.3.3 Flexibility in the tertiary sector

The FlexBeAn study, introduced in section 5.2.1, explores the flexibility potential in the tertiary
sector, which offers significant opportunities for demand-side flexibility. Most relevant energy-
consuming processes in this sector are associated with buildings. While the final results of the
study will be published in 2025, the preliminary analysis focuses on air conditioning, ventilation,
and cooling systems. These categories are prioritized due to their substantial load profiles,
potential for temporal adjustment, and importance for grid flexibility. Conversely, other energy
uses, such as lighting or computing, are less commonly included in flexibility assessments
because they contribute less to peak demand or have limited adjustability.

Air-conditioning systems offer significant potential for demand-side flexibility, which is entirely
ambient-temperature-dependent. Flexibility can be achieved through various operational
strategies that shift or modulate energy usage without compromising occupant comfort or
operational requirements. One key approach is pre-cooling, where buildings are cooled to a
lower temperature than usual in anticipation of future cooling needs. Another strategy involves
cold-water storage systems, which store excess cooling during off-peak hours for use during
peak periods, reducing active AC operation. These methods enable temporal adjustments in
cooling demand, contributing to grid stability and energy cost optimization. However, as this
section focuses on reducing peak loads on the electricity grid during the winter months, air
conditioning is not relevant at this stage.

Cooling processes in the tertiary sector encompass various applications, including refrigeration
in the retail sector, cooled warehouses, temperature regulation for server rooms, and process
cooling. Unlike air conditioning systems, which are entirely temperature-sensitive, cooling
demands are only partially dependent on ambient temperatures and persist year-round.
However, demand typically increases during warmer periods due to higher heat loads on the
systems and reduced operational efficiencies. This partially temperature-sensitive load pattern
of cooling processes plays a key role in shaping the flexibility potential of these systems.

Unlike cooling systems, ventilation demand is considered temperature-independent. This
independence is reflected in smoother and more consistent patterns in both demand and
flexibility potential over time. Ventilation demand follows a daily cycle aligned with typical
activity levels in the tertiary sector, peaking during working hours and decreasing during nights
and weekends.

LIST, Creos’ partner in the FlexBeAn project, has opted not to analyse any future scenarios
for 2030 or 2040 regarding tertiary sector flexibility. Consequently, the results presented in the
following chapter are based on the sector's yearly electricity consumption in 2021. As shown
in Figure 5.33, electricity demand in the tertiary sector — excluding additional demand for
heating purposes — is projected to remain relatively stable until 2040, slightly below 2021
levels. This projection will be considered when extrapolating the results of the FlexBeAn study
through 2040 for this Scenario Report.

The methodology for assessing flexibility in the tertiary sector consists of several steps,
outlined below:

1. Allocation of electricity consumption over time: Total electricity demand is divided into
specific shares based on literature values: 2% for air conditioning, 12% for ventilation,
and 8% for cooling. These shares are then distributed over time using the Standard
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Load Profile (SLP) of the tertiary sector to enable a time-sensitive assessment of
demand and flexibility analysis. The SLP reflects the typical distribution of energy
demand throughout the year, capturing seasonal, weekly, and daily variations in usage
patterns.

2. Modelling of temperature dependency of electricity consumption: The model applies
the concept of Cooling Degree Hours (CDH) to adjust electricity consumption in the
different categories for seasonal variations, as it depends on ambient temperature and
fluctuates with weather conditions. CDH values indicate the cooling demand required
when temperatures exceed a predefined threshold. These values are combined with
yearly demand shares to generate a temperature-sensitive load profile that reflects
more realistic seasonal patterns. For air-conditioning systems, the entire demand is
assumed to depend on temperature, whereas for cooling systems, only 30% of the
demand is considered temperature-sensitive. Ventilation systems are modelled
independent of temperature fluctuations.

3. Estimation of the flexibility potential: The share of demand that can be considered
flexible is analysed based on minimum and maximum boundaries for flexibility, such as
thermal comfort levels for air conditioning or critical refrigeration requirements.
Flexibility is categorized into downward flexibility — the ability to temporarily reduce
demand (e.g., cycling air conditioning systems off) — and upward flexibility, which
involves increasing demand (e.g., pre-cooling buildings). The analysis evaluates how
technological and operational constraints influence these adjustments. Studies indicate
that these loads could provide upward flexibility up to 75% of nominal power, while
downward flexibility could temporarily reduce total demand under ideal conditions.

Since the goal of this section is to outline the potential peak load reduction during midday and
evening peaks through flexibility provided by the tertiary sector, it evaluates only the downward
flexibility potential. For cooling in the tertiary sector, the total flexibility potential is calculated
as the sum of contributions from both temperature-dependent and non-temperature-
dependent components. On a nationwide scale, the downward flexibility potential of cooling
systems ranges from 3 MW to approximately 250 MW over one year. In February, the monthly
average of downward flexibility is 8 MW. For ventilation systems, the downward flexibility
potential ranges from 6.5 MW to approximately 36 MW. Since ventilation demand is
independent of temperature, this flexibility is available year-round.

The yearly average downward flexibility potential from ventilation, cooling, and air conditioning
in Luxembourg’s tertiary sector is approximately 35 MW, with a yearly minimum of 9,6 MW and
a yearly peak of about 480 MW during summer periods. In February, the average available
downward flexibility is about 25 MW.

Due to the temperature-sensitive nature of air-conditioning and cooling processes, the
maximum available flexibility in the tertiary sector occurs only during summer and is highly
volatile. Therefore, reliable and planned utilization of this flexibility should either align with the
average available flexibility or be closely coordinated with the fluctuating demand of the
relevant processes.
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5.3.4 Total future electricity demand in the tertiary sector

The total power demand in the tertiary sector is calculated as the sum of heating and non-
heating requirements, while factoring in the flexibility potential outlined in the previous section.
For the high estimate scenario, the 25 MW of flexibility determined earlier are deducted from
the projections for non-heating power requirements during the midday and evening peaks. In
the low estimate scenario, which anticipates only 12% of the additional load compared to the
high estimate, 12% of the flexibility is deducted, amounting to 3 MW.

An additional 5% load reduction for the flexibility potential of heat pumps is applied in this
Scenario Report, as this factor was not accounted for in the FlexBeAn study.
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Figure 5.39 Additional electricity demand for the tertiary sector during the midday peak
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Figure 5.40 Additional electricity demand for the tertiary sector during the evening peak
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Heating requirements are similar for midday and evening peaks, but power demand for other
uses is higher at midday. In the "high estimate" scenario, the midday peak projects a power
demand of nearly 300 MW, while the "low estimate" scenario for the evening peak forecasts
additional power needs of 144 MW. Flexibility measures enable a reduction in these power
levels by 6-12%.

Most of this load will impact the medium-voltage level, as these businesses either operate their
own MV/LV transformer stations or are directly connected to a Creos transformer station. To
determine the regional distribution of the projected load, the “Plan directeur sectoriel 'zones
d’activités économiques” from the Ministry of Energy and Spatial Planning is used. This master
plan aims to promote the creation of economic activity zones by designating land for the
establishment of artisanal and industrial activities. It includes a list of existing and planned
economic activity zones, along with their locations and surface areas. [86]

For existing activity zones, Creos consulted real load curves recorded by Smart Meters for
each business within those zones to determine peak power needs per hectare. The average
value from the analysed zones will be multiplied by the surface area of the planned new zones
in the master plan and grouped by grid region. A proportional distribution of future additional
load per region is illustrated on the map in Figure 5.41.
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Figure 5.41 Distribution of additional tertiary sector load across grid regions
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5.4 Residential sector

The fourth sector analysed is the residential sector. Figure 5.42 presents a comparison of the
projections for the evolution of electricity consumption in the residential sector from the 2020
and 2024 NECP, excluding electric vehicle charging, which is covered under the transport
sector. As previously observed for the industrial and commercial sectors, the updated 2024
NECP projects an increase in electricity consumption until 2040, whereas the 2020 version
anticipated a decrease.
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Figure 5.42 Electricity consumption residential sector, NECP 2020 and 2024 [20] [31]

Residential clients are experiencing the energy transition firsthand, with increased energy
efficiency goals driving the electrification of major consumers such as heating and mobility.
Since the impact of mobility electrification has already been analysed in Chapter 6.1 and is
excluded from the projections for the residential sector, this section focuses on the
electrification of heating, the primary driver of increased household electricity demand, as
shown in Figure 5.43. The steady trend in residual electricity use is likely due to the balancing
effects of economic growth and simultaneous improvements in overall efficiency.
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Figure 5.43 Electricity consumption of the residential sector, NECP 2024 [20]
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To assess the impact of the increased penetration of electric heating systems on the midday
and evening peak loads on the electricity grid, the following sections will analyse the overall
number of heat pumps, their combined installed power, and their flexibility potential.

5.4.1 Electricity demand for heating in the residential sector

In the residential sector, heating technologies have undergone significant transformation in
recent years. Previously, fossil fuel-based systems, such as gas and oil heating, dominated
the market. However, the Luxembourg government has implemented policies exclusively
promoting heat pumps — both geothermal and air-source — particularly for new construction
projects and the renovation of existing residential buildings. [20]

Electrical heating systems can be categorized into two types: direct heating systems and heat
pumps. Figure 5.44 illustrates the WEM and WAM scenarios for the projected electricity
consumption of each technology until 2040. In both scenarios, direct electrical heating systems
are expected to be phased out entirely by 2050.

900
800
700
600
500
400
300
200

Electricity consumption
residential sector (GWh)

2024 WEM Residential - heat pumps
2024 WEM Residential - direct heating = == 2024 WAM Residential - direct heating

2024 WAM Residential - heat pumps

Figure 5.44 Electricity consumption of different electric heating systems, NECP 2024 [20]

STATEC published a forecast for the total expected number of heat pumps. In 2020, there
were 10.230 (aerothermal and geothermal) heat pumps installed in Luxembourg, and by 2040,
STATEC anticipates this number will grow to nearly 97.500 units. The annual addition of heat
pumps in the STATEC projection reflects installations in new constructions and replacements
for existing heating systems. This evolution will serve as the basis for the "high estimate"
scenario. [20] [87]

For the “low estimate” scenario, a more conservative growth in the number of heat pumps is
assumed. Based on the number of heat pumps and their combined electrical energy
consumption in the WAM scenario, the average energy consumption per heat pump per year
is calculated. The number of heat pumps for the “low estimate” scenario is determined by
dividing the total projected electrical energy consumption of heat pumps in the WEM scenario
by the average consumption per unit. This calculation results in a cumulative number of heat
pumps projected to reach 44.700 units by 2040. The projections are displayed in Figure 5.45.
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Figure 5.45 Forecast of number of heat pumps [20] [87]

The peak load of these heat pumps can be calculated using a similar approach then for electric
cars in section 5.1.1:

Peak power heat pumps =
Number of heat pumps * Average installed power per heat pump [kW] * Simultaneity factor

Fraunhofer ISE conducted a study on behalf of Creos, analysing the power consumption of
various appliances, including heat pumps. The study found that the power demand of heat
pumps averages around 8 kW in older buildings and 3 kW in new constructions [88]. According
to projections by STATEC, the share of heat pumps installed as replacements for existing
heating systems is expected to increase from 21% of new installations in 2025 to 48% by 2040
[87].

The power requirements of heat pumps in multi-family homes are anticipated to be significantly
higher, between 8 and 18 kW [89]. As of 2021, apartments accounted for 52.8% of
Luxembourg’s housing stock, 10% above the levels from 2011. [90]

Initial insights from the Creos Living Lab project highlight the critical importance of properly
sizing heat pumps and selecting an appropriate bivalence point, which refers to the outdoor
temperature at which the heat pump operates at full capacity. When temperatures drop below
this threshold, an auxiliary heating system is activated to meet additional heating demands.
Incorrect calibration or undersized heat pumps can result in significantly higher peak loads,
due to increased reliance on heating rods. This places considerable strain on the low-voltage
grid. Conversely, oversizing heat pumps can lead to frequent short-duration power peaks,
creating inefficiencies and also potential grid stress. [91]

Assuming that the share of apartments in the housing stock will continue to grow, and
considering the expected number of heat pumps installed during renovation projects alongside
insights from the Creos Living Lab, this report uses an average of 9 kW as the peak load for
heat pumps in its calculations.
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A simultaneity factor of 0,5 is used to estimate the load generated by a large number of heat
pumps at the high-voltage level. However, as illustrated in Figure 5.46, when designing
MV/LV transformer stations or sections of the distribution grid with fewer heat pumps, a
significantly higher simultaneity factor is required. [92]
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Figure 5.46 Simultaneity of heat pump usage [92]

It is also crucial to identify peak power demand periods to assess their alignment with the
midday and evening peaks observed on the high-voltage grid.

Similar to the tertiary sector, heating demand in the residential sector is analysed using open-
source data from the When2Heat database, which provides time-series data spanning 2008
to 2015 [84]. As anticipated, heating demand peaks during winter, with the highest demand
occurring in February, as illustrated in Figure 5.47 for single-family houses. The annual heating
profile for multi-family homes follows a similar pattern. The additional load will coincide with
peak loads observe in the electricity grid.
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Figure 5.47 Normalized 95" percentile of annual heating demand — residential sector [84]
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Figure 5.48 illustrates the heating profile of an average February day, showing a morning peak
followed by an evening peak that is approximately 7% smaller. A midday drop of 20%
compared to the morning peak is also observed. These reductions will be factored into the
calculations for midday and evening peak loads. The data from When2Heat was cross-verified
with measurements from approximately 100 gas meters of Creos clients to validate the
observed heating patterns.
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Figure 5.48 Normalized average daily heating demand of the residential sector [84]

The results of the calculation assessing the impact of heat pumps on peak loads in the Creos
grid, using the aforementioned formula and determined variables, are presented in Figure 5.49.
In the "high estimate" scenario, additional evening loads from heat pumps in 2040 reach 327
MW, while midday loads amount to 281 MW. In the "low estimate" scenario, additional power
requirements are 119 MW and 102 MW, respectively.
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Figure 5.49 Additional power requirements for heating in the residential sector
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Instead of calculating the combined peak load by determining the number of heat pumps and
multiplying it by an average heat pump power and simultaneity factor, a similar approach to
calculating peak heating powers in the tertiary sector, as described in Chapter 5.3.1, could be
applied. This method uses data from When2Heat to determine usage hours, and divides
electricity consumption from the WEM and WAM scenarios by these usage hours to estimate
peak load. The resulting peak powers are slightly lower but remain within the same range as
those presented in Figure 5.49.

5.4.2 Flexibility in the residential heating sector

The FlexBeAn study, referenced in the previous two chapters, examines the flexibility potential
of households for the present, as well as for 2030 and 2040, focusing specifically on the
flexibility provided by heat pumps in residential buildings.

The model developed by LIST provides spatially and temporally resolved results. Its spatial
resolution offers insights down to the commune level, while the temporal resolution of one hour
over a full year enables analysis of flexibility fluctuations across seasons. For this report,
aggregated flexibility at the high-voltage level will be factored into the calculations. Particular
attention will be given to the winter period and February, where the highest loads are
anticipated.

Flexibility from heat pumps can be utilized in various ways. To effectively harness this flexibility,
an intelligent control system must be properly implemented to avoid compromising user
comfort. In some European countries, energy providers already offer specific heat pump tariffs.
In return, suppliers may block heat pump operation via a control signal for up to two hours,
sometimes multiple times per day, or enforce fixed blocking hours during which the heat pump
cannot operate. Some heat pump manufacturers have introduced more advanced control
options, such as those associated with the "smart grid ready" (SG Ready) label [93]. Heat
pumps with this label provide features beyond blocking or deactivation, including the option to
activate heat pumps when beneficial. However, this label is not a detailed technical standard
or norm, leaving interpretation and implementation to individual manufacturers, which can
result in significant variations.

The methodology employed in the FlexBeAn study to estimate flexibility from residential heat
pumps consists of four main steps:

1. Estimating the heat demand of residential buildings and the possible Coefficients of
Performance (COP) for heat pump systems in each commune, based on given
temperature conditions over a full year with hourly resolution.

2. Setting up a representative portfolio of heat pump systems in combination with building
types. Eight standard heat pump system types are defined as detailed in Table 5.4.

Single-family house Multi-family house

Air-sourced Ground-sourced Air-sourced Ground-sourced
Floor Radiator | Floor Radiator | Floor Radiator | Floor Radiator
heating heating heating heating

Table 5.4 The eight standard heat pump systems analysed in the FlexBeAn study
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For each of the eight standard heat pump system types, design factors such as thermal
nominal power, storage volumes for space heating and domestic hot water, number of
inhabitants, floor area, and heat demand per square meter are randomized to create 100
variations per type, resulting in a total of 800 buildings.

3. Modelling the potential heat pump flexibility for five possible types of flexibility
activation:

e Blocking signal for two hours (Off-2h): Heat pumps receiving this signal will switch
off or be prevented from switching on for a duration of two hours.

o “SG Ready — Off’ (SGR-Off): Running heat pumps will switch off during their normal
operation mode until the lower temperature set points for space heating or domestic
hot water storage are reached.

e “SG Ready — On” (SGR-On): Heat pumps will switch on during their normal
operation mode until the upper temperature set points for space heating or domestic
hot water storage are reached.

e “SG Ready — On, Space Heating storage temperature elevated” (SGR-On-SH):
Heat pumps will switch on with increased temperature set points for space heating
storage.

o “SG Ready — On, back-up heater’ (SGR-On-SH-BH): Heat pumps will switch on
with increased temperature set points for space heating storage, and the electrical
back-up heater will also be activated.

4. Upscaling and aggregating the resulting flexibility characteristics for all eight building
groups to communal and national levels.

The methodology described above enables the estimation of available flexibility for five
activation types across a set of 800 representative buildings. These estimates are provided in
hourly resolution over a full year for each commune in Luxembourg, based on the given
temperature conditions of a specific year.

Available flexibility is highly influenced by external factors such as temperature and the type of
signal sent to the customer. This section focuses specifically on the Off-2h and SGR-Off
signals, with the aim to reduce the load heat pumps place on the grid during cold winter months
when peak loads occur.

While both signals achieve the same initial load reduction, their effects diverge over time. In
the SGR-Off scenario, heat pumps switch back on after an average of 17 minutes, providing a
short-term load reduction. Conversely, the Off-2h scenario completely blocks heat pump
operation for two hours, offering flexibility over a longer interval. This approach however
impacts customer comfort, might require the customer to install a buffer storage and has the
potential to trigger significant rebound effects. The rebound effect refers to the phenomenon
where delaying heat pump operation results in higher power consumption than the baseline
level once the signal is lifted. For instance, if a pool of heat pumps is blocked for two hours
during a cold winter period, it is highly likely that most units will resume operation
simultaneously when the blocking signal ends. This simultaneous restart can result in a power
consumption spike exceeding the magnitude of the initial load reduction achieved during the
activation period. Orchestrating a delayed activation is therefore also highly important.
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The full technical potential of flexibility provision from residential heat pumps represents a
theoretical maximum, as it assumes complete activation of the entire potential. In reality, it is
unrealistic that all heat pumps would participate in demand-side management schemes, be
equipped with the necessary control and communication equipment, and be activated
simultaneously. Nevertheless, the results presented in the FlexBeAn study reflect this technical
potential as an upper limit for the 2040 scenario. For this scenario report, this technical
potential will be adjusted downward to account for these uncertainties.

Contrary to the STATEC projection shown in Figure 5.45, the FlexBeAn study anticipates that
all 147,000 residential buildings in Luxembourg will be equipped with a heat pump by 2040.
To align the potential with the projections in this Scenario Report, a per-unit potential for each
heat pump will be calculated and incorporated into the respective scenarios.

In the winter period, the total aggregated downward flexibility potential Pmean, achieved through
the Off-2h and SGR-Off signals, ranges from -136 MW to -383 MW. In February specifically,
the monthly average of single-hour values ranges from -257 MW to -289 MW, equating to an
average of 1,86 kW per heat pump as the upper limit for the technical potential.

5.4.3 Total future electricity demand in the residential sector

Based on the findings in the previous section and to account for the described uncertainties
and the smaller number of heat pumps in the high and low estimate scenarios in this report,
the potential is reduced by 30% in the high estimate scenario and 50% in the low estimate
scenario, resulting in 1,3 kW and 0,93 kW per heat pump, respectively. Additionally, since heat
pumps are not currently connected to the Smart Meter infrastructure and no use case exists in
Luxembourg where an energy provider controls customer heat pumps, the projections include
a gradual ramp-up to the full potential by 2032.

The impact on the midday and evening peaks in the low and high estimate scenarios is
illustrated in Figure 5.50 and Figure 5.51. Most of this additional load will directly affect the
low-voltage grid, subsequently also influencing the medium-voltage and high-voltage levels.
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Figure 5.50 Additional electricity demand for heating, residential sector (midday peak)
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Figure 5.51 Additional electricity demand for heating, residential sector (evening peak)

Flexibility could reduce peak loads due to heating in the residential sector by 126 MW in the
"high estimate" scenario and by 42 MW in the "low estimate" scenario.
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5.5 Data centres

Data centres are a key component of today’s economy and are expected to significantly
increase their electricity consumption over the next 15 to 20 years [94]. This subchapter
focuses on analysing their impact on the grid, beginning with an examination of their past
growth and followed by an evaluation of their projected power demand. STATEC has
confirmed that the 2024 NECP includes no specific assumptions regarding the evolution of
electricity demand by data centres. The following projections are therefore based on own
assumptions.

5.5.1 Historical electricity demand from data centres

The first major data centre in Luxembourg was connected to the grid in 2006. Over the
following years, four additional large data centres were established by various operators.
Smaller, more specialized data centres, such as those within banks, are excluded from this
analysis, as they are often difficult to identify and their impact on the grid is typically
overshadowed by other consumptions on the same connection.

Over the past 20 years, the power demand of major data centre installations has steadily risen
from 0 MW in 2006 to approximately 16,5 MW by the end of 2023, as shown in Figure 5.52.
This growth is driven by a consistent increase in demand from each individual data centre,
coupled with the addition of new facilities as mentioned above.
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Figure 5.52 Evolution of the electricity demand of major data centres in Luxembourg

There is a significant difference between the contractually agreed power and the actual power
demand, as illustrated in Figure 5.53. In 2023, only about 33% of the contractually agreed
power was utilized. Nevertheless, the contractual power must be accounted for in grid
planning, as it represents the capacity guaranteed to customers. This gap may narrow in the
future due to better utilization of existing capacities, driven by emerging technologies such as
Artificial Intelligence [94].
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Figure 5.53 Difference between peak consumption and contractual power of data centres

The average annual load hours of the major data centres are shown in Figure 5.54. Following
an initial ramp-up phase from 2006 to 2012, driven by the successive installation of the first
data centres, the annual load hours have stabilized at a level above 7.500 hours. This is close
to the theoretical maximum of 8.760 hours in a year, indicating a relatively consistent
consumption pattern over time, with no significant peaks relative to the average consumption.
For this reason, the projections in the following section will not differentiate between the
midday and the evening peaks for additional future data centre loads.
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Figure 5.54 Average annual load hours of data centres in Luxembourg
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5.5.2 Future electricity demand for data centres

Currently, five major data centre projects have been announced to Creos, with a combined
total power demand of 365 MW. These projects are fully included in the projections of electrical
power demand in this report. Additionally, there are two other projects, with a total estimated
power demand of 70 MW, for which clients have made initial inquiries. Due to uncertainties
regarding their actual power requirements and timelines, only 50% of their estimated demand
has been included in the projections. It is common for data center projects to take years to
progress to a stage where they become tangible enough for consideration in grid planning.

Of the five announced projects, four are medium-sized and will be connected directly to a
medium-voltage (MV) busbar at a high-voltage (HV) station. As a result, these projects will not
impact the 20 kV grid but will affect the HV/MV transformers and the supplying HV grid.
Geographically, one project is located in the North, one in the South-West, and two in the
Centre. The fifth project is larger and will be directly connected to the 220 kV grid.

To model the evolution of electrical power demand for data centres, this report distinguishes
between existing and announced facilities. Projections for existing installations start at their
current demand (33% of subscribed power in 2023) and assume a linear ramp-up to 90% of
subscribed power by 2050. For existing data centres, there is no variation between the low
and high estimate scenarios. For new data centres, two ramp-up scenarios address the
uncertainty in their development: The “high estimate” scenario uses the ramp-up trajectory
announced by clients, if available, or an estimate based on the subscribed power demand of
similar existing data centres when client data is unavailable. The “low estimate” scenario
assumes a linear ramp-up to 70% of subscribed power by 2040, reaching 90% by 2050. Due
to the size of projects, the real development is likely to follow a stepwise and not a linear
function.

The potential for flexibility in the demand of data centres is expected to be low, given their
relatively constant consumption pattern. However, a small flexibility potential of 5% has been
incorporated into the calculations. The result of the projections is shown in Figure 5.55. The
“high estimate” scenario features a more aggressive ramp-up and reaches up to 418 MW in
2040, while the “low estimate” scenario approaches nearly 258 MW. These values are higher
than the 100 MW estimate in the 2022 Scenario Report, reflecting the availability of more
detailed information about planned projects.
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Figure 5.55 Additional electricity demand for data centres
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5.6 Hydrogen production

This chapter outlines projections for future electricity demand in Luxembourg related to
hydrogen production using electrolysers. Two projects are currently under development in the
country, with the aim of producing green hydrogen powered by electricity from renewable
sources. The EU and the Luxembourgish government actively support green hydrogen
production as part of efforts to accelerate decarbonization.

5.6.1 Projected hydrogen consumption

While the 2020 version of the NECP did not include any forecasts for hydrogen production or
consumption, the 2024 NECP provides projections for hydrogen consumption under the WAM
scenario, as illustrated in Figure 5.56. Hydrogen consumption is categorized into ETS and non-
ETS industries, as well as road and air transport. In contrast, the WEM scenario continues to
project that no hydrogen will be consumed in Luxembourg until 2050. [20]
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Figure 5.56 Hydrogen consumption, NECP 2024 [20]

The 2024 NECP states that, as a transport infrastructure for hydrogen via pipelines will not be
realized before 2030, the hydrogen needs of the industrial sector and road transport should
ideally be met through local production. [20]

5.6.2 Future electricity demand for hydrogen production

Based on the projections in the previous section, this subchapter estimates the total future
power requirements needed to support national hydrogen production. Currently, two major
projects have been announced, both scheduled for implementation in the coming years. These
projects aim to utilize renewable electricity for hydrogen production.

The first project, LuxHyVal, is based in Bascharage’s industrial park. Its goal is to contribute to
the European target of decarbonizing the industrial sector by 2030 by supporting
Luxembourgish industries in transitioning from imported grey hydrogen to locally produced
green hydrogen. Another key focus is the public transport sector, with two bus companies
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already planning to upgrade their fleets with fuel cell hydrogen buses. To ensure a sustainable
energy supply, the project team will collaborate closely with renewable energy producers in
other locations. The LuxHyVal project requires an electrical capacity of 6 MW to produce up to
650 tonnes of hydrogen annually. [95] [96]

On the other hand, the project “Energiewiss Kielen” in Kehlen focuses on self-sufficiency and
energy independence. By installing two agri-PV systems and a wind turbine at their hydrogen
production site, the project aims to meet its energy needs entirely with locally produced
renewable electricity. [97]

Both projects are pioneers, setting important benchmarks for a sustainable future. With support
from the national government, similar initiatives are expected to emerge in the coming years.

As mentioned above, the NECP assumes that the first hydrogen transport network will not be
operational until 2030, and that hydrogen needs for industry and road transport should ideally
be met locally. The aviation sector is also expected to partially transition to hydrogen as a fuel.
However, since this is not specifically addressed in the NECP, this Scenario Report assumes
that aviation hydrogen needs will be met through imports.

The 2024 WAM NECP projections for hydrogen consumption in road transport and industry
serve as the basis for the “high estimate” scenario, starting with total national production until
2030. Beyond 2030, additional demand is assumed to be partially imported, increasing from
50% in 2031 to 100% of additional demand by 2040. For the “low estimate” scenario, a slower
expansion of local hydrogen production capacity is assumed. A 75% efficiency of the
electrolysis is applied in the calculations, meaning that 1 GWh of electricity used in the process
yields 0,75 GWh of hydrogen [98]. Based on this, the total projected electricity requirements
can be calculated and divided by the number of usage hours to determine peak loads on the
electricity grid. For both scenarios, 5.000 usage hours are applied [99].

As projections are subject to significant uncertainties — due to the lack of historical data on
hydrogen production, the absence of concrete plans beyond the two named projects, and the
heavy reliance of green hydrogen production on the availability of renewable electricity — this
Scenario Report does not differentiate between midday and evening peaks or account for any
flexibility. However, hydrogen production will be considered as a potential source of flexibility
for integrating renewable generation in chapter 8.3.
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Figure 5.57 Additional electricity demand for hydrogen production
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6. Electricity generation forecast

This chapter presents a detailed outlook on projected national electricity generation across
various energy sources. These projections are based on the 2024 NECP WEM and WAM
scenarios, incorporating adjustments for additional projects and relevant information where
applicable. The historical analyses of electricity generation and the comparison of generation
and consumption in chapter 4 serve as key inputs.

It is important to note that these forecasts aim to estimate the actual peak load on the grid from
electricity injection, rather than the total installed capacity of each energy production
technology.

The 2024 NECP WEM and WAM scenarios forecast yearly energy production in GWh for each
energy source. WEM data will serve as the basis for the "low estimate" scenario, while WAM
data will be used for the "high estimate" scenario. To determine the expected peak generation
load, energy values are divided by the historical full-load hours of each energy carrier,
according to the formula below.

Energy generation [MWh]
Full load hours [h]

Electricity generation load [MW] =

Additionally, the NECP projects installed generation capacity for each renewable energy
source under the WAM scenario through 2030. These projections will be depicted in the graphs
in the following sections and used to validate Creos’ load forecasts based on energy
production.

6.1 Electricity generation from natural gas

Electricity generation from gas is primarily carried out by combined heat and power plants. By
the end of 2024, 63 MW of installed cogeneration capacity using natural gas are connected to
the Creos grid. These plants are not exclusively tied to the electricity market, as they must also
fulfil heat production requirements.

In both the WEM and WAM scenarios, gas-based electricity generation is expected to be
phased out. However, the updated WAM scenario anticipates a faster phase-out, beginning in
the early 2030s, compared to 2040 in the WEM scenario [20]. To maintain consistency with
the evolution of other energy sources, WEM data will still be used as the low estimate.
Historically, gas generation units have operated for an average of 3,344 hours annually. The
high and low estimates for future peak electricity injection from natural gas plants are illustrated
in the graph below.
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Figure 6.1 Peak electricity generation from natural gas

6.2 Electricity generation from hydrogen

In the NECP forecast, electricity generation using hydrogen is projected to begin in 2036. This
timeline aligns with the planned development of a hydrogen network, with infrastructure
expected to become operational between 2030 and 2035 [20]. The anticipated feed-in power
is calculated based on 4.000 operating hours and the NECP energy forecasts. However, due

to limited data and information, these assumptions should be regarded as preliminary
estimates.
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Figure 6.2 Peak electricity generation from hydrogen
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6.3 Electricity generation from biogas

Similar to natural gas, electricity generation from biogas is also primarily carried out by
combined heat and power plants. However, these plants operate under process-related
constraints determined by the biocultures, maintaining a very constant output and achieving
7.146 operating hours annually. In 2021, the government adopted directives for a national
biogas strategy to harness the high biomethanization potential identified in a prior study. [20]
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Figure 6.3 Peak electricity generation from biogas

As mentioned in the introduction, the 2024 NECP includes a forecast of installed generation
capacity for renewable energy sources under the WAM scenario, shown in Figure 6.3 for
biogas. The high estimate for peak electricity injection from biogas plants falls slightly below
the installed capacity curve, validating the approach of estimating loads based on energy
production and full-load hours.

6.4 Electricity generation from biomass

Due to limited solid biomass resources, aid schemes for new biomass power plants will be
adjusted. The development of these plants is expected to progress until 2030 and then
stabilize, primarily relying on waste wood. The government aims to source solid biomass from
border regions to minimize transport-related emissions. While the use of solid biomass is not
anticipated to increase significantly, as the principle of cascading wood use will be reinforced.
In the medium term, solid biomass for heat production will decline, replaced by heat pumps
and hydrogen boilers, leading to a corresponding decrease in electricity production. [20]

At Creos, electricity production from biomass and biogas is considered as a combined
category. By late 2024, a total of 85 MW of installed capacity was connected to the Creos grid.
Due to this combined approach, reliable data on the operating hours of biomass plants is not
available. Using the 7.146 full-load hours from biogas plants results in a higher expected output
than the installed capacity outlined in the NECP. Other sources indicate that the median full-
load hours for biomass plants range between 4.100 and 6.700 hours, depending on installed
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capacity, with maximum values exceeding 8.000 hours [100]. For these estimations, 8.000 full-
load hours were chosen to align the expected peak injection with the estimated installed
capacity in the NECP.
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Figure 6.4 Peak electricity generation from biomass

6.5 Electricity generation from waste burning

With the future ban on landfilling municipal waste starting in 2030, SIGRE must develop a new
operational concept for the “Muertendall” site. Waste from SIGRE and SIDEC will be thermally
treated by SIDOR. Consequently, SIDOR will need to be modernized to handle the additional
volumes, and future electricity generation is expected to increase under both the WEM and
WAM scenarios. [20]

The actual multi-year average full-load hours from SIDOR, Luxembourg’s only waste-burning
plant, were used to calculate the expected load from forecasted energy generation under the
WEM and WAM scenarios. The NECP forecasts installed capacity at 17 MW, which is below
both the expected power output and SIDOR’s current installed capacity of 21 MW.
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Figure 6.5 Peak electricity generation from waste burning
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6.6 Electricity generation from hydropower

Installed hydropower capacity stands at 34 MW in 2024, with no significant changes
anticipated in the future. Both the expected energy generation under the WEM and WAM
scenarios and the forecasted installed capacity are projected to remain stable, leading to no
variations in the low and high estimate scenarios for future load. [20] The Vianden pumped-
storage plant is not included in these figures, as it is connected to the German electricity grid.
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Figure 6.6 Peak electricity generation from hydropower

6.7 Electricity generation from wind power

Wind energy will play a critical role in achieving renewable energy goals, with installed capacity
reaching 211 MW by the end of 2024, in line with the NECP target of 222 MW. Future capacity
is expected to grow due to technological advancements and the deployment of more powerful
turbines. The increase in production hours will make a greater number of sites viable. To
enhance public acceptance and encourage the participation of municipalities and citizens
affected by wind turbine installations, the government plans to offer investment opportunities
in the companies developing or operating wind energy projects. [20]

The NECP goal for an installed capacity of 453 MW by 2030 will be surpassed if all installations
authorized by Creos for grid connection are constructed. As of late 2024, authorized but not
yet constructed projects amounted to over 900 additional MW. However, not all projects are
expected to be realized, as additional authorizations, including environmental approvals, are
required and are not always granted.

Since the current numbers already exceed the NECP estimations, an additional "High Estimate
— adjusted" has been included in the following graph. This estimate considers authorized
capacities and assumes, in line with operator feedback, that two-thirds of the authorized
projects will be completed by 2030. After 2030, growth is expected to continue, albeit at a
slower pace.
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Figure 6.7 Peak electricity generation from wind power

6.8 Electricity generation from solar photovoltaics

Solar photovoltaics are essential for Luxembourg's energy production. By the end of 2024,
installed photovoltaic capacity reached 527 MW, nearly aligning with the 2024 NECP installed
capacity target of 533 MW. By 2030, installed capacity is projected to exceed 1.200 MW, with
over 100 MW of additional capacity expected to be added annually [20]. It is normal for the
injected power from PV installations to fall short of installed capacity, as output is heavily
dependent on the position of the sun and the orientation of the solar panels.

To achieve ambitious goals, large-scale solar installations on vacant land will be essential. The
government is promoting agrivoltaics, which integrates farming with solar energy production
on the same land. Plans to simplify authorization procedures for small residential installations
aim to facilitate growth. [20]
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Figure 6.8 Peak electricity generation from solar photovoltaics
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6.9 Forecast of electricity generation contribution to peak demand

This section quantifies the amount of generation during peak consumption periods. These
results will be used in chapter 8.2 to estimate the peak import load. The calculation involves
multiplying the maximum injected power of each energy source, as determined in chapters 6.1
to 6.8, by the relative contributions of each source during peak demand, as established in
chapter 4.7.2 and presented in Table 4.3.

The results are presented in Figure 6.9 for the high estimate scenario and in Figure 6.10 for
the low estimate scenario. The graphs depict both worst-case and optimistic-case contributions
of generation during the midday and evening peak periods.
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The worst-case values remain below 50 MW across all scenarios, with a slight increase
beginning in 2035 under the high estimate scenario. This increase is attributed to the growth
in electricity generation from hydrogen, as detailed in chapter 6.2.

In the optimistic case of the low estimate scenario, the increase in PV and wind capacity is
offset by a decrease in cogeneration capacity using natural gas, resulting in a relatively flat
curve around 120 MW. In contrast, the optimistic case of the high estimate scenario shows a
stronger increase in PV and wind capacity, leading to a steady rise in contributions to peak
power demand, from 130 MW in 2024 to 190-230 MW by 2040. The difference between
midday and evening values is attributed to PV generation being restricted to midday. This gap
is partially, but not entirely, mitigated by stronger wind generation during the evening.
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7. Electricity storage capacity forecast

This chapter explores the possibilities of energy storage in the electricity grid. Energy storage
systems are crucial for modern energy management, facilitating the integration of renewable
energy, balancing supply and demand, and improving grid stability. As shown in chapter 4.7,
critical events typically last only a few hours. Energy storage technologies can be grouped into
five main categories:

e Electrochemical Energy Storage: This category includes classic batteries, flow
batteries, and hybrid supercapacitors. Lithium-ion batteries, for example, have an
efficiency of approximately 90-95%, while flow batteries, such as vanadium redox
batteries, achieve efficiencies of around 70-80%. These systems are widely used due
to their versatility and scalability. [101]

e Chemical Energy Storage: This method involves converting energy into hydrogen for
storage, which can later be reconverted into usable energy. However, the efficiency is
relatively low, typically ranging from 20—40%. Despite this limitation, chemical storage
is highly valuable for long-term energy storage and transportation. [101]

e Electrical Energy Storage: This category includes superconducting magnetic energy
storage (SMES) systems. SMES processes have high efficiency, often exceeding 90—
95%. They are capable of rapid discharge and are used for short-term storage and grid
stability. [101]

e Mechanical Energy Storage: This category includes systems such as pumped hydro
storage, the most mature and widely used form of energy storage, with an efficiency of
approximately 70-85%. Other mechanical systems include flywheels, with efficiencies
ranging from 80-95%, and compressed air energy storage (CAES), which achieves
efficiencies between 45-55%. [101]

o Thermal Energy Storage: his method stores thermal energy for long durations, utilizing
low-cost materials like hot water, steam, or salt to effectively retain heat. These
solutions can become increasingly popular as we move towards the electrification of
heat and the potential proliferation of time-of-use tariffs. [102] [103]

Electricity storage systems can be installed in two ways, that are relevant for the electricity
grid. The firstis behind-the-meter (BTM) storage, where systems are located on the customer’s
side of the utility meter and the energy stored primarily serves the building’s own energy
consumption. These systems are commonly used by individual users in the residential, tertiary,
or industrial sectors by optimizing energy consumption, reducing electricity costs, and/or
providing backup power during outages. [104] [105]

On the other hand, front-of-the-meter (FTM) storage systems refer to large-scale energy
storage facilities where the stored energy is used to supply the grid and serve multiple
customers. These solutions are designed to deliver grid-level services, such as frequency
regulation, peak demand/injection management, and grid reliability, while also supporting the
integration of renewable energy sources. [104] [105]
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7.1 Battery energy storage systems

This section will focus on battery storage systems, which are currently more popular, mature,
and efficient than alternatives such as converting surplus energy into hydrogen. Furthermore,
their potential for new installations in Luxembourg exceeds that of other technologies, including
mechanical energy storage systems like pumped hydropower.

Behind-the-meter battery storage systems

In recent years, the Luxembourgish government has promoted the installation of behind-the-
meter (BTM) battery storage systems of up to 12 kWh in single-family houses and up to 9 kWh
per housing unit in multi-family-houses through subsidies tied to the installation of solar
photovoltaic (PV) systems [106]. These storage systems primarily benefit clients operating
their PV systems in self-consumption mode, helping them optimize their electricity bills. [107]

Currently, there are no incentives to operate the battery in a grid-friendly manner, which leads
to them being charged as soon as the PV system generates power. During the summer
months, this could result in the batteries being fully charged before the midday peak, failing to
alleviate peak PV loads on the grid. In contrast, during winter, battery utilization is limited to
days with sufficient PV generation.

Creos has been informed by the Ministry of the Economy that, as of November 2024, 400 out
of 1.850 installations nationwide where battery storage could have been installed included one,
based on subsidy applications submitted before January 1, 2024. This represents nearly a
quarter of new PV installations and, if the trend continues or even increases, will result in a
significant cumulative battery storage capacity. Currently, it is not planned for the grid operator
to directly control these installations. However, together with electric vehicle batteries used in
V2H and V2G, they will play a crucial role in providing some of the flexibilities previously
described. Through an adapted tariff structure or local flexibility markets—where the grid
operator requests flexibility and aggregators contract with clients to provide it—these
numerous small battery storage systems can become both valuable and essential in the future
energy system. For more details on the basic functioning of these flexibility mechanisms, see
chapter 2.4.

Front-of-the-meter storage systems

According to Article 28ter of the Electricity Law, electricity grid operators are prohibited from
owning, developing, or operating energy storage systems. Exceptions may be granted by the
regulatory authority if the storage systems are an integrated part of the electricity network and
provide a more economically efficient solution to ensure security of supply compared to
traditional grid reinforcements or expansions. However, these systems are not permitted to
provide balancing services or to participate in the wholesale market. Furthermore, the grid
operator must first issue a call for tenders for the required flexibility services, which must either
remain unanswered or fail to yield viable proposals. [17]

Large-scale battery storage systems will likely need to participate in various markets and serve
multiple use cases to maximize the economic efficiency of available storage capacities. This
strategy is commonly referred to as value stacking.
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As part of the network development plans, Creos will identify locations at risk of future grid
congestion and conduct a cost-benefit analysis to compare traditional grid reinforcements with
flexible solutions. The objective is to launch a call for tenders with detailed specifications on
the required flexibility in terms of power and energy. Outside these requirements, battery
operators will have the freedom to utilize remaining capacities for other purposes, such as
system- and market-oriented flexibility. This approach will enable the provision of flexibility
services at the most competitive unitary cost.

Front-of-the-meter storage systems are highly suited for providing system-oriented flexibility in
the form of ancillary services, as described in chapter 2.4, due to their rapid response times,
scalability, and versatility allowing them to efficiently absorb and release electricity. As
previously mentioned, the Flexy project has enabled Luxembourgish providers to participate
in the German “Regelenergiemarkt” and EU balancing market, given they meet the necessary
requirements. [28]

A market-oriented approach to battery deployment is particularly attractive for operators of
non-controllable generation installations, like wind farms and large-scale photovoltaic systems,
as it allows them to optimize the economic value of their energy production. These systems
store energy during periods of low market demand or reduced profitability and release it back
into the grid when market conditions are more favorable.

Multiple inquiries have been made for large-scale battery connections on the Creos grid, but
no formal connection requests have been filed. In Germany, by contrast, connection requests
for large-scale battery storage systems with a cumulative capacity of 226.000 MW have been
submitted to the four German transmission grid operators by the end of 2024. Analysts,
however, believe that far fewer projects will ultimately be realized [108]. Amprion has launched
a tender for the construction and operation of a decentral grid booster, distributed to five
locations in Bayerisch-Schwaben, with a total capacity of 250 MW. The energy storage
systems will primarily be used to reduce the load at different points in the transmission grid to
reduce redispatch costs. Opting for a decentral system, with smaller sub-units, allows the
connection to existing 110 kV substations and thereby reducing connection costs. [109]

7.2 Battery energy storage capacity forecast

Batteries can alleviate grid congestion or voltage issues when managed by the grid operator,
either directly via control signals or indirectly through the procurement of flexibility services or
grid tariffs. Batteries can also be used to generate value in other flexibility markets (e.g.,
wholesale market, balancing market, ...) or for self-consumption, having the potential to
attenuate or contribute to congestion or voltage problems.

Flexibility needs exist at all voltage levels and all market segments and operational modes
should be assessed in terms of potential for BESS integration. What is crucial from a grid
perspective is that batteries are placed strategically and operated grid-friendly, to stabilize
voltage at critical points for the network, with the capabilities of the grid operator to limit the
withdrawal or injection capacity of the battery installation for grid security reasons.

Estimating the future potential of battery systems will be essential. However, the current data
foundation is limited and uncertain, making it impossible to derive evidence-based forecasts
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for future developments [107]. Batteries are expected to play a key role in providing part of the
flexibility described in the various subsections of chapter 5, regarding future electricity
consumption across different sectors and technologies. They will also support the integration
of renewable energies and are included in the forecasts for peak electricity generation in
chapter 8.3. In general, batteries should help alleviate the system during peak times, reducing
the need to foresee additional grid capacity for those periods.

Creos will contribute to the elaboration of a national Flexibility Needs Assessment (FNA)
planned for 2026, which will provide a more detailed evaluation of flexibility resources,
including battery storage. The FNA will assess the role of storage in supporting grid stability,
reducing peak loads, and enabling the integration of renewable energy sources. The insights
gained from that assessment will complement the scenario-based grid planning work in the
upcoming NDP. Market developments will be closely monitored to provide a more extensive
forecast in the next version of the Scenario Report.
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8. Peak load forecast for the Creos grid

This chapter summarizes the findings of the previous analyses in four sections. The first
presents the forecasted peak electricity demand for midday and evening peaks, consolidating
sectoral and technological requirements from chapter 5. The second section calculates the
peak import load by subtracting reliable generation from peak consumption. Similarly, the third
section focuses on the peak generation load, while the fourth section determines the peak
export load by subtracting base consumption from peak generation.

8.1 Peak electricity demand forecast

This chapter projects midday and evening peak demand, by summing up the needs from
various sectors and technologies in chapter 5. The high estimate scenario primarily relies on
forecasts from the WAM scenario in the 2024 NECP, supplemented by additional data for
certain sectors. The low estimate scenario is based on the WEM scenario. The impact of the
identified flexibility potential is depicted with dashed lines in the graphs.

8.1.1 Midday peak demand forecast

In the high estimate scenario, the midday peak is projected to reach approximately 2.600 MW
by 2040, representing a nearly 330% increase compared to the current peak of around 800
MW. When accounting for flexibility potential, the peak decreases to 2.200 MW, corresponding
to an increase of roughly 280%. In the low estimate scenario, the midday peak is expected to
reach 2.100 MW by 2040, reflecting a 260% increase. With flexibility measures applied, the
peak rises to only 1.800 MW, representing an increase of approximately 230%.
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Figure 8.1 Projected electricity demand during the midday peak
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8.1.2 Evening peak demand forecast

The evening peak in the high estimate scenario increases to almost 3.200 MW by 2040, nearly
400% higher than the current peak of 800 MW. With flexibility, this can be reduced to about
2.700 MW, representing a 340% increase. The low estimate scenario peaks at around
2.500 MW by 2040, a 310% rise, while flexibility reduces this to roughly 2.000 MW, an increase
of 250%. The evening peak is expected to exceed the midday peak.

__ 3.500
S
3
o 3.000
[=
'
£ 2500
[}
2
s 2.000
£
3
> 1.500
2
5 1.000
K
o J—
s 500
[}
o
0
» Q » N \) O \2) O
) S S Dl s Y oy 4
Historical peak electricity demand
Low estimate High estimate
Low estimate with flexibility = == High estimate with flexibility

Figure 8.2 Projected electricity demand during the evening peak

To provide context, these results will be compared with the forecasts from the previous version
of the Scenario Report.

8.1.3 Comparison of the Scenario Report versions 2022 and 2024

For the comparison between the 2022 and 2024 versions of the Scenario Report, the highest
projections from both reports will be analysed. This involves comparing the high estimate for
the evening peak in the 2024 Scenario Report with the projections from the NECP target
scenario in the 2022 Scenario Report [18], as shown in Figure 8.3.

The forecasts indicate a significant increase, with the maximum projected peak demand of
1.900 MW by 2040 in the 2022 Scenario Report aligning only with the lower bound of the 2024
projections' low estimate. This increase is unsurprising, as the 2022 Scenario Report was
based on the 2020 NECP, while the 2024 Scenario Report reflects the updated 2024 NECP,
which incorporates higher electricity consumption projections overall and across nearly all
sectors, as detailed in chapter 3.2.
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Figure 8.3 Comparison of the Scenario Report version 2022 and 2024

The following table highlights the sectoral and technological differences projected for 2040,
along with explanations for the underlying variations.Positive values indicate higher forecasts
in the 2024 Scenario Report, while a negative sign denotes a decrease compared to the
previous version.

Scenario Report

2024 vs. 2022
Mobility +97 MW The 2024 Scenario Report forecasts higher loads for
electric truck charging, based on a study commissioned
by the Ministry of Economy. [71]

Explanation

Industry +276 MW The 2020 NECP projected declining energy consumption
in the industry sector, while the 2024 NECP predicts an
increase. Additional load from decarbonisation projects

were added.

Tertiary +289 MW The 2020 NECP projected declining energy consumption
in the tertiary sector, while the 2024 NECP predicts an
increase.

Residential | +327 MW The 2020 NECP projected declining energy consumption
in the residential sector, while the 2024 NECP predicts an
increase.

Data +318 MW Information on planned data center projects is more

Centers complete than in 2022.

Hydrogen | -40 MW The 2020 NECP excluded national hydrogen production,

Production and the 2022 Scenario Report relied on a "best guess"

future load. The 2024 NECP includes concrete forecasts
for national hydrogen production, which are slightly lower.

Delta +1.267 MW

Table 8.1 Differences between the 2022 and 2024 Scenario Report
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Details of the considerations can be found in the respective chapters. Adding this delta to the
2022 projection of a 1.900 MW peak load by 2040 results in the revised forecast of nearly
3.200 MW in this version.

8.1.4 Comparison with the Security of Supply Report

The results of this Scenario Report can also be compared to the updated Security of Supply
(SOS) Report by the Government Commissioner of Energy, which assesses the security and
quality of electricity supply in Luxembourg. [42]

Based on the projections from the 2024 NECP, the SOS Report forecasts a peak demand of
2.700 MW for 2040. The differences with the Creos forecasts arise from Creos' access to a
more detailed data set, including extraordinary projects excluded from the NECP forecasts,
and differing projections for residential heat pumps, as shown in Table 8.2. Positive values
indicate higher forecasts in the 2024 Scenario Report, while negative values denote a
decrease compared to the SOS Report.

2024 Scenario | Explanation
Report vs. 2024

SOS Report

Mobility +187 MW The 2024 Scenario Report forecasts higher loads for
electric truck charging, based on a study commissioned by
the Ministry of Economy. [71]

Industry +100 MW In the 2024 Scenario Report decarbonisation measures in
the industry sector were factored in, that were not included
in the 2024 NECP.

Tertiary 0 MW The 2024 Scenario Report and SOS Report were aligned
on the evolution of load demand in the industry sector.
Residential | -349 MW The SOS report assumed that all residential buildings in

Luxembourg would be equipped with a heat pump by 2040
(147.665 buildings), while the 2024 NECP projections
assume that 97.478 buildings will have a heat pump by
2040 and that it will be only by 2050 that all buildings are
equipped. Those assumptions have been adopted by
Creos in the 2024 Scenario Report.

Data +418 MW Creos has included detailed information on planned data
Centers center projects.

Hydrogen | +60 MW The 2024 NECP includes forecasts for national hydrogen
Production production.

Delta +416 MW

Table 8.2 Differences between the 2024 Scenario Report and Security of Supply Report

Adding this delta to the SOS Report projection of a 2.700 MW peak load by 2040 results in the
revised forecast of nearly 3.200 MW in this Scenario Report.
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8.2 Peak import forecast

The peak import load represents the maximum power required to be imported to meet national
consumption. It is a critical parameter for designing interconnections with neighboring
countries. The peak import load is calculated by subtracting the contributions of generation, as
determined in chapter 6.9, from the peak demand identified in chapter 8.1. Specifically, the
worst-case contribution is subtracted from the peak value, while the optimistic contribution is
subtracted from the peak value with added flexibility to establish the widest possible range.
This calculation is performed for both the high and low estimate scenarios. As the previous
chapter identified the evening peak as the dominant period for peak consumption, the peak
import load is calculated exclusively for the evening peak.

The results, presented in Figure 8.4, project the peak import load to increase from 694 MW in
2023 to between 1.900 MW and 3.100 MW by 2040. The actual value will likely fall within this
range and depend on the rate of adoption of decarbonized technologies, renewable energy
integration, and the implementation of flexible solutions.
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Figure 8.4 Projected peak import during the evening peak
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8.3 Peak generation forecast

A combination of the forecasted generation load of each energy source from chapter 6 is
presented in Figure 8.5, illustrating the evolution of power contributions from different sources
relative to one another. The vertical axis, representing power in MW, is scaled logarithmically
to ensure the distinct developments of each energy source remain visible. HE denotes "high
estimate," while LE represents "low estimate."
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Figure 8.5 Peak electricity generation from different energy sources

Most energy sources, apart from wind and solar, are not expected to surpass 100 MW in
electricity generation load and will primarily have a regional impact. In contrast, wind and solar
are projected to have a national impact due to their significantly higher injection capacities.

The following graph displays the cumulated peak electricity generation across all energy
sources. By 2040, the theoretical combined peak generation load is projected to reach
between 1.000 and 2.600 MW, representing a significant increase compared to injection levels
in 2023.
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Figure 8.6 Forecast of cumulated peak electricity generation

There are several potential sources of flexibility that can help reduce these calculated peak
values. One approach, already implemented in Germany for example, is the curtailment of
peak generation. For small photovoltaic installations (<30 kWp), reducing power output by
approximately 20-30% results in only 2—5% of total energy production being lost [110]. Large-
scale installations must include a direct communication line to the grid operator, to enable load
shedding in during peak injection periods. Losses are financially compensated by the grid
operator. At Creos, an ongoing project is investigating generation curtailment, with its
technical, legal, and financial aspects. Technical preparations for curtailment are already
required for every new renewable energy installation.

Other possibilities include activating additional consumption during peak generation, currently
being tested in Germany [111], or utilizing energy storage systems, as outlined in chapter 7.
Given the uncertainty surrounding the effectiveness of flexibility measures, a conservative
reduction of 10% has been applied, as shown in Figure 8.6. This corresponds to a reduction
of 200—-250 MW in the high estimate scenario and 100 MW in the low estimate scenario.

Most of the time, these energy carriers will not inject simultaneously at full capacity, resulting
in a lower actual load on the grid. However, a "worst-case" highest injection scenario with and
without flexibility will be analysed in the following chapter to assess possible peak export loads.
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8.4 Peak export forecast

The peak export load represents the maximum excess generation during periods of low
consumption that cannot be consumed or stored within Luxembourg and must therefore be
exported to neighbouring countries. The worst case scenario is calculated by subtracting the
minimal consumption from the peak generation identified in chapter 8.3.

The analysis in chapter 4.3.1, particularly Figure 4.12, indicates that in 2023, consumption
exceeded 400 MW for 95% of the time. It is assumed that minimal consumption increases
roughly proportionally to maximum consumption. As the latter is projected to triple by 2040,
minimal consumption is estimated to grow linearly to approximately 1.200 MW by that year.

The resulting peak export load is presented in Figure 8.7 and is estimated to range between
1.200 MW and 1.500 MW by 2040 for the high estimate scenario. A 10% flexibility potential
has been applied uniformly across all electricity generation sources. This is lower than the
peak import load outlined in chapter 8.2 across all scenarios. This estimate is preliminary and
can be refined in future iterations of the report as more data becomes available. For the low
estimate scenario, there is no net export, as the minimal consumption is higher than the
estimated generation. Historically, no net export has been measured.
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9. Conclusion and recommendations

The energy market is undergoing a profound transformation, driven by political decisions and
technological advancements associated with the energy transition. In this Scenario Report, the
WEM and WAM scenarios from the 2024 NECP, supplemented by literature reviews and
Creos’ own observations, form the basis for the low and high estimate scenarios for peak load
and generation. The high estimate scenario, in particular, reflects an electricity system
characterised by extensive electrification and a high penetration of renewable energy sources.
The low estimate scenario presents a more moderate outlook while still considering a notable
increase in electricity consumption and production across all sectors and technologies.

The transition to efficient electrical heating systems, the charging of battery electric vehicles,
and the additional demand linked to digitalization as well as industrial decarbonization
contribute to a significant rise in electricity demand, specifically during peak load periods in
cold winter months. In comparison with the current figures, the national electrical demand is
projected to increase by a factor of two in the low estimate scenario with flexibility and up to
four in the high estimate scenario without flexibility, with absolute values ranging between 2
and 3,2 GW in 2040 as detailed in chapter 8.1.

National production forecasts indicate significant growth in renewable generation, particularly
from photovoltaic and wind energy. Wind generation is projected to at least double and could
increase up to sixfold, exceeding 1,2 GW by 2040. PV generation is expected to follow a similar
trend, also reaching 1,2 GW by 2040 in the high estimate scenario. Including contributions
from other energy sources, national peak generation is forecasted to range between 1 and 2,6
GW by 2040, as detailed in chapter 8.3.

However, only a small fraction of these energy sources can be considered secured and can
thus be deducted from peak consumption to determine import loads. As shown in the analysis
in chapter 4.7.2, in a worst-case scenario, wind and solar may contribute 0% during periods of
peak demand. With dispatchable power plant capacity, such as cogeneration using natural
gas, being phased out until 2040 or significantly impacted by outages due to the limited number
of power plants, it is likely, that the majority of the peak load will need to be imported. Peak
import loads are estimated to range to range between 1,9 and 3,1 GW, as detailed in chapter
8.2.

The anticipated high national levels of both electricity consumption and generation necessitate
a robust and adequate distribution and transmission grid. Strengthening interconnectors with
neighbouring countries is crucial for improving grid stability and resilience. A key initiative in
this regard is the ongoing project to establish a 380kV connection to Germany. Based on the
results of this Scenario Report, the next TSO network development plan must explore
additional measures, including expanding the 380kV grid toward Germany and enhancing
connections with other neighbouring countries. These measures are being assessed on a
bilateral, regional and European level.

While electricity consumption is projected to rise significantly, consumers' flexibility potential is
increasing, driven by flexible appliances, local generation, and storage units. These flexibilities
should be leveraged to better align consumption with renewable energy supply and reduce
peak loads, ensuring efficient and cost-effective use of both existing and future grid
infrastructure. Appropriate compensation and signals must be implemented to incentivize
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customers to adapt their consumption or generation behaviours.

Regional energy storage systems will play a vital role in future balancing demand and grid
support. By storing excess energy during periods of low demand and high generation, they
help reduce export peaks and release energy during peak demand, lowering import peaks.
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