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Executive summary 

>¯¶k{f~¯ªqí« k|kªq· «·«®k{ s« ¯|ikªq~s|q ^ §ª~p~¯|i ®ª^|«p~ª{^®s~| ^« ªk|kµ^fzk qk|kª^®s~| 
expands and electrification accelerates in heating, mobility, and industry. This transition brings 
significant challenges for grid management and infrastructure plan ning, but it also creates opportunities 
to leverage demand -side flexibility as a cost-effective and sustainable solution. This report provides a 
comprehensive assessment of the technical flexibility potential across four key sectors, industry, tertiary, 
residential, and e-mobility, covering the present situation and projections for 2030 and 2040.  

The analysis is based on a detailed, sector-specific modeling framework that combines statistical data, 
historical weather patterns, and technology penetration scenarios. Results are provided with hourly 
resolution and spatial granularity down to the commu ne level, enabling insights into both national and 
local flexibility resources.  

Industry could become a solid  pillar  ~p >¯¶k{f~¯ªqí« pzk¶sfszs®· z^|i«g^§kÎ P~i^·Ï z^ªqk s|i¯«®ªs^z 
consumers can provide around -20 MW of upward flexibility, even up to -39 MW under optimistic 
assumptions å although often limited to relatively short durations . While this capacity is concentrated in 
a few energy-intensive sectors, the electrification of steam production in plastics manufacturing could 
temporarily add -15 to -55 MW of symmetrical flexibility between 2030 and 2040, offering a critical buffer 
duri ng the energy transition.  

The tertiary sector æ comprising offices, retail, and services æ offers substantial but highly seasonal 
flexibility from air -conditioning, ventilation and cooling processes. Air -conditioning and cooling systems 
dominate the technical potential in summer, w ith downward flexibility exceeding 188 MW during peak 
periods, while ventilation provides a steady year -round contribution. However, activation strategies must 
account for short durations and rebound effects to ensure reliable grid support.  

In the residential sector, the rapid deployment of heat pumps and PV battery storage systems will 
fundamentally reshape flexibility dynamics. By 2040, heat pumps alone could deliver around 265 MW 
of downward flexibility and -123 MW upward (on average), dep ending on activation mode and 
temperature conditions. PV battery systems, assumed to reach 55% penetration in single -family homes 
by 2040, could add 300 å400 MW of bidirectional flexibility, provided smart charging and grid -aware 
operation are implemented. Additional contributions come from electric water heaters and shiftable 
appliances, though their impact is comparatively modest.  A common downside of all these assets is a 
short to modest duration for which the flexibility can be sustained . This requires smart, cascaded 
activation strategies, that shall further consider the compensation of rebound effects, that are inherent 
to flexibility activations from some assets, such as heat pumps and household appliances.  

Electro-mobility introduces both challenges and opportunities. With an expected fleet of over 430 .000 
electric vehicles by 2040, smart charging could unlock up to 190 MW of flexibility from home charging 
alone, during the evening peak times. This is complemented by workplace and public charging 
resources, preferably over the day. This makes EVs a key lever for mitigating evening peaks and 
integrating renewable generation, provided that appropriate control mechanisms and incentives are in 
place. 

Overall, the findings underline that demand -«sik pzk¶sfszs®· g^| fkg~{k ^ g~ª|kª«®~|k ~p >¯¶k{f~¯ªqí« 
energy transition strategy, deferring or even reducing the need for costly and time -consuming grid 
reinforcements and enabling higher shares of renewable energy. Realizing this potential will require 
coordinated action: establishing flexibility mechanisms of versatile use cases, incentivizing participation, 
and deploying digital control solutions. The next decade is critical to build the regulatory, technic al, and 
market frameworks that will allow these resources to deliver their full value.  
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1. Introduction  & Background  å Demand Side Flexibility  

In our future renewable -based energy system, flexibility on the demand side is necessary to react on 
fluctuating energy production from volatile renewable energy sources, such as wind and solar, but also 
to manage changing energy consumption patterns, e.g.  due to electric vehicle charging or electrification 
~p ®rk rk^®s|q «kg®~ª ´s^ rk^® §¯{§«Î 4zk¶sfszs®· ¯«k g^«k« ªk^gr pª~{ gz^««sg^z êf^z^|gs|që pzk¶sfszs®· Ý~ª 
system flexibility) to network / grid flexibility to help ( transport and distribution) grid op erators to avoid 
grid congestions. Further, the growing volatility on the spot markets for energy become s an important 
driver for flexibility to economically use the price spread on the energy markets (market arbitrage). 
Internal usage of flexibility in households, private companies or energy communities is another rising 
demand, e.g. to optimize grid tariffs  (peak shaving), to increase the share of self-consumption from own 
electricity production, or to use periods of low spot market prices to reduce the e nergy bill.  

Nevertheless, the results presented in the following chapters are focusing on grid flexibility and originate 
from the FlexBeAn Project, a joint project of CREOS, the Luxembourg Institute of Science and 
Pkgr|~z~q· Ý>7NPÞ ^|i ®rk êNkg¯ªs®· ^|i Pª¯«®ë 7|«®s®¯te (SnT), belonging to the University of 
Luxembourg.  

Flexibility, in the understanding of this project, focused on demand side flexibility and can be defined 
as:  

ê4zk¶sfszs®· s« ®rk ^fszs®· ~p g~|«¯{kª« ®~ ^ix¯«® ®rksª kzkg®ªsgs®· g~|«¯{§®s~|Ï p~zz~µs|q ^| k¶®kª|^z «sq|^zÏ 
g~{§ªs«s|q ^| s|gªk^«k ^|iÛ~ª ikgªk^«k ~p §~µkª g~|«¯{§®s~|Î ê 

N¯gr êk¶®kª|^z «sq|^z«ë g^| fk {^|sp~ziÏ ªk^grs|q pª~{ i·|^{sg kzkg®ªsgs®· ®^ªspp« ~ª qªsi pkk«Ï |~|-
monetary incentives or direct load -control signals, to name the most important ones. The flexibility 
potentials that are reported in this document  are mainly the technical potentials, taking into account also 
some practical aspects. Other than the theoretical potential, the technical potential considers technical 
restrictions which limit the potential and is therefore smaller than the theoretical potential. The economic 
potential would further reduce the potential to the share that is economically viable, but this is not 
subject of this study.  

Within the FlexBeAn Project, the partners are evaluating the flexibility potentials for the sectors industry, 
tertiary sector, households and e -Mobility. In the following  the methodology for the estimation of their 
potentials and the results are documented.  

The project comprises potentials for today, 2030 and 2040 via a  model that allows for spatial and 
temporally resolved results. The spatial resolution of the final model gives insights down to the level of 
communes, and hence, enables the allocation of flexibility in low voltage level and could be aggregated 
up to the distinctive high -voltage areas. The temporal resolution of one hour over a full year, allows 
findings regarding fluctuation of flexibility potentials over the seasons, across week -day and week-ends, 
as well as representing the diurnal cycle, if relevant.  

1.1. Stakeholder overview  

Demand -side flexibility involves a range of stakeholders, either as providers of flexibility, as actors with a 
need for flexibility, or as intermediaries facilitating its use.  

Flexibility providers  are found across sectors, including large industrial facilities, tertiary sector 
companies, households, and users of electric mobility. Their main interest is to reduce costs, optimise 
their own energy use, or obtain revenues from providing flexibility se rvices. 

Distribution system operators (DSOs)  seek flexibility primarily to manage local and regional grid 
constraints and to avoid costly reinforcements at low - and medium -voltage levels. 
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Transmission system operators (TSOs) could also use flexibility to overcome grid constrains, and further 
require flexibility to maintain overall system stability and security of supply, for example to balance load 
and generation across the network.  

Balance responsible parties (BRPs) and energy suppliers  are interested in flexibility as a tool to balance 
their portfolios and to manage the risks arising from volatile energy markets.  

Aggregators and energy service companies  act as intermediaries, bundling small -scale and distributed 
flexibility resources and making them accessible to system operators or market actors.  

Successful mobilisation of flexibility requires that all parties derive tangible benefits: providers expect 
fair remuneration and minimal disruption to processes or comfort, while DSOs and TSOs demand 
reliable, predictable and verifiable flexibility. This interaction of needs and roles forms the basis for the 
following chapters, which address flexibility needs, flexibility services and the corresponding use cases.  

1.2. Types of flexibility services 

In the energy sector, demand -side flexibility is typically categorised according to the purpose and the 
context in which it is activated. Three main types can be distinguished:  

1. Grid-oriented flexibility (network flexibility):  

Flexibility activated to relieve local or regional grid constraints, for example to avoid overloading 
distribution or transmission lines, manage voltage issues, or defer grid reinforcements. DSOs are 
the main users of this type of flexibility, but TSOs also require location -specific measures to maintain 
secure grid operation.  

2. System-oriented flexibility (balancing services):  

Flexibility mobilised to maintain the real -time balance between electricity generation and 
consumption at the system level. TSOs are responsible for these services, which are typically 
procured via balancing markets (e.g., frequency containment reserve, fr equency restoration reserve, 
replacement reserve). 

3. Market-oriented flexibility:  

Flexibility used to respond to price signals on wholesale or retail markets. This includes shifting 
consumption to periods of low prices, avoiding periods of high prices, or providing arbitrage 
opportunities across time. BRPs and energy suppliers are the m ain actors using this type, but end -
users may also directly benefit from dynamic tariffs or time -of-use pricing schemes. 

In practice, the same technical flexibility source may serve different types of services depending on 
contractual arrangements and the activation signal. For instance, a residential EV wall box can be 
curtailed for network purposes, activated by an aggregator for balancing, or shifted in response to 
dynamic tariffs. This illustrates the need for clear definitions of services and use cases. 

1.3. Flexibility Use Cases and markets 

Flexibility can be activated for a variety of purposes  and through various mechanisms. While the same 
technical resource may serve different applications, the relevant use cases can be grouped into three 
main domains:  

Grid -oriented use cases (network flexibility):  

¶ Congestion management:  avoiding or mitigating overloads in distribution or transmission grids, 
particularly at times of high demand or high decentralised generation.  

¶ Voltage support:  maintaining voltage within allowed limits, especially in low - and medium -
voltage networks with high shares of distributed generation.  
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¶ Deferral of grid reinforcement:  using demand -side measures as a cost-efficient alternative to 
conventional network expansion.  This requires the recurring use of demand -side flexibility to 
reduce the need for physical grid upgrades.  

Procurement of flexibility for these types of use cases is  typically not standardised at European level but 
some DSOs or TSOs procure flexibility  through local flexibility markets, bilateral contracts, or pilot 
schemes. Increasingly, DSOs establish local flexibility tenders or platforms to access such services. 

System-oriented use cases (balancing services): 

Flexibility mobilised by the TSO to maintain the system balance between generation and consumption. 
The products which deliver these flexibility services are well-defined and harmonised at EU level:  

¶ Frequency Containment Reserve (FCR): very fast automatic response to stabilise frequency 
deviations (within seconds). 

¶ Automatic Frequency Restoration Reserve (aFRR): automatic activation within minutes to restore 
frequency. 

¶ Manual Frequency Restoration Reserve (mFRR): manually activated reserve for longer duration 
balancing (up to hours).  

¶ Replacement Reserve (RR): slower, longer -term reserves, where implemented.  

Market-oriented use cases: 

¶ Wholesale market arbitrage:  shifting demand to benefit from price spreads on day -ahead or 
intraday markets. 

¶ Portfolio balancing by BRPs: adjusting load to match contracted supply and demand.  

¶ Dynamic tariffs and retail products:  household  or commercial consumers responding to time -of-
use or real-time pricing.  

While system-oriented products (FCR, aFRR, mFRR, RR) are well established and market-oriented 
products are evolving, the core interest of this report lies in grid -oriented flexibility. These are essential 
to support DSOs (and TSOs) in managing local and regional network constraints, even though service 
definitions and mechanisms are less harmonised and often still subject to pilot projects.  

The distinction between grid -oriented, system-oriented and market -oriented flexibility use cases 
highlights that demand -side flexibility can serve very different purposes. In the context of this report, the 
focus lies on network flexibility, as it is direc tly relevant for the secure and efficient operation of 
>¯¶k{f~¯ªqí« kzkg®ªsgs®· qªsi«Î Prk s{§~ª®^|gk ~p «·«®k{^®sg^zz· sik|®sp·s|q «¯gr |kki« r^« ^z«~ fkk| 
recognised at European level: under Article 32 of the Electricity Regulation (EU 2019/943), transmi ssion 
system operators (TSOs) and distribution system operators (DSOs) are required to carry out a regular 
assessment of flexibility needs. A dedicated methodology for this assessment has recently been 
k«®^fzs«rki ^® /Q zk´kz Ýê?k®r~i~z~q· p~ª ®rk ^|^z·«s« by TSOs and DSOs of the flexibility needs at 
|^®s~|^z zk´kzëÞÎ 

1.4. Scenarios of potentially high flexibility needs  

Against the background  of a future assessment of flexibility needs , this section presents scenarios of 
potentially high flexibility needs . These scenarios describe typical situations where flexibility could play 
a key role in addressing grid challenges . They provide the framework against which the technical 
flexibility potentials assessed in later chapters can be evaluated.  

Grid congestions mainly occur during periods of high consumption and low local generation, or in case 
of high local generation and low consumption. In these situations, flexibility could particularly be useful  
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to solve these congestions. The following scenarios are of relevance, structured by their period of 
occurrence, weather conditions and the grid voltage level where they cause congestions. They have 
fkk| «k® ¯§ f^«ki ~| >¯¶k{f~¯ªqí« qª~«« qk|kª^®s~|, consumption data from smard.de and 
experience of Creos network development experts.  

Table 1 å Potential flexibility needs and their characteristics  (focus on grid -oriented flexibility)  

Time period  Cause Voltage Level Grid Area  Weather 

Summer / Midday  
 
(especially May å 
August 13:00 to 
15:00) 

High PV generation  
on sunny days can 
lead to excess PV 
injection at times of 
low consumption  

Mainly Low 
and Medium 
Voltage  

Residential areas 
and rural medium 
voltage lines  

Sunny weather  

Winter / Evening  

(17:00 to 20:00) 
on very cold days 

High consumption  
when heat pump 
consumption overlaps 
the usual evening 
peaks. 

Low Voltage  

 

 

Residential areas Very cold weather  

Winter / Midday  

(8:00 to 18:00)  

on very cold days  

High consumption  
from tertiary sector 
heat pumps  which 
may run intensively 
throughout the day  
(future scenario) 

Medium and 
High Voltage  

ê\~|k« s|i¯«®ªskzzk«ë 
with a lot of office 
buildings, shops and 
industry (tertiary 
sector and industry 
flex can be useful 
here) 

Very cold weather  

Transition 
periods /  Midday  

(13:00 to 15:00 in 
April,  May & 
September)  

Simultaneous high 
wind and PV 
generation . Especially 
during  holidays 
(April/Ma y) when 
consumption is also 
relatively low. 

Medium and 
High Voltage  

Rural (in the north of 
Luxembourg) and 
HV import lines  

(all flexibility sources 
can be helpful here)  

Sunny and windy 
weather 

Summer /  
very hot days  

(14:00 to 18:00)  

Suspended lines have 
a higher line sag  on 
hot days due to the 
expansion of the 
metal lines. This is 
likely to happen on 
days with high PV 
generation    

Medium and 
High Voltage  

Rural (in the north of 
Luxembourg) and 
HV import lines  

(all flexibility sources 
can be helpful here)  

Extremely warm 
weather 

The scenarios will later be used as reference cases when evaluating technical flexibility potentials  and 
their temporal and spatial availability against the potential use cases (10.2). In line with (DSO entity & 
ENTSO E, 2024), flexibility needs should distinguish network needs, which must be satisfied at specific 
places and times, from broader system -level needs that can be met from anywhere. Besides above-
described  network needs,  also system needs, for instance related to load and RES forecast errors, 
residual load variations, or RES integration, become increasingly important . These needs are required 
at national level, or even cross-national  level, as Creos has delegated its balancing responsibility to 
Amprion. Although Amprion is currently taking care of these needs for Creos, a look at them shows how 
important flexibility is becoming in the future. Already today, Luxembourg requires up to 100 MW of 
balancing energy due to forecast errors of the BRP . Also, the maximum ramp -up and ramp -down 
capacities (load differences in one hour) are around 100 MW in both directions (positive and negative). 



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 17 

 

These values relate to the situation of today and will grow in the future. For the RES integration, the Creos 
scenario report 2024 estimated that excess generation could reach about 1.400 MW on the HV 
transmission grid in 2040. These numbers indicate how i mportant demand -side flexibility will become 
in the future.  

 

1.5. Definition - Technical Flexibility Potential  

In this project, the focus is on the technical flexibility potential of demand -side resources in Luxembourg. 
This concept refers to the maximum amount of flexibility that can be mobilised from a given sector or 
technology under realistic technical and oper ational constraints. It is distinct from  the theoretical 
potential, which represents the absolute maximum flexibility if all loads could be controlled without 
restriction  å which is typically larger than the technical potential . Further, it differs from the economic 
potential, which considers e.g. price signals, incentive schemes and behavioural responses , and limits 
to the amount that is reasonable from an economic perspective  (typically smaller than the tech. 
potential) . 

Our analysis of technical potential is grounded in sector -specific models and data sources:  

¶ Industry and tertiary sector:  flexibility is estimated using energy consumption statistics combined 
with technology -specific flexibility ranges (e.g. load shifting in cooling, HVAC, or industrial 
processes). 

¶ Residential sector: a bottom -up modelling approach was applied for heat pumps, water heaters, 
white ware, and PV-battery systems. Technical restrictions such as demand profiles , device capacities, 
and storage sizes were explicitly considered.  

¶ E-mobility:  flexibility was derived from empirical charging datasets, assessing how charging profiles 
can be shifted in time while ensuring mobility needs are met.  No changes in mobility - or charging 
habits were considered, as for example by economic  incentivisation.  

Across all sectors, we distinguish between load reduction, load increase  (load shifting or storage, where 
applicable)  as forms of flexibility. In each case, technical feasibility is constrained by device operation, 
user comfort, and physical storage (thermal or electrical).  

The resulting values therefore represent a realistic but upper -bound estimate of the flexibility that could 
be made available to system and network operators if suitable incentives and activation mechanisms 
were in place. The technical flexibility potential however does not take into account potential future 
behaviour changes.   
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2. Flexibility Model  

The technical flexibility potential is estimated by a meta-model of hybrid sub -model s for each sector and 
asset type, using partially statistical and physical modelling approaches. Each sub-model and the 
respective results are documented in own chapters of this report.  

2.1. Model Structure  

The FlexBeAn project set out the objective to estimate the technical flexibility  potential arising from 
certain assets from different sector . Based on data availability, available methods and interests, this has 
been narrowed down to the following assets, processes or devices:  

¶ Industry Sector å diverse processes in large-scale industries 

¶ Tertiary Sector å Cooling, ventilation and air -conditioning processes  

¶ Households å Heat pumps, PV Battery systems, white ware and (larger) water heaters  

¶ (Private) Electro-mobility  å home charging, public charging and charging at workplace  

 

 

Figure 1 å Schematic view of the model structure  

The sub-models are based on various inputs, ranging from national statistical data, literature values and 
models, measurement data (e.g. for public charging and white ware), stakeholder inputs and historical 
weather data. This enables the model to represent fluctuating flexibility potentials, depending on 
seasons, weekly profiles, the daily cycle or outdoor temperatures, to name the most important 
influences.  

Technical potentials respect technical restrictions of the potentials (as far as practi cally possible). Further, 
based on future scenarios the technology penetration, specifically of rapidly growing technologies, is 
estimated for the time horizons 2030 and 2040 (e.g. e -mobility, heat pumps and PV battery systems).  

 

 

 

Stakeholder input  Statistics  
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2.2. Input parameters  

The following chapters give a brief overview on some of the most influential input parameters and data 
sources.  

2.2.1. Historical weather data 

The energy demand , production  and flexibility  potential of a) r esidential heat pump s, b) PV battery 
systems and c) tertiary sector flexibility from cooling - and air-conditioning, depend s strongly on weather 
conditions. The respective sub-models use historical weather data as main input data . Concretely, the 
ambient temperature and global horizontal irradiance.  

The meteorological data are historical êªk^|^z·«s« i^®^ë pª~{ ®rk /¯ª~§k^| +k|®ªk p~ª {kis¯{ ª^|qki 
weather forecast (ECMWF). Within the model, the data sets from 2020 until 2024 have been saved and 
could be chosen as inputs. A first analysis step assessed the different yearly data to give insights in their 
statistical representativeness å to identify outliers, extreme weather conditions as well as representative 
years.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In Figure 2 and Figure 3, two examples are given: the boxplot for each month show the mean (green 
line), the 50% median values in the blue box and the min / max represented by the black bars. The Red 
line represents the mean of the years 2000 å 2024.  

The following years could be used to represent moderate or rather extreme conditions, regarding these 
parameters:  

Ambient temperature data:  

moderate : 2002, 2009, 2014, 2016 , 2019 

high temperatures : 2022 

low temperatures : 2004 summer, 2010 winter  

Solar irradiance (GHI): 

moderate : 2005, 2008  

high yearly irradiance level: 2003, 2020, 2022 

low yearly irradiance level:  2002, 2024 

Figure 2 - Monthly box -plots, ambient temperature ( example 2014) 

Figure 3 å Monthly box -plots, solar irradiance (example 2014) 
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2.2.2. Statistical key parameter 

The FlexBeAn model and individual sub -models used different statistical data as input to the model. The 
main sources of these are :  

Statistiques.lu (STATEC) 
Parameter: Inhabitant s (per commune), household data, building structure , energy related data  

data.public.lu  å common platform to share data for public use, from different sources  
Parameter: e.g. registered cars / EVs (SNCA), renewable energy sources (ILR)  

Geoportail  
Parameter: divers geospatial data , e.g. commune borders, LIDAR data  to characterize buildings, 
tertiary sector activity data 

The individual input data are introduced as .csv files to the model in dedicated folders and could easily 
be updated.  

2.2.3. Electrical load data 

Electrical load profiles of households are integrated in the FlexBeAn model  to enable the calculation of 
self-consumption and surplus production of photovoltaic systems  within the sub -model for residential 
PV battery systems. Although, aggregated load profiles for Luxembourg are available, these kinds of 
profiles  are useless to estimate the energy balance of individual systems.  

The FlexBeAn model uses artificially set up load profiles for households of different household 
compositions and combines them in such manner to obtain a representative yearly electricity demand. 
The artificial load profiles are built  by an application for creating synthetic  residential load profiles. It uses 
a desire-driven agent simulation to model the behaviour  of the residents in detail and generate load 
profiles with the high temporal resolution for  residential energy consumption, primarily electricity and 
domestic hot water  (Pflugradt et al., 2022). 

 

Figure 4 å Example of electricity load profiles for households, quarter -hourly values, one week 

The load generator models different household compositions, such as the examples listed below , from 
which 11 are chosen for the FlexBeAn model: Couple, both working (CHR1), Family, one child (CHR3), 
Family, both working, 3 children (CHR5), single man, shift worker (CHR10), Couple over 65y. (CHR11),  
to give a basic impression.  

Avg. electricity consumption of lux. household : 3.600 [kWh] 
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The composition of different household profiles to assemble a  representative set of households was not 
targeting to obtain a representative sample of the society! But the probabilities by which the model 
chooses a profile are defined in a manner that the average yearly electricity consumption of the 
r~¯«kr~zi «k® zsk« ^ª~¯|i ÁíÄ¾¾ yWrÛ^, which corresponds to the average Luxembourgish household.  

Table 2 å Probabilities for different household electricity profiles to assemble representative sets  

CHR01 CHR02 CHR03 CHR04 CHR05 CHR06 CHR07 CHR08 CHR09 CHR10 CHR16 

10 % 8 % 23 % 8 % 10% 3 % 5 % 7 % 7 % 7 % 12 % 

 

2.2.4. Assumptions & Limitations 

Obviously, modelling a complex matter such as demand side flexibility ac ross sectors, technologies, 
time horizons and spatial domains requires simplifications of reality and assumptions. In the individual 
chapters, describing the modelling approaches for the sectors and technologies , the limitations and 
main assumptions are transparently described. Anyhow, here are some main assumptions that are valid 
across different sectors:  

The scenarios for 2030 and 2040 define technology penetration rates for the most relevant technologies , 
which are in this context, heat pumps, electric vehicles and residential PV batteries. Obviously, 
uncertainties are inherent to future projections . But there are further influential factors , mainly regarding 
future energy demand, that are kept constant within this model:  

- The electricity demand of households, industry and tertiary sector are considered stable  

- The building structure , relevant for the residential and tertiary sector modelling, remain unaltered  

Further assumptions, limitations and uncertainties are described within the different chapters.  

 

2.3. Output parameters  & Characterization of flexibility  

The output of the FlexBeAn model is the technical flexibility potential, defined as the deviation from a 
baseline load profile under the technical and operational constraints of the considered technology. 
Flexibility is expressed consistently with the ENTSO-E and DSO Entity methodol ogy (DSO entity & 
ENTSO E, 2024) from a generation perspective:  

¶ Upward flexibility , corresponds to the possibility of increasing net generation or reducing 
consumption , as in our context for demand side flexibility . 

¶ Downward flexibility , corresponds to the possibility of decreasing net generation or increasing 
consumption.  

 

To characterise the flexibility potential of a flexibility source , several (interrelated ) parameters are used:  

¶ Power [MW]:  the maximum instantaneous deviation from the baseline load  

¶ Energy [MWh]:  the total amount of energy that can be shifted over the activation period  

¶ Duration [h]:  the time span over which the power deviation can be sustained  

Since the potentials reported here represent an upper bound  of a large set of distributed resources , 
considering max. power for each resource, the aggregated maximum power values are often only 
available for a limited time. In practice, system operators  (or aggregators)  are interested in combining 
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or cascading the activation of individual assets to spread flexibility over longer periods. Such strategies 
require careful design to ensure that  the desired quantities are met for the intended  temporal and spatial 
resolution . Along with the consideration of rebound effects (e.g. increased heating demand after 
curtailment of a heat pump) are mitigated, and  that additional resources are activated to compensate 
for such rebounds.  

The modelling results are provided with an hourly resolution, either as:  

¶ complete time series of baseline and flexibility profiles, or  

¶ representative daily profiles , considering weekly or seasonal specialties, derived from statistical or 
model -based approaches . 

When interpreting hourly potentials, it is important to note that the values represent instantaneous 
flexibility : activation in a given hour is only possible if the resource has not been used for flexibility in the 
preceding period. Sustained activation may therefore reduce the available potential in subsequent 
hours and induce rebound effects.  

Other flexibility characteristics, which are technically relevant for some applications  e.g. common in 
balancing services, such as ramp rates and dynamic response times, were not explicitly considered in 
this study. 

Flexibility potentials are allocated to the 100 communes of Luxembourg, enabling spatial aggregation 
to higher grid levels. Although the present report does not detail the mapping to high -voltage (HV) 
zones, the allocation provides a consistent basis for such analyses. 

 

 

 

 



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 23 

 

3. Industry Sector 

To achieve the energy policy targets, the installed capacity of renewable technologies continues to grow 
in European countries due to their carbon -neutral characteristics during the usage stage. On the other 
hand, coal and gas are gradually being decommiss ioned. This combination is increasing the uncertainty 
of the power system and reducing its flexibility. Consequently, modern power systems require an 
upgrade in their design and new flexibility sources to maintain an economic and secure operation of the 
power system. Demand-side flexibility has a big potential to become a flexible source by applying 
Demand Response. Demand Response is defined as the capability of adjusting the load by the end -use 
customer from their normal consumption pattern in response to  an external signal. Industries in 
particular show great potential to offer demand response because of their size and energy usage.  

The aim of this section is to analyse the demand -side flexibility potential of the Luxembourgish industry. 
This section has been structured into distinct subsections. The initial section outlines the key metrics 
used to evaluate demand response measures . In the second section, we give an overview of the share 
of industrial sectors within the Luxembourgish territory resulting from a systematic literature review. They 
are categorized into ten industrial sectors and further analysed according to  the identified  metrics. In the 
third section, we apply the findings from the second section to Luxembourgish  industrial consumption 
§ª~pszk« ®~ k«®s{^®k ®rk g~¯|®ª·í« ®~®^z ik{^|i ªk«§~|«k potential.  Finally, the last section presents the 
key conclusions of the study. 

Please note that there is a full version of this section (Industry Flexibility) available as individual report on 
the FlexBeAn Website as well as the websites of the partners.  

3.1. Key metrics for industry sector flexibility assessment  

To harness the full potential of demand response as a dependable grid resource, it is crucial to establish 
^ ©¯^|®s®^®s´k pª^{kµ~ªy ®r^® k´^z¯^®k« ®rk ªk«~¯ªgkí« g^§^gs®·Ï §kªp~ª{^|gk ´^ªs^fszs®·Ï ^|i 
predictability, all supported by empirical data (Liu et al., 2022). Researchers have proposed several 
theoretical metrics to quantify and assess demand response performance. In this section, we define and 
visually present (see Table 3 and Figure 5) the key metrics required to measure demand response 
potential.  

Table 3 å Definition of demand response metrics  

Metric  Definition  

Capacity 
Capacity refers to the change in the power output (in kW or MW) required to reach 
after the full activation time (Artelys Optimization solutions, 2023) . 

Duration  

Duration refers to the period of time (minutes or hours) for which the demand 
response provider must deliver the full requested change of power level  (Faria et 
al., 2015), (Artelys Optimization solutions, 2023) . It can also be referred to as active 
duration  (Tristán et al., 2020). 

Direction  

Direction refers to the power change direction of the offered demand response 
action. An upward bid refers to a reduction of power consumption from the system. 
Conversely, a downward bid refers to an increase in power consumption in the 
system (Artelys Optimization solutions, 2023)  

Location 

Location refers to the actual geographic or network -specific positioning of demand 
response resources within the power grid (Plaum et al., 2022) This metric assesses 
where flexible loads are situated in relation to grid infrastructure, such as 
substations, transmission lines, and generation sources, which is crucial for effective 
grid management.  
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Preparation time 
Preparation time refers to the time period required by the demand response 
provider to start delivering the flexibility after it has been (Tristán et al., 2020) 
(Artelys Optimization solutions, 2023) . 

Ramping period  

Ramping period refers to the period of time  after the preparation period during 
which the input/output of the active power is being increased/decreased until 
reaching the full requested power change (De Vos et al., n.d.), (Artelys Optimization 
solutions, 2023). 

Full activation time 
Full activation time refers to the period of time elapsed from the notification until 
the full delivery of the requested active power. It is equivalent to the sum of 
preparation and ramping periods (Artelys Optimization solutions, 2023) . 

Deactivation period  
Deactivation period refers to the period of time between the end of the active 
duration of the flexibility provision and the return to the original consumption state 
(Tristán et al., 2020). 

Recovery time 
Recovery time refers to the period of time that must elapse before the flexibility can 
be activated again (Tristán et al., 2020) 

Availability 

Availability is the period of time for which the flexibility is available. It can be 
specified as daily availability (specific hours for which the flexibility is available 
during the day), as well as seasonality (if there are seasonal changes in the flexibility 
due to weather, holidays, maintenance periods, etc.) (De Vos et al., n.d.),(Heleno et 
al., 2015). Moreo ver, it should also specify the maximum number of times the 
demand response action can be executed over a specific period of time (usually 
referred to as daily maximum activations, but it can also be weekly, monthly, yearly, 
etc.) (Tristán et al., 2020) 

 

Figure 5 å Representation of demand response metrics  

3.2. Demand response in industrial facilities  

Within our systematic literature review, we identified relevant articles from ten different industrial sectors. 
Each of those sectors is characterized by its distinctive manufacturing systems. In this section, we give a 
short explanation of the manufacturing procedures and we identify the processes that can provide 
demand response measures.  
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3.2.1. Refineries 

An oil refinery can offer demand response by adjusting feedstock mass flow and strategically scheduling 
self-generation units such as gas turbines and Combined  Heat and Power (CHP), with flexibility duration 
constrained by storage capacity (Golmohamadi, 2022)  (Sofana Reka & Ramesh, 2016) (Gholian et al., 
2013)(Alarfaj & Bhattacharya, 2019). Load-shifting in key units (e.g., distillation, hydro treatment, gas 
separation) has been shown to reduce power consumption by up to 6.2% for 2 hours, lowering electricity 
costs by 6.5 % (Sofana Reka & Ramesh, 2016), while participation in frequency control schemes enables 
power reductions of around 7.1% (Noor et al., 2015). 

3.2.2. Steel and iron 

Steel production relies on blast furnaces and electric arc furnaces, with the latter being the main focus 
p~ª ik{^|i ªk«§~|«k i¯k ®~ s®« rsqr k|kªq· ¯«k ÝȲ¾ÎÃÀÃ ?WrÛ®Þ (Shoreh et al., 2016). Demand response 
can be achieved by rescheduling or interrupting furnace operation, where melting scrap lasts 
approximately 45 minutes and must be reheated within 15 minutes  (Feta et al., 2018). Studies show a 
6.5% load reduction potential in steel plants (Gong et al., 2020), while a Dutch case demonstrated that 
10 MW of load can be reduced for 30 minutes with an availability of  97%. If the capacity is increased to 
20 MW, then, the availability is reduced to 65%. On the other hand, regarding the load increase 
capability, they discovered that 20 MW of load can be increased for 45 minutes  (Zhao et al., 2017). 

3.2.3. Cement  

Cement plants transform limestone, clay, and shale into cement through four main processes: Crushing, 
Kiln Feed Preparation, Clinker Production, and Finish Grinding. Around 25% of the energy use is 
electrical (111å160 kWh/t) and 75% thermal (Golmohamadi, 2022)  (Ghalandari et al., 2019) (Summerbell 
et al., 2017). Table 4 shows the electricity consumption of  each of the processes. 

Table 4 - Consumption of cement manufacturing processes (Golmohamadi, 2022)  

Process Consumption  (kWh/ton)  

Crushing 5 å 20 

Kiln Feed Preparation 27 å 38 

Clinker Production  39 å 45 

Finish Grinding  52 - 57 

Demand response potential is highest in cement mills due to their intermittent operation, supported by 
silo storage, while Finish Grinding offers some flexibility but is constrained by output needs. However, 
clinker production is inflexible as interruptions risk equipment damage (Golmohamadi, 2022) . Studies 
show significant potential : A UK plant achieved 1 MW load shifting (30% of total power), reducing 
electricity costs by 4.2% (Summerbell et al., 2017) , while a South African pilot demonstrated 2 å3 hours 
of load shifting in cement mills, cutting costs by 6% and indicating up to 23% sectoral flexibility 
(Golmohamadi, 2022) , (Lidbetter & Liebenberg, 2013) . 

3.2.4. Glass 

Glass manufacturing is highly energy -intensive, with furnaces consuming 70å80% of total thermal energy 
(Seo et al., 2020) (Sardeshpande et al., 2007). Adjusting furnace input can significantly shift power 
demand, with studies showing 20 å25% load reduction possible for 20 å30 minutes without affecting 
product quality (Sardeshpande et al., 2007) (S. I. P. . FfE, 2022). A dynamic  optimization strategy further 
demonstrated that demand response actions could raise electric boosting power from 1.94 MW to 7.82 
MW during low -price periods or reduce it from 2 MW to 0 MW during high -price periods, cutting energy 
costs by 30%. Since boosting accounts for 20% of plant power, this corresponds to a 60.6% load increase 
and 20% load decrease potential (Seo et al., 2020). 
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3.2.5. Pulp and paper  

Pulp and paper production is energy -intensive, with refineries being the main consumers. Adjusting 
refiner speed allows demand response, and studies show the sector can reduce load by about 7% (Herre 
et al., 2020) (Gils, 2014). Paper mills with electric boilers can also provide fast frequency reserves, offering 
up to 30 MW of symmetrical flexibility by ramping to full power within 3 minutes, cutting electricity costs 
by 2.3å7.4% seasonally (Herre et al., 2020). A dynamic simulation further showed that flexible units like 
stock preparation, winders, and storage (980 kW, 36 kW, and 5 kW) can each provide up to 30 minutes 
of flexibility, yielding notable economic savings (Rodríguez-García et al., 2016). 

3.2.6. Food 

The food industry is highly diversified, with refrigeration alone accounting for about 16% of its energy 
use (Alcázar-Ortega et al., 2012) . Cooling processes offer strong demand response potential, as they 
can be interrupted until critical food temperatures are reached. A Spanish cured ham factory showed 
that reducing cooling system power by 22.9% was feasible without affecting product quali ty, allowing 
shutdowns of up to 2 hours and achieving 5% annual electricity savings (Alcázar-Ortega et al., 2012) . 
Similarly, in the sugar industry, using bagasse in boilers enabled demand response, with optimization 
models showing electricity cost savings of up to 18.65% (Hannan et al., 2019). 

3.2.7. Data centers 

Data centers are highly energy -intensive, with cooling systems accounting for approximately 70% of total 
use (Sun & Lee, 2006). Demand response strategies include load shedding (temporary IT shutdowns or 
temperature set -point changes), load shifting (rescheduling IT tasks), and load migration (moving 
workloads geographically). Studies report significant flexibility: 25% demand response potential at the 
IT level (10å12% at building level) (Ghatikar et al., 2012), up to 400 kW increase or 325 kW reduction 
(Cao et al., 2022), and maximum load reductions of 30 å32% through workload dispatching, temperature 
adjustments, or optimized scheduling (Cioara et al., 2018) (Tang et al., 2014) (Tang & Dai, 2012). 
Reported impacts include peak reductions of 11 å12%, cost savings of 12å15% (Bahrami et al., 2019), and 
flexibility from HVAC, storage, and delay -tolerant tasks enabling ±15% load changes (Cupelli et al., 
2018). Dynamic server load adjustments further achieved a 20% reduction for 50 minutes with 30% cost 
savings (Li et al., 2015). 

3.2.8. Aluminium  

Aluminium production begins with bauxite refining into alumina, followed by electrolytic reduction in 
smelters, the most energy -intensive step requiring around 15.37 kWh/(kg of Al) (Obaidat et al., 2018) . 
Potline power can be rapidly adjusted (~1 MW within seconds) by controlling rectifier voltage, but pot 
thermal balance must be maintained for safety (Zhang & Hug, 2015). Studies show the industry can 
provide up to 25% power reduction for 4 hours (Shoreh et al., 2016), while optimized scheduling of 
electrolytic reduction can yield ~0.7% electricity cost savings (Zeng et al., 2020). 

3.2.9. Textile 

Textile manufacturing converts fibres into yarn through blending, aligning, twisting, and shaping, with 
specifications depending on the final fabric (He et al., 2021). Production involves equipment such as 
spinning machines, looms, and dryers, operating as a continuous but stable load (Cai et al., 2023). Since 
subprocesses are relatively independent, demand response can be applied without disrupting 
production, limited only by inventory capacity, allowing flexibility for 30 å60 minutes (Cai et al., 2023). 
Regarding the capacity, by summing all shares of the flexible equipment represented in Table 5, we can 
conclude that 15% of the load is flexible in the textile sector. 
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Table 5 - Main electrical equipment of the textile industry (Cai et al., 2023) 

Equipment  Share of load (%) 

Weaving machine 10 

Opening machine  2 

Dewatering machine  2 

Warping machine  1 

Turning machine  1 

3.2.10. Water treatment plants  

Wastewater treatment plants are energy -intensive, with electricity making up 25 å50% of operating costs 
(Kirchem et al., 2018). Aeration and pumping account for 75% of total use and offer the main demand 
response potential (Aghajanzadeh et al., 2015). Studies show aeration can be shut down for up to 2 
hours, or 1 hour in pilot trials, without harming performance, with ramping times of 10 å60 s, deactivation 
of 5å60 s, and recovery in 15å30 min (Aghajanzadeh et al., 2015) (Schäfer et al., 2017). Such actions can 
reduce energy use by 24.4% or increase it by 19.9%. 

3.3. Industrial flexibility in Luxembourg  

By combining the theoretical flexibility potential of different industrial sectors reported  in the literature 
with the annual consumption profiles of Luxembourgish industries,  we were able to quantify the 
theoretical flexibility potential of the Luxembourgish  industry. 

3.3.1. Literature review results 

Table 6  presents the average reported capacities, expressed as the percentage of  power reduction from 
peak demand, along with the minimum and maximum reported  flexibility values for the identified 
actions. Moreover,  Table 7 presents how long the identified flexibility can be maintained within each 
industrial sector.  

Table 6 - Reported industrial demand response capacity potential  

Sector 
Capacity (%) 

Minimum  Average Maximum  

Oil refinery  6.20 6.65 7.10 

Steel and iron  6.50 10.29 14.07 

Cement  23.00 26.50 30.00 

Glass 20.00 31.40 60.60 

Paper 7.00 7.00 7.00 

Food  14.00 25.50 37.00 

Data Center 11.50 23.43 68.00 

Aluminium  25.00 25.00 25.00 

Textile 15.00 15.00 15.00 

Water treatment  15.00 19.70 24.40 
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Table 7 - Reported industrial demand response duration potential  

Sector Duration  

Oil refinery  2 hours 

Steel and iron  20 - 45 minutes  

Cement  2 hours 

Glass 25 minutes  

Paper 30 minutes 

Food  2 hours 

Data Center 15 minutes å 11,5 hours  

Aluminium  4 hours 

Textile 30 minutes å 1 hour  

Water treatment  1 - 2 hours 

3.3.2. Industrial flexibility in Luxembourg  

Using this information, we estimated the demand response potential of Luxembourgish  industries by 
combining literature -based flexibility data with annual consumption  profiles provided by CREOS. For 
each of the largest industrial facilities in Luxembourg,  we identified their industrial sector using NACE 
codes, retrieved their annual  consumption profile, and applied the reported flexibility capacities to 
construct three  scenarios: a pessimistic case (minimum reported flexibility), an average case (mean  
flexib ility), and an optimistic case (maximum flexibility). Table 8 summarizes the aggregated  industrial 
demand response potential (upward - load decrease), broken  down by geographical location, based on 
the high -voltage transmission grid.  

Table 8 - Industrial demand response potential in Luxembourg  

Region Average (MW) Pessimistic (MW) Optimistic (MW)  

Centre 2,6 1,4 4,5 

North  2,7 1,5 3,8 

West 3,8 1,9 9,0 

East 4,2 2,0 8,9 

South-East 4,0 2,8 7,0 

South-West 3,0 1,7 5,8 

Total 20,2 11,3 38,8 

Based on the reported flexibility durations in the literature (see  Table 7), we estimated how long the 
Luxembourgish industry could sustain its flexibility, assuming  that all available flexibility is activated 
simultaneously. Figure 6 describes the resulting  aggregated flexibility duration of Luxembourg.  
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Figure 6 å Available duration of the upward (load reduction) flexibility  

3.3.3. The case of plastic industry 

Based on discussions and data exchanges with two major Luxembourgish plastic manufacturing 
companies, it was confirmed that they currently do not possess any demand -side flexibility, as they are 
unwilling to modify their existing consumption profiles. Howe ver, this situation is expected to change 
due to the electrification of steam production, driven by European carbon -neutrality regulations, which 
will gradually replace gas -fired boilers with electric boilers. During the transition period, when both gas 
and electric boilers are operational, a window of cross -sectoral flexibility will emerge. In this phase, 
companies will be able to increase or decrease their electricity consumption without altering total steam 
output by compensating with gas.  

To estimate the national flexibility potential of the plastic manufacturing sector, we combined data 
obtained from direct collaboration with two major Luxembourgish plastic manufacturing companies and 
information provided by Creos Luxembourg S.A. The two c ompanies supplied detailed steam 
production data, while Creos provided comprehensive gas consumption data for these companies as 
well as for all other plastic manufacturers in Luxembourg. By analysing the data from the two companies, 
we determined the shar e of their total gas consumption used in gas boilers for steam production, which 
is the primary source of cross-sectoral flexibility during the transition period.  

This information was then used to approximate the share of gas used for steam production in other 
Luxembourgish plastic manufacturing companies. As no direct steam production data were available for 
the remaining companies, we defined three scenarios to re flect different possible levels of flexibility 
potential : 

¶ Pessimistic scenario: This scenario assumes that all other plastic manufacturers have a share of 
gas used for steam production equal to that of the company  with the lowest observed share 
among the two firms studied. Consequently,  it represents the minimum flexibility potential of the 
sector, as it assumes that most of the gas consumption in these companies is used for processes 
that are not electrifiable or cannot be shifted, limiting the possible demand response.  

¶ Optimistic scenario : In this scenario, we assume that all other companies exhibit a share of gas 
used for steam generation equal to the company with the highest observed share. This 
represents the maximum flexibility potential, as it implies that a significant proportion of gas 
consumption is dedicated to steam production, which can be progressively electrified and thus 
offers a larger capacity for demand -side flexibility during the transition phase.  

¶ Average scenario: This scenario uses the mean of the two observed shares as a representative 
value for the rest of the plastic manufacturing companies. It provides a balanced and more 
realistic estimation of the national flexibility potential, lying between the two extrem e 
assumptions of the pessimistic and optimistic cases.  

The flexibility potential of the plastic industry will largely depend on the pace of technology adoption, 
the installed capacity of electric boilers, and the degree of simultaneity in boiler acquisitions across 
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companies. In this assessment, we assumed a gradual transition from gas to electric boilers, with 
installations meeting 25% of peak steam demand by 2030 , and 75% by 2040. Gas boilers are expected 
to be progressively phased out, reaching complete decommissioning by 2050. The result ing 
aggregated flexibility potential of the major Luxembourgish plastic manufacturing companies is 
presented in Table 9. Notice that the reported flexibility is symmetrical, meaning that the flexibility 
potential represents both upward and downward flexibilities.  

Table 9: Projected flexibility potential of the plastic industry  (in MW). 

Year Gas Elec. Optimistic  Mean Pessimistic 

2024 100% 0% 0 
2030 100% 25% 27.4 20.8 15.2 
2035 75% 50% 54.8 41.5 30.5 
2040 50% 75% 54.8 41.5 30.5 
2045 25% 100% 27.4 20.8 15.2 
2050 0% 100% 0 

*Gas: Capacity of gas boilers, Elec.: Capacity of electric boilers.  

Importantly, as long as gas boilers remain operational, no additional inflexible electrical load will be 
introduced to the grid. However, once gas boilers begin to be phased out, not only will the available 
flexibility decrease, but an extra non -flexible l oad will also be added to the system. Nevertheless, if 
flexibility is properly incentivised and effectively utilised, it could provide CREOS with valuable additional 
time to plan and invest in grid reinforcement.  

3.4. Conclusion  

The results from the industrial flexibility analysis demonstrate that Luxembourgish industries possess a 
significant theoretical demand response potential, estimated at approximately 2 0 MW on average in 
2024, with an optimistic scenario reaching up to 39 MW. However, the duration of this flexibility varies 
substantially across industrial processes, ranging from as little as 15 minutes to several hours.  

Since our analysis could only be based on electricity consumption values within the CREOS grid, it 
should be noticed  that large scale industrial customers in the SOTEL grid were not considered . Further, 
the analysis was limited to large scale consumers, neglecting medium and small-scale industrial 
consumers, that could potentially provide additional capacities.   

In the medium to long term, the plastic manufacturing sector is expected to provide temporary 
additional flexibility between 2030 and 2050, primarily due to the electrification of steam production. 
The actual magnitude of this contribution will depend on t he rate of electric boiler adoption and the 
degree of simultaneity in investments across companies, ranging from 15,2 MW to up to 54,8 MW. This 
flexibility is expected to diminish once gas boilers are fully phased out, at which point additional 
inflexible electric loads will be introduced into the system. Although temporary, this flexibility can be 
particularly valuable for CREOS, as it provides a critical window of opportunity to prepare the power 
grid, allowing time for necessary infrastructure upgrades s uch as capacity expansions, transformer 
replacements, and network reinforcements.  

Finally, unlocking this potential will require active engagement from industrial stakeholders. Insights 
from the FEDIL workshop revealed that many companies remain sceptical about the economic viability 
of demand response, express concerns regarding techni cal and organizational disruptions, and are 
constrained by contractual obligations. Building trust, enhancing awareness of market opportunities, 
and providing targeted support mechanisms will therefore be essential to encourage industrial 
participation and  to facilitate the transition towards a more flexible and resilient electricity  system. 
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4. Tertiary Sector 

The tertiary sector includes a wide range of services such as trade, finance, insurances, engineering etc. 
and similar office related services, as well as schools, hospitals, restaurants, hotels, craftsmen and retail 
stores. It holds significant opportunit ies for demand -side flexibility. Most of the relevant energy 
consuming processes that the above -mentioned services within the sector have in common, are related 
to buildings. For the tertiary sector, the specific energy consumption categories considered fo r this 
flexibility analysis, include Air Conditioning (AC), Ventilation, and Cooling (e.g., refrigeration of 
warehouses and server room). 

¶ Air-Conditioning (AC): representing cooling needs in buildings during warmer months.  

¶ Ventilation: essential for fresh air circulation in buildings and typically operated year -round.  

¶ Cooling (e.g., refrigeration): either used in commercial settings like supermarkets or food 
storage, but also for server rooms and cooled warehouses.  

These categories are considered due to their substantial load profiles, potential for temporal adjustment, 
and relevance to grid flexibility. Other energy uses, such as lighting or computing, are less commonly 
included in flexibility assessments due to their smaller contribution to peak demand or limited 
adjustability  (Schlomann et al., 2004) (Schlomann et al., 2013). 

4.1. Methodology  for tertiary sector flexibility assessment  

A schematic overview of the flexibility modeling process is shown in Figure 7. 

 
Figure 7 å Schematic overview of the tertiary sector flexibility modeling  

The methodology for assessing flexibility in the tertiary sector involves several steps, which are explained 
below:  

Starting point is the total yearly electricity consumption of the tertiary sector as documente d by the 
national statistics1. This sets the baseline for further analysis and ensures the results are based on reliable 
data. 

 

1 >QNP"P -^®^ /¶§z~ªkª Ø 4s|^z k|kªq· g~|«¯{§®s~| ^gg~ªis|q ®~ ®rk isppkªk|® ¯«k« ^|i k|kªq· p~ª{« 

https://lustat.statec.lu/vis?pg=0&df%5bds%5d=release&df%5bid%5d=DF_A4302&df%5bag%5d=LU1&df%5bvs%5d=1.0&pd=2000%2C2022&dq=A.A03.S04.SL03&lc=en&vw=tb&to%5bTIME_PERIOD%5d=false
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The total electricity demand is split into shares that correspond to specific categories, according to 
literature values, for air-conditioning, ventilation and cooling. Since national values were not available, 
shares from Germany are used as a reference, where air-conditioning accounts for 2%, ventilation 12%, 
and cooling 8% of the electricity demand of the tertiary sector  (European Commission, 2002)   
(Schlomann et al., 2013). 

4.1.1. Allocation Over Time Using the Standard Load Profile (SLP) 

These shares represent proportions of the yearly electricity consumption. However, to allow for an 
analysis of the available flexibility across seasons and days, these shares need to be distributed over time 
to achieve hourly results throughout the year. This temporal allocation is achieved using the Standard 
Load Profile (SLP) of the tertiary sector (provided by Creos 2), which represents the typical distribution of 
the sector's energy demand across the year. The SLP captures the variations in energy use due to 
seasonal, weekly, and daily patterns, ensuring a more accurate representation of when electricity  is 
consumed within a certain sector. Linking the annual shares to the SLP allows for a time -sensitive 
assessment of demand, which is crucial for modeling flexibility potentials.  

4.1.2. Temperature dependency  

Using the above -described constant shares for each process , the yearly energy consumption  as a 
reference for the total electricity demand and the SLP for daily and weekly variations is a valid basis for 
the analysis but should be adapted for seasonal variations: The energy consumption of some energy -
consuming assets, like air-conditioning and cooling, depends on the ambient temperature, which means 
their demand changes with weather conditions. To include this, the mo del uses the approach of 
ê+~~zs|q -kqªkk-6~¯ª«ëÎ 

Cooling Degree Hours (CDH) are calculated to show how much cooling is needed when temperatures 
rise above a set level (here is 18°C). These values are combined with yearly demand shares to create a 
temperature -sensitive load profile that matches more realistic seasonal patterns.  

For air-conditioning systems, all the demand is assumed to depend on temperature. For cooling 
systems, only part of the demand (30%) is considered temperature -sensitive, since not all cooling 
demand is fully affected by weather conditions.  

4.1.3. Flexibility potential estimation  

The share of demand that can be considered flexible is analysed based on minimum and maximum 
boundaries for flexibility (e.g., thermal comfort levels for AC or critical refrigeration needs). Flexibility is 
expressed in terms of upward flexibility, which is  the ability to reduce demand (e.g., cycling AC systems 
off temporarily), and downward flexibility, which is the ability to increase demand (e.g., pre -cooling 
buildings).  

The analysis considers how technology and operational constraints affect these adjustments. Studies 
suggest that these loads could provide downward flexibility up to 75% of the nominal power, while 
upward flexibility could mean temporarily reducing the tot al demand in ideal cases (Heitkoetter et al., 
2021) . 

4.1.4. Allocation of tertiary sector activities to the communal level  

In order to spatially allocate the tertiary sector activities, and by this the related electricity consumption 
and flexibility potential to the communes, weighting factors have been derived. Basis for the weighting 

 

2 https://www.creos -net.lu/en/pro -space/electricite/fournisseurs -delectricite/synthetic -profiles  
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buildings footprints and require further processing t o allow an estimation of the usable floor area. The 
building footprints have been intersected with L iDAR data, which give height information, were 
averaged over the area and were processed with surrounding L iDAR points, to approximate a building 
height. Co nsidering an average storey height and subtracting standardized shares for non -usable areas 
(such as walls etc.), the usable floor area for each commercial building has been estimated. The 
weighting factor for tertiary sector activities per commune is defi ned to be the share of commercial 
building floor area on the total national floor area of the sector.  

4.2. Scenarios for technology penetration  

Unlike the rapidly growing technologies such as heat pumps, e -mobility, or photovoltaics, the electricity 
demand in the tertiary sector as well as the technology penetration of the relevant technologies, is 
comparably stable. For the time being, no scenari os for technology penetration for 2030 or 2040 
concerning tertiary sector flexibility were considered. Hence, the results presented in the following 
chapter are based on the yearly electricity consumption of the sector from 2021 and the mentioned 
technolog y share from German studies for air conditioning, ventilation, and cooling. However, future 
integration of scenarios is feasible and could be achieved through extrapolation or scenario -based 
modeling. Such an approach would need to consider differences bet ween new and existing buildings, 
as new buildings often have higher energy efficiency and different HVAC system configurations, which 
could significantly influence flexibility potential. It would also need to account for the increasing impact 
of electrifie d heating via heat pumps, which is expected to become a major contributor to electricity 
demand in the tertiary sector by 2040, as projected in national and European energy plans.  

4.3. Results for individual processes  

This section provides an example by analysing the power and energy flexibility potentials of key 
technologies in the tertiary sector of Luxembourg City based on electricity consumption data from 2021, 
with particular emphasis on a representative summer mon th (using meteorological data from July 2008). 
The final paragraph of the chapter summarized the flexibility potential on national level.  

4.3.1. Demands and power flexibility potentials of air -conditioning  

Air-conditioning (AC) systems have significant potential to provide demand -side flexibility. Flexibility can 
be achieved through various operational strategies that allow shifting or modulating energy usage 
without compromising occupant comfort or operatio nal requirements. A key approach is pre -cooling, 
where buildings are cooled to a lower temperature than usual during periods of low electricity demand 
or low pricing, anticipating the future cooling load. Another strategy involves the use of cold -water 
storage systems, where excess cooling is stored during off -peak hours and utilized during peak periods 
to reduce active AC operation, as well as the temporal modulation or even deactivation of chillers, 
benefiting from the inertia of the buildings. These meth ods enable temporal adjustments in cooling 
demand, contributing to grid stability and energy cost optimization.  

The flexibility potential calculated in this analysis assumes that the adjustment (e.g., pre -cooling or 
storage utilization) is activated for a single hour. This approach aligns with values found in the literature, 
where flexibility potentials from AC syst ems are quantified in terms of their suitable duration. Pre -cooling 
for one hour is considered a practical and effective method for reducing demand during subsequent 
peak hours without causing significant thermal discomfort for building occupants. Providin g flexibility 
for longer periods is theoretically possible but becomes increasingly complex, as extended modulation 
or deactivation of AC systems can lead to noticeable impacts on indoor comfort and may require more 
advanced control strategies or additiona l thermal storage capacity. Studies have indicated that the one -
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hour timeframe offers a balance between meaningful grid support and maintaining operational 
efficiency. 

However, it is essential to account for certain limitations when implementing such strategies. One of 
these is the need for a regeneration period following the activation of flexibility. For example, after pre -
cooling or drawing from cold water storage, th e system might require a certain amount of time to return 
to its normal operating state or to recharge the storage before the next flexibility request can be 
accepted. This regeneration period ensures that the system is not overused and that critical cooli ng 
needs are not compromised. The duration of the regeneration period, as well as the maximum number 
of flexibility activations per day, depends on the specific AC system design and operational constraints 
and is normally contractually defined in demand si de management schemes. For our analysis, we 
consider this to be 1 hour.  

Another critical aspect to consider is the potential for rebound effects. When cooling demand is reduced 
temporarily through flexibility measures, there may be a subsequent increase in demand as the system 
compensates for the heat gains or re -stabilizes indoor temperatures. For example, after reducing 
cooling output for an hour, the system might need to work harder in the following hours to restore the 
desired thermal conditions. This rebound effect could create additional peaks in demand.  

In this analysis, rebound effects have not been explicitly modelled, as the current focus is on estimating 
short-term flexibility potential (e.g., one -hour activation) rather than multi -hour or continuous activation 
strategies. For a one-hour activation, studies suggest that systems often return to their normal 
operational patterns after the activation period, with only limited rebound, especially when pre -cooling 
or thermal inertia strategies are used. However, for longer activation periods, such as severa l consecutive 
hours (e.g., 11å15h in summer), rebound effects become more relevant and can significantly influence 
the net flexibility. In such cases, coordinated activation across multiple customers and temporal 
distribution of activations would be essent ial to avoid creating new demand peaks. Therefore, it is 
important to quantify rebound effects in flexibility use cases to provide a realistic evaluation of the 
benefits and limitations of AC flexibility  and incorporated suitable activation strategies (e.g . temporal 
and spatial distribution of the activation) . 
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Figure 8 å a) Demands and power flexibility potentials of AC from tertiary sector in  

Luxembourg City (summer week)  å b) Temperature data  

 

Figure 8 provides a comprehensive visualization of the interaction between AC demand and its flexibility 
potential in the context of the tertiary sector in Luxembourg City, scaled with the 2021 yearly electricity 
consumption of the sector, with particular emphasis on a summer week (temperatures from first week of 
July 2008). It highlights the dynamic behaviour of AC systems, influenced by external temperature 
conditions. The AC demand, as temporally distributed by the model based on the cooling -degree hours  
from 2008 , is observed only between the months of May and October, corresponding to the warmer 
periods of the year, and is zero for the rest of the year. Further, the model only considers a fle xibility 
potential whenever there is cooling load.  

The upper graph illustrates the fluctuations in air -conditioning demand over time and the range of 
possible adjustments to either increase or decrease demand as needed. The blue line represents the 
actual AC demand throughout the month, which has been calculated con sidering external temperature 
variations. This accounts for the temperature -dependent nature of AC systems, where cooling demand 
rises during periods of high ambient temperatures and decreases during cooler periods. As a result, the 
demand profil e approximates real -world seasonal and daily patterns, with peaks in demand closely tied 
to high -temperature periods.  

The red and green lines depict the flexibility boundaries for the AC systems. The red line, labelled as 
"P_max," represents the maximum potential for load increase for 1 hour , or downward  flexibility.  In our 
model, this flexibility is capped at 75% of the maximum installed capacity, rather than the full maximum. 
Downward flexibility occurs when additional cooling can be scheduled or performed within this limit . 
This is typically achieved during times of reduced external demand or when pre -cooling strategies  are 
applied (Heitkoetter et al., 2021).  
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The green line, labelled "P_min," represents the maximum potential for load decrease, or upward 
flexibility. Upward flexibility is achieved by temporarily reducing AC usage, such as cycling systems off 
or reducing their output. This helps to decrease energy demand during peak times and is crucial for 
balancing grid loads during high -stress periods. 

The orange line at the top of the chart indicates the maximum capacity of the AC systems. This represents 
the limit of the systems, beyond which no additional cooling can be achieved. Since this capacity is 
unknown, it has been simplified in the model to b e the peak load of AC consumption during the year.  

The bottom part of  Figure 8 shows the outdoor  temperature profile for Luxembourg City during the 
selected summer week , which serves as the input for determining temperature -dependent AC demand. 
Daily temperature fluctuations are evident, with peaks reaching above the 18°C threshold used for 
calculating CDH.  

Overall, the graph shows that while there is considerable variability in AC demand, the flexibility potential 
of these systems is substantial. The inclusion of temperature considerations ensures that the demand 
profile is  more  realistic and closely aligned with actual seasonal and operational variations. These 
flexibility potentials demonstrate how AC systems in  the tertiary sector can be integrated into broader 
energy management strategies, particularly during summer months when cooling demand is highest, 
as well as solar energy production.  
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Insights on national level  

 

Figure 9 å a) Aggregated demands and power flexibility potentials of AC from tertiary sector in Luxembourg in a 
summer week å b) Temperature data  

Figure 9 provides a detailed visualization of the modelled, aggregated demands and power flexibility 
potentials of AC systems in the tertiary sector of whole Luxembourg during a week in August. At the 
national level, by aggregating individual results for all communes in Luxembourg using the same 
assumptions and modeling approach, the flexibility potential from AC systems in the tertiary sector can 
be estimated for the entire country. During the  cooling period (May to October), the aggregated daily 
cycle shows that the down ward flexibility potential for 1-hour ranges from 0 MW during inactive periods 
to approximately 74 MW depending on demand peaks and syst em constraints, with the averages given 
in Table 10. Similarly, the upward flexibility potential for 1-hour ranges from 0 MW to approximately -99 
MW and the monthly averages reported below.  This insight provides a high -level perspective on the role 
of AC systems in grid flexibility at a national scale.  

Table 10 - Average down ward- and upward- flexibility per month (1h shift) å from AC systems in tertiary sector 

Monthly averages Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Downward 
flexibility [MW ] 

0 0 0 0.9 17 20 17 21 5 0.65 0 0 

Upward flexibility 
[MW] 

0 0 0 -0.1 -5.5 -6.6 -11 -6.5 -1.3 -0.04 0 0 

Figure 10 displays the aggregated upward flexibility potentials of AC systems across Luxembourg for 
the year 2021, alongside their corresponding monthly averages. The grey bars represent the hourly 
upward flexibility potential, while the green bars indicate the monthly average upward flexibility.  
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Figure 10 å Upward flexibility from AC systems in tertiary sector å monthly  

4.3.2. Energy Flexibility Potentials for Air -Conditioning  

Figure 11 illustrates the energy flexibility potentials of AC systems of the tertiary sector in Luxembourg 
city scaled by yearly consumption data, showcasing results for the first week of July.  

 

Figure 11 å a) Energy flexibility potentials of AC from tertiary sector in Luxembourg City (week in July ) å 
 b) Temperature data  

The chart evaluates the maximum amounts of energy that can be preponed or postponed, which are 
represented by the curves E_max (t) and E_min (t), respectively. 

The red line represents E_max (t), which is the maximum amount of energy that can be preponed at a 
given time t. Preponing refers to increasing demand to shift energy consumption to earlier periods, such 
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as pre-cooling a building. This value is calculated by integrating the load flexibility over the future time 
s|®kª´^z á®Ï ®ûȶ®âÎ 7® ªkpzkg®« ®rk ¯§§kª f~¯|i^ª· ~p k|kªq· pzk¶sfszs®· f^«ki ~| ~§kª^®s~|^z ^|i g~{p~ª® 
constraints. 

The green line represents E_min (t), which is the amount of energy that can be postponed by decreasing 
demand at a given time t. Postponing means delaying energy consumption, such as cycling off air 
conditioning systems temporarily without compromising the rmal comfort. This value is derived by 
integrating downward load flexibility over the past time interval [t -ȶ®Ï ®âÎ Prk ȶ® s| f~®r g^zg¯z^®s~|« s« 
considered to be 1  hour (Heitkoetter et al., 2021).  

The bottom part of  Figure 11 shows the outdoor  temperature profile for Luxembourg City during the 
selected summer week . 

As can be seen, the energy flexibility  curves exhibit significant variability throughout the week, reflecting 
changes in AC demand driven by external temperature fluctuations. Peaks in E_max (t) occur during 
periods of lower AC demand, typically in the early morning or late evening, indicating opportunities to 
shift cooling loads forward in time. Conversely, E_min (t) peaks during high demand periods, such as 
early afternoon on hot days, revealing the potential to delay energy use and alleviate stress on th e grid.  

To illustrate a practical application, we highlight Friday as a representative sunny summer day, where the 
outside temperature peaks near 28°C. Around noon, both high cooling demand and strong solar 
irradiance are expected. In such a case, the upward flexi bility potential ( E_max (t)) around midday allows 
for preponing cooling loads to coincide with the solar production peak, thus enabling maximised self -
consumption of locally generated PV electricity. This synergy between AC demand and PV output is 
particu larly relevant in the summer, where demand -side flexibility can directly support grid integration 
of renewable energy. The visible asymmetry between the upward and downward flexibility on such days 
reflects the system's ability to absorb surplus solar gene ration by advancing loads, reinforcing the role 
of AC systems in balancing midday solar peaks. 

4.3.3. Demands and Power Flexibility Potentials for Cooling  

Cooling processes in the tertiary sector encompass various applications, including refrigeration in the 
retail sector, cooled warehouses, temperature regulation for server rooms or process cooling. Unlike air 
conditioning systems, which are entirely temper ature-sensitive, cooling demands are only partially 
dependent on ambient temperatures. This is because such cooling loads are present year -round, but 
demand tends to increase during warmer periods due to higher heat loads on the systems and a drop 
in their  operational efficiencies. This partial temperature -sensitive load pattern of cooling processes 
significantly defines the characteristics of the flexibility potential of these systems.  

Figure 12 provides an analysis of the demands and power flexibility potentials for cooling in the tertiary 
sector of Luxembourg City during a summer week (here, first week of July). The temperature -sensitive 
part of the cooling demand is derived from the same underl ying methodology used for AC calculations, 
which is applied to 30% of the total cooling demand in the tertiary sector. Unlike the AC demand, only 
this portion of the cooling demand is considered to vary with the temperature fluctuations.  
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Figure 12 å a) Demands and power flexibility potentials of Cooling from tertiary sector in Luxembourg City 
(meteo -data: first week of July 2008; consumption data: 2021)  å b) Temperature data  

 

The orange line at the top of the chart indicates the maximum capacity of the cooling systems. For 
cooling, this represents the limit of the systems, beyond which no additional cooling seems reasonable. 
Since the installed maximum capacity is unknown, and an increase of actual power should be related to 
the demand during that period, it has been simplified in the  model to be the peak load of cooling 
consumption during the respective month.   

Figure 12 indicates the "total cooling demand", which includes both the temperature -sensitive (30%) 
and the non -temperature -sensitive (70%) portions of the cooling demand. Correspondingly, the total 
flexibility potential is calculated as the sum of the flexibility contributions from both the temperature -
dependent and non -temperature -dependent components, thereby providing a comprehensive 
overview of the sector's cooling needs and associated flexibility.  
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Insights on national level  

Figure 13 illustrates the aggregated demands and power flexibility potentials of the cooling systems in 
the tertiary sector of whole Luxembourg during the a week of August. Cooling demand patterns 
throughout the week are presented alongside upward and downward flexibility potentials, providing a 
comprehensive view of how cooling loads and flexibility vary over time. By extending this methodology 
nationally and aggregating data across all communes in Luxembourg, the flexibility potential of cooling 
systems can be evaluated at a countrywide scale. The down ward flexibility potential from Cooling ranges 
from 0 to approximately 96 MW, depending on demand peaks and  system constraints, with the averages 
given in Table 11. Similarly, the upward flexibility potential of cooling systems ranges from -3 MW to 
approximately -133 MW and the monthly averages reported below.  

 
Figure 13 å a) Aggregated demand and power flexibility potentials of cooling from tertiary sector in Luxembourg, 
in a summer week (meteo -data: first week of August 2008; consumption data: 2021)  å b) Temperature data, first 

week of August  2008 

To guide practical applications of this potential, a set of concrete use cases can be defined. These 
include: (i ) summer days with high solar production and elevated temperatures, where midday 
down ward flexibility can support PV self -consumption or reduce curtailment; (ii) winter periods during 
cold spells and high system load, where even modest upward flexibility can ease grid stress; and (iii) 
windy days with excess renewable generation, where short -term downward  flexibility can help absorb 
surplus wind power. Systematically assessing flexibility performance under such targeted scenarios will 
help align flexibility  modelling with actual system needs and improve its integration into energy planning 
and grid operations.  

Table 11 - Average down ward- and upward- flexibility for each month å  
from cooling systems in tertiary sector  and a one hour shift  

Monthly averages Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Downward 
flexibility [MW ] 

5 5 5 12 53 55 80 79 40 5 5 5 

Upward flexibility 
[MW] 

-8 -8 -8 -7 -14 -15 -20 -15 -9 -7 -8 -8 
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Figure 14 displays the aggregated upward flexibility potentials of cooling systems across Luxembourg 
for the year 2021, alongside their corresponding monthly averages. The grey bars represent the hourly 
upward flexibility potential, highlighting the strong seasonali ty of cooling -related flexibility, which 
becomes prominent primarily between late spring and early autumn. Peaks in flexibility occur during 
heatwaves and high cooling demand days, with maximum values exceeding 133 MW in some instances. 
In contrast, the colder months show very limited or negligible upward flexibility due to the lack of active 
cooling demand. The green bars indicate the monthly average upward flexibility, reinforcing the 
concentration of flexibility d uring the warmer months. This seasonal pa ttern aligns with ambient 
temperature trends and illustrates the potential role of cooling flexibility in supporting the electricity 
system during summer peaks, especially when combined with solar PV generation.  

 

 

Figure 14 å Upward flexibility from cooling systems in tertiary sector å monthly averages 
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4.3.4. Energy Flexibility Potentials for Cooling  

Figure 15 illustrates the energy flexibility potentials of the cooling systems in the tertiary sector of 
Luxembourg City, as analogue to the power flexibility. The chart evaluates the maximum amounts of 
energy that can be preponed or postponed. Unlike for the AC sys tems, the cooling systems are 
considered to have a permanent part load throughout the year and hence, could provide a certain 
degree of upward and downward flexibility anytime, across the season. This results in a relatively stable 
downward  energy flexibility potential, at least during the colder and moderate seasons. The warmer 
periods show temporal fluctuating upward potentials. The methodology for deriving these values, based 
on flexibility integration over time intervals, is consistent with the approach  used for AC systems, 
adjusted to account for the mixed sensitivity to temperature.  

 

Figure 15 å Energy flexibility potentials of Cooling from tertiary sector in Luxembourg City in July  

4.3.5. Demand and Power Flexibility Potentials for Ventilation  

Figure 16 illustrates the demands and power flexibility potentials of ventilation systems in the tertiary 
sector of Luxembourg City, based on the example of a week of July. The chart displays the ventilation 
demand and its associated upward and downward flexibility potentials  for 1 hour , along with the 
maximum installed capacity for these systems. 

Unlike cooling systems, ventilation demand is considered independent of temperature. This 
independence is reflected in the smoother, more consistent patterns in both demand and flexibility 
potential over time. The ventilation systems account for 12% of the  total energy consumption in the 
tertiary sector, providing a significant but steady contribution to overall energy use.  

The ventilation demand, shown as the solid blue line, follows a daily cycle corresponding to typical 
activity levels in the tertiary sector å induced to the model by the standard load profile of the sector. 
Peaks are observed during working hours, while lo wer demand is seen during nights and weekends. 
The consistency in the pattern reflects the stable nature of ventilation needs throughout the year, 
influenced by operating hours of the service sector and occupancy schedules of the buildings.  
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Figure 16 å Demand and power flexibility potentials of ventilation from tertiary sector in Luxembourg City   

 (meteo -data: first week of July 2008; consumption data: 2021)  

 

Insights on national level  

Figure 17 illustrates the aggregated demands and power flexibility potentials of ventilation systems in 
the tertiary sector across Luxembourg at a national level (first week of August). The chart expands upon 
the city-level analysis to represent the cumulative impa ct of ventilation systems across all communes, 
reflecting their significant contribution to energy consumption and flexibility.  

 

Figure 17 å Aggregated demands and power flexibility potentials of ventilation from tertiary sector in 
Luxembourg in the first week of August  

Ventilation systems, accounting for 12% of the total energy consumption in the tertiary sector, are 
modelled independent of temperature fluctuations. The downward flexibility potential from ventilation 
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ranges from 0 to approximately 20 MW , with the averages given in Table 12. Similarly, the upward 
flexibility potential from ventilation systems ranges from -6.5 MW to approximately -36 MW and the 
monthly averages reported below . 

Table 12 - Average down ward- and upward- flexibility for each month  
å from ventilation  systems in tertiary sector for a one hour shift  

Monthly averages Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Downward 
flexibility [MW ] 

10 10 11 12 12 12 12 12 12 11 11 11 

Upward flexibility 
[MW] 

-17 -17 -16 -15 -15 -15 -15 -15 -15 -16 -17 -16 

 

Figure 18 displays the aggregated upward flexibility potentials of ventilation  systems across 
Luxembourg for the year 2021, alongside their corresponding monthly averages. The grey bars 
represent the hourly upward flexibility potential , while the green bars indicate the monthly average 
upward flexibility . 

 

Figure 18 å Upward flexibility from ventilation  systems in tertiary sector å monthly averages  

The ventilation demand is considered to be independent of the temperature and follows a nearly 
uniform pattern over the year, resembling the standard load profile of the service sector. Consequently, 
the ventilation demand is evenly distributed throughout the year. Despite accounting for 12% of the total 
energy consumption in the tertiary sector, the average magnitude of ventilation demand over the year 
is lower than that of AC and cooling, which are more sharply distributed during periods with 
temperatures  exceeding 18°C. As a result, the average magnitude of the power flexibility potential for 
ventilation is also lower compared to AC and cooling systems.  

4.3.6. Energy Flexibility Potentials for Ventilation  

Figure 19 illustrates the energy flexibility potentials of ventilation systems in the tertiary sector of 
Luxembourg City during a summer week (based on consumption data  form 2021). The energy flexibility 
patterns follow a consistent daily cycle, mirroring the ventilation demand pattern. The upward flexibility 
potentials peak during working hours, aligning with higher ventilation demand due to building 
occupancy, and drop during nighttime and weekends when activity is reduced. The absence of seasonal 
variations in demand shows a stable and predi ctable energy flexibility potential throughout the year.  



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 46 

 

 

Figure 19 å Energy flexibility potentials of ventilation from tertiary sector in Luxembourg City (summer week)  

4.4. Overall Results - Tertiary sector flexibility on national level  

Figure 20 illustrates the aggregate demand and power flexibility potentials of AC, ventilation, and 
cooling systems in the tertiary sector of Luxembourg, representative for a summer week. The combined 
demand profile and flexibility potential for these flexibility -relevant processes are shown to provide 
insights into their contribution to demand -side management strategies.  

The blue line represents the sum of AC, ventilation, and cooling demand, which shows a distinct daily 
cycle with peaks occurring during periods of high operational activity, typically aligned with daytime 
working hours. These peaks are influenced by both e xternal temperature variations (affecting AC and 
temperature -sensitive cooling) and year -round operational requirements (ventilation and non -
temperature -sensitive cooling).  

 

Figure 20 å Aggregated demands and power flexibility potentials from air conditioning, ventilation and cooling 
demand in the tertiary sector (meteo data: first week of August 2008; consumption data: 2021 ) 
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The red dashed line (P_max) illustrates the maximum potential for load increase, or down ward flexibility, 
which could involve pre -cooling buildings, ramping  up ventilation systems, or increasing cooling loads 
during off -peak hours when grid demand is lower or electricity prices are more favourable. However, to 
practically realise such flexibility, there must be a net economic benefit  for the customers. Simply 
consuming more energy at lower prices is not sufficient unless it replaces consumption that would 
otherwise occur during higher -priced periods. This highlights the importance of actual load shifting, not 
just temporary load addition. The green dashed  line (P_min) represents the maximum potential for load 
decrease, or upward flexibility, corresponding to opportunities for reducing demand by modulating 
system operation during periods of grid stress or high prices.  

Figure 21 provides a comparative analysis of aggregated electricity demands and power flexibility 
potentials of the tertiary sector in Luxembourg. The figure includes two representative days: a summer 
day with high ambient temperature and irradiance (left), and a w inter day with low temperatures and 
heating needs (right). The top panels display the aggregated load profiles alongside their flexibility 
envelopes, while the bottom panels show the corresponding outdoor temperature curves for each day.  

In the summer profile (left), demand shows a pronounced diurnal cycle, sharply increasing in the late 
morning and peaking in the afternoon (around 15:00 å17:00), in response to rising temperatures that 
reach up to 29°C. The blue curve indicates the total el ectricity demand, while the red and green dashed 
lines depict the potential for downward and upward flexibility, respectively. High daytime cooling 
demand  iªs´k« «sq|spsg^|® pzk¶sfszs®· {^ªqs|«Ï ªkpzkg®s|q ®rk «kg®~ªí« g^§^gs®· ®~ ks®rkª §ªk-cool 
(downward  flexibility) or temporarily reduce load (upward flexibility). These patterns align with typical 
summer energy dynamics, where solar generation potential is also high.    

In contrast, the winter profile (right) shows a more flattened and consistent demand curve throughout 
the day, with outdoor temperatures ranging from -7°C to -0.5°C. Although cooling loads are minimal, 
baseline electricity demand from ventilation and other  non-seasonal operations persists. Consequently, 
flexibility margins are present but lower in magnitude and less dynamic compared to summer. This 
reflects the reduced ability to shift loads without compromising heating quality during colder periods.  

Together, these two profiles demonstrate the seasonal variability of both load shapes and flexibility 
potential in the tertiary sector. Summer days offer higher and more dynamic flexibility opportunities, 
especially when synchronized with solar generation.   Winter days, while more constrained, still provide 
stable baseline loads that can contribute to flexibility schemes, particularly when complemented by wind 
energy availability.   

 

Figure 21 å Comparison  of aggregated electricity demands and flexibility potentials in the tertiary sector in 
Luxembourg for a typical summer day (left: July 31) and a typical winter day (right: December 29)  
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The aggregate demand profile demonstrates a combination of temperature -sensitive components (AC 
and part of the cooling load) and non -temperature -sensitive components (ventilation and the remaining 
cooling load). This dual dependency results in a demand pr ofile that is both seasonally variable (due to 
temperature effects) and consistently present throughout the year. Finally, the model results in an 
estimation of upward and downward flexibility from tertiary sector, based on the previously described 
assumptions and simplifications, using temperature data and tertiary sector electricity demand , as given 
in Table 13. The yearly average down ward flexibility potential from ventilation, cooling, and AC in 
>¯¶k{f~¯ªqí« ®kª®s^ª· «kg®~ªÏ s« ^§§ª~¶s{^®kz· 48 MW, with a maximum of 189 MW, depending on 
demand peaks and system constraints. Similarly, the average upward flexibility potential from the same 
processes, is approximately -29 MW, with a yearly maximum of about -262 MW during peaks in summer.  

Table 13 - Resulting flexibility potentials from tertiary sector in Luxembourg, considering modelled electricity 
demand from air -conditioning, cooling and ventilation  (for a duration of 1 hour)  

 Yearly average Yearly maximum Yearly minimum 

Downward flexibility  48 MW 189 MW 0 MW 
Upward flexibility  - 29 MW - 262 MW -9,6 MW 

Specifically, due to the nature of the temperature sensitive demands of air -conditioning and cooling 
processes, the maximum available flexibility in the tertiary sector appears only in summer periods and is 
rather volatile. Hence, a reliable and plannable utilisation of flexibility should either be oriented along 
the average available flexibility (compare  Table 14 and Figure 22) or needs to be well aligned with the 
fluctuating demand of the relevant processes.  

Table 14 - Average down ward- & upward- flexibility  per month å by AC, cooling & ventilation  
in tertiary sector  (for a duration  of 1h) 

Monthly averages Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Downward flex. [MW ] 16 16 17 25 83 88 109 112 57 17 16 17 
Upward flex. [MW] -25 -25 -24 -23 -34 -37 -47 -36 -25 -24 -25 -24 

 
Figure 22 å Flexibility  potentials  for cooling, air -conditioning and  ventilation in tertiary sector  

å monthly averages å for a 1 hour duration  

Figure 22 presents the monthly average downward and upward flexibility potentials for three 
temperature -sensitive components , i.e. cooling, AC, and ventilation  in Luxembourg during 2021. The 
left panel shows the downward flexibility, representing the potential to increase electricity consumption 
(e.g., through pre -cooling), while the right panel illustrates the upward flexibility, indicating the potential 
to temp orarily reduce electricity use during peak periods.  Overall, these results highlight the dominant 
role of cooling loads in shaping seasonal flexibility, especially for downward adjustments, while 
ventilation systems prov ide a reliable source of upward flexibility throughout the year.  

Downward flexibility  Upward flexibility  



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 49 

 

5. Residential Sector å Heat Pumps 

6k^® §¯{§« ^ªk s{§~ª®^|® g~{§~|k|®« ~p /¯ª~§kí« ^|i >¯¶k{f~¯ªqí« gzs{^®k gr^|qk {s®sq^®s~| §~zsg· 
as a backbone of the energy transition in the build environment. The national energy and climate action 
plan (NECP - 2021-2030, published 2018) foresees steep  growth rates for the implementation of this 
technology  (MEA & MECD, 2018). 

This development will cause further growth in electricity demand, specifically during the heating period, 
which adds to the peak consumption during winter. Besides rising electricity demand and peak power 
for the distribution grid, heat pumps have the pote ntial to be used as flexibility providing assets. A high 
degree of automation is possible with limited effort and, if correctly implemented, without comprising 
user comfort.  

7| ®rk p~zz~µs|q gr^§®kª ®rk ^fszs®· ~p rk^® §¯{§« ®~ §ª~´sik pzk¶sfszs®· f· «µs®grs|q ê~|ë ~ª ê~ppëÏ p~zz~µs|q 
an external signal, or increasing their instant power consumption and adapting the amount of heat that 
could be stored, is explained and the inf luencing factors are described.  

 

5.1. Methodology for the heat pump flexibility assessment  

The methodology to estimate flexibility from residential heat pumps consist of 4 main steps:  

1. Estimation of the heat demand of residential buildings and the possible Coefficients Of 
Performance (COP) for heat pump systems in each commune, under given temperature conditions 
(for a full year, in 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. By randomization of some design factors, for 
each of the eight standard heat pump system types, 100 variations  per type are created.  

3. The potential heat pump flexibility is modelled for five possible flexibility activation types  

4. The resulting flexibility characteristics for all eight building groups are upscaled and aggregated 
to the individual communal level  

5.1.1. Estimation of the heat demand and coefficient of performance  

The heat demand of residential buildings consists of two main components, the space heating demand 
and domestic hot water demand. While the domestic hot water demand mainly depends on the number 
of inhabitants, the space heat demand is strongly dependent o n the outdoor temperature and the 
f¯szis|q k|´kz~§Î 4~zz~µs|q ^ {k®r~i~z~q· §¯fzs«rki s| ê@^®¯ªk - Ngsk|®spsg -^®^ë f· (Ruhnau et al., 
2019) the annual heat demand of all residential buildings in Luxembourg can be broken down to daily 
heat demand for space heating and domestic hot water, for a specific year, using the meteorological 
data (ambient temperature and wind speed) of the given period . The approach is partially based on a 
method from (BDEW Bundesverband der Energie - und Wasserwirtschaft e.V. et al., 2016) and is 
combined with hourly profiles from (BGW Bundesverband der deutschen Gas - und Wasserwirtschaft, 
2006) to obtain temperature -dependent hourly heat demand values.  

Using different types of statistical data from Luxembourg (STATEC (Klein & Peltier, 2017)), the hourly 
heat demand for all communes is estimated, differentiating single -family- (SFH) and multi-family-houses 
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(MFH), as well as domestic hot water- and space heating -demand. The meteorological data for 2008 
from the European Center for Medium -ranged Weather Forecasts3 have been used.  

Electric heat pumps provide heat using a process which extracts heat from a heat source (e.g. the 
ambient air or the ground), elevates the temperature level via a thermo -dynamic process and releases 
the heat to a heat sink, for example a floor heating syst em, heating radiators or for domestic hot water. 
The ratio of the amount of heat delivered to the building and the electricity necessary to run the heat 
§¯{§ s« ik«gªsfki f· ®rk g~kppsgsk|® ~p §kªp~ª{^|gkÏ ®rk +BJÎ Prs« +BJ s« ®rk {^s| êkppsgsk|g· 
parameteªë ~p ®rk rk^® §¯{§ ^|i ik§k|i« {^s|z· ~| ®rk ®k{§kª^®¯ªk isppkªk|gk ~p ®rk rk^® «s|y ^|i 
heat source.  

For the estimation of heat pump flexibility, it is essential to calculate the electricity demand of heat 
pumps under the given temperature conditions throughout the year. This is done via the method 
proposed by (Ruhnau et al., 2019) and the hourly temperatures for all communes in the given year. 
Taking into account the main parameter influencing the COP of a heat pump, besides the outdoor 
temperature, it is possible to estimate the theoretical COP for different combinations of heat p umps and 
heating distribution systems. The model differentiates air -sourced and ground -sources heat pumps, 
single- and multi -family buildings and floor heating systems vs. radiator heating, to calculate the COPs 
under given temperatures, which results in a  matrix of COPs for each commune and hour of the year:  

Table 15 - Matrix of categories defining the COPs of heat pump & building  

Single-family house (SFH) Multi -family house (MFH) 

air sourced heat 
pump  

ground sourced h.p.  air sourced heat 
pump  

ground sourced h.p.  

floor 
heating  

radiator 
heating  

floor 
heating  

radiator 
heating  

floor 
heating  

radiator 
heating  

floor 
heating  

radiator 
heating  

5.1.2. Defining a representative heat pump system portfolio  

In order to model the normal operation of the heat pumps and the potential for flexibility provision, a 
mathematical model is set up, consisting of the following main components: the heat pump (air -sourced 
or ground -sourced), a buffer storage for domestic hot water demand (DHW) and a storage for space 
heating (SH), an electric back-up heater, and a heat distribution system (floor heating or radiators). The 
design and dimensioning of those components depends on design parameter linked to statistical values 
for the residential sector in Luxembourg [based on versatile statistics by STATEC]: 

Ø avg. inhabitants per flat: 2,5  
Ø avg. number of flats in MFH: 4  

Ø avg. dwelling size SFH: 139 m2 
Ø avg. dwelling size MFH: 67.7 m2

Further, the thermal nominal power was estimated using a simplified design parameter (specific heat 
demand), considering an energy efficiency standard which is a mix of modern buildings and existing, far 
less efficient buildings.  

The design rules of the model establish connections between the different system design parameters: 
e.g.  the storage volume for space heating depends on the thermal nominal power of the heat pump 
and the type of distribution system; the volume of the dome stic hot water storage tank, is defined by the 
number of inhabitants. This results in 8 standard building types and heat pumps systems, indicated in 
Table 2 (partially adapted from (Fischer et al., 2016)). 

 

3 ECMWF - https://www.ecmwf.int/  
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Table 16å Main design parameter for 8 standard building characteristics  
  

Single-family house Multi -family house   
air-sourced HP ground -sourced 

HP 
air-sourced HP ground -sourced 

HP 

design parameter  unit  floor h.  radiator  floor h.  radiator  floor h.  radiator  floor h.  radiator  

therm. power  kWth 9.73 9.73 9.73 9.73 16.25 16.25 16.25 16.25 

Vol., storage SH liter  361 661 361 661 544 1007 544 1007 

Vol., stor. DHW liter  138 138 138 138 375 375 375 375 

Inhabitants /  2.5 2.5 2.5 2.5 10 10 10 10 

floor area m2 139 139 139 139 270.8 270.8 270.8 270.8 

spec. heat 
demand  

kW/m
2 

0.07 0.07 0.07 0.07 0.06 0.06 0.06 0.06 

These eight standard buildings & heat pump system combinations serve as the basis for the 
randomisation. In order to avoid having only 8 buildings in the model, which could lead to very distinct 
characteristics in the results and sharp marginal values, some characteristics of the buildings are 
ª^|i~{sºki µs®rs| §ªkikps|ki f~¯|i^ªsk«Î Prk ´^z¯k« ~p k^gr «®^|i^ªi f¯szis|q ®·§k p~ª ês|r^fs®^|®«ëÏ 
êpz~~ª ^ªk^ë ^|i ê«§kgspsg rk^® ik{^|ië ^ªk ¯«ki ^« {k^| ´^z¯k« ^|i ^ªk ´^ªski p~zz~µs|q ^| s|is´si¯^zz· 
defined di stribution to generate for each building category a set of 100 buildings. This results in 800 
buildings, 100 for each standard building type, which depicts a statistical distribution, representative for 
the building types in Luxembourg. In a later step, de scribed in 2.1.4, the share of each building type is 
individually defined for each commune.  

 

5.1.3. Modelling of heat pump flexibility  

Flexibility from heat pumps can be used in different ways. Already today, in some European countries, 
energy provider offer specific heat pump tariffs, while (in return) the supplier could block the heat pump 
operation via a control signal, e.g. for up to 2 hours, evtl. more than once a day (three time per day in 
Germany). If not using a control signal,  some suppliers  have implemented  fixed blocking hours in which 
the heat pump will not start.  

Since 2024, Germany implemented a n ew regulation 4 to reduce the electricity consumption from heat 
pumps once network constrains are met . The allows the grid operator to limit the power take up of heat 
pumps to 4.2 kW via an EMS or smart meters but needs to proof that network capacity is constrained. 
Hence, this option is a smarter approach to avoid g id congestions during winter periods, due to intensive 
heat pump operation, but is not an option for a more general flexibility provision.  

N~{k {^|¯p^g®¯ªk« r^´k s{§zk{k|®ki {~ªk ^i´^|gki g~|®ª~z ~§®s~|«Ï ^« §ª~§~«ki µs®r ®rk ê«{^ª® 
qªsi ªk^i·ë ~p êN5 Mk^i·ë-label (Bundesverband Wärmepumpen e.V., 2020) , which offer besides the 
êfz~gys|që ~ª ik^g®s´^®s~| ~p ^ rk^® §¯{§Ï ^z«~ ®rk ~§®s~| ®~ «µs®gr-on. 

 

 

 

1. 4 Gesetz über die Elektrizitäts- und Gasversorgung (Energiewirtschaftsgesetz - EnWG) - § 14a 

 



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 52 

 

Within the FlexBeAn Project, heat pump flexibility is modelled for the following 5 activation types (Fischer 
et al., 2016), which are geared to the above -mentioned options:  

¶ Blocking signal for 2 hours  (Off-2h) å heat pumps receiving this signal will switch off, respectively 
are blocked from switching on for the duration of 2 hours.  

¶ êN5 Mk^i· å Bppë (SGR-Off) å running heat pumps will be switched off within their normal 
operation mode, until the lower temperature set points of the space heat - or domestic hot water 
storage are underpassed  

¶ êN5 Mk^i· å B|ë (SGR-On) å heat pumps will be switched on within their normal operation 
mode, until the upper temperature set points of the space heat - and domestic hot water storage 
are reached 

¶ êN5 Mk^i· å B|Ï N§^gk 6k^®s|q «®~ª^qk ®k{§kª^®¯ªk kzk´^®kië (SGR-On-SH) - heat pumps will 
be switched on with increased temperature set points for the space heating storage  (of 60°C)  

¶ êN5 Mk^i· å On, back-¯§ rk^®kªë (SGR-On-SH-BH) - heat pumps will be switched on at increased 
temperature set points for space heat storage and the electrical back -up heater is activated 

Although the activation types above are defined under the SG -Ready label, this label is not a detailed 
technical standard or norm. The detailed interpretation and implementation fall to the individual heat 
pump manufacturer and can be quite different.  

To estimate the available flexibility for each of the 8 pools of 100 heat pump / building types, in hourly 
resolution over a full year (based on historical meteorological data), for each time step the current status 
of the heat pumps are set, in dependence  to the operational conditions: e.g. if a heat pump is currently 
running or switched off, the state of charge of the buffers, etc. This initialisation step is based on rules 
depending on the outdoor temperature defining the share of operating heat pumps, b ut underlies 
randomness regarding which of the systems is chosen to be running. Hence, the results are not to 100% 
deterministic and show a low degree of stochasticity.  

Further, heat pump types, configurations, control strategies and the hydraulic implementation of buffer 
storages (if any) are highly divers. The model tries to represent a common set up and is based on 
scientifically proven methods and assumptions, adapted  to the Luxemburgish context. Nevertheless, the 
presented results are based on models which are partially based on assumptions and simplifications of 
reality, which causes uncertainties. 

5.1.4. Upscaling to communal level  

The above-described methods allow to estimate the available flexibility for five activation types, for a set 
of 800 representative buildings, in hourly resolution over a full year, for each commune in Luxembourg 
with the given temperature  conditions of a specific year. In the next step, the flexibility parameter will be 
aggregated to a representative set for the heat pump systems and building type, which could be 
expected in each individual commune:  

Air-sourced- / Ground -sources heat pumps 

Heat pumps using the ambient air as heat source and the ones using a geothermal collector are the 
most common types in Europe, and Luxembourg. Water -based heat pumps can be neglected for the 
case of Luxembourg. How the market in Luxembourg is split between air -source and ground -sourced 
heat pumps is not published, but the sales figures 5 from Germany show a clear tendency towards air -
sourced systems. While the growth rate for ground -source heat pumps almost stagnated over the last 
10 years, air-sourced heat pumps saw huge growth rates. Hence, the aggregated market shares over the 
last seven years were about 16% to 84% for air-sourced systems å not con sidering the installations before 
2017. Although, sales figures from Luxembourg are not available, this tendency is confirmed by the 

 
5 https://www.waermepumpe.de/presse/zahlen -daten/absatzzahlen/ (last accessed October 2024) 
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numbers of subsidised heat pump installations by the AEV 6. Due to conditions and changes in the 
support schemes, these numbers have to be interpreted carefully, but previously subsidised installation 
had about 28 % share of ground -sourced heat pumps, recent installations  (up from 2022)  showed on 
9.2 % for ground -sourced systems. 

In some regions, the possibilities for geothermal drillings are restricted, or even excluded, mainly for 
reasons of ground water protection. These restrictions are publicly accessible in the geographical 
s|p~ª{^®s~| «·«®k{ ê5k~J~ª®^szë7. As depicted in Figure 23, these restrictions reach from the exclusion 
of geothermal drilling, over conditions for heat transfer media and drilling depth, to a simple 
requirement for authorisation.  

 

Figure 23 - Restrictions for geothermal drillings [geoportail.lu / AGE]  

To assign the individual share of both heat pumps types per commune, the cadastre parcels of each 
residential building have been intersected with the drilling restrictions, to estimate the share of parcels 
falling into either restriction area. Taking into account the statistics on the share of ground -sourced to 
air-sourced heat pump  sales in Germany and the restrictions in Luxembourg, the following assumptions 
are taken for the share of parcels in each commune  falling into either of above categories:  

Table 17 - Share of heat pump types assigned to drilling restriction areas  

 
CAT. 

 Share of AS  
heat pumps  

Share of GS  
heat pumps  

1 Geothermal drilling not permitted  100 % 0 % 
2 & 3 Authorization required å stricter limitations  90 % 10 % 
4 & 5 Authorization required å lower limitations  80 % 20 % 

A potential share of both heat pump types is calculated per commune, reaching from e.g. 99% air -
sourced for Sandweiler, to 80% air -sourced heat pumps in all 20 communes that have no further 
restrictions.  

Single-family- / multi -family-houses 

The share of single-family house (SFH), to multi-family houses (MFH) per commune is defined by the 
amount of flats in SFH and apartments in MFH, as analysed and published in (Klein & Peltier, 2017) via 
STATEC. Those numbers vary largely across the country. Example: while the urban capital, City of 
Luxembourg, has almost 80% of their flats as apartments in MFH and only a share of 20% SFH, the rural 

 
6 "i{s|s«®ª^®s~| ik zí/|´sª~|k{k|® å information by mail in March 2025  
7 https://map.geoportail.lu  

1- Geothermal drills are not permitted  

2 - Geothermal drills require 

authorisation; conditions for heat 

transfer medium and drilling depth  

3 - Geothermal drills require 

authorisation; conditions for heat 

transfer medium  

4 - Geothermal drills require 

authorisation; drilling depth max. 120m  

5 - Geothermal drills require 

authorisation;  
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area of Kiischpelt states the other extreme, with 88% of the dwelling as SFHs and only 12% of the flats in 
MFHs.  

Floor-heating / radiator heating  

Heat pumps work more efficient with low supply temperatures, as it is possible if combined with floor 
heating systems. But also modern low -temperature radiators enable the efficient usage of heat pumps 
and even older radiator could (under certain condition s) be used in heat pump systems, although the 
COP would not be optimal. Nevertheless, for this study it has been assumed that most heat pumps would 
be combined with floor heating systems and a share of floor - to radiator systems of 70% / 30% has been 
considered.  

These statistical data, assumptions and model results are used to aggregate an individual potential for 
the flexibility per commune, considering the regional specifications å in hourly resolution over a full year.  

5.1.5. Characterisation of the flexibility provision  

Requesting flexibility from a pool of heat pumps will lead to a heterogenous reaction from those systems. 
The example given below in Figure 24 «r~µ« ^ qª~¯§ ~p ¿¾¾ rk^® §¯{§« fks|q ^«yki ®~ ê«µs®gr ~|ëÏ 
following their normal operation mode (SGR -On activation signal) at an ambient temperature of 12°C, 
so at rather low heat demand. The heat pumps being currently switched off will react, by switch ing on 
until their upper temperature set points are reached, which takes (in this example) between 1 and 20 
minutes at those conditions, on average 10 minutes. Hence, there is an increased power consumption 
by those heat pumps up to almost 400 kW (t=0), wh ich drops down over time. Even the power 
consumption of a single heat pump might not be totally constant, but might show a higher initial 
consumption, indicated by the P_max in Figure 24, while the y-axis shows the cumulated average power 
of each HP. In order to characterize this flexibility provision by a pool of 100 heat pumps to a certain 
activation signal at a given time and temperature condition, the following characteristics are int roduced 
(modified from (Fischer et al., 2016)) and explained based on the example below:  

Maximum power (P max): aggregated peak response after a trigger signal is send  

Shiftable energy (Eagg): aggregate energy content below the curve (blue area) - can be consumed by the 
pool of heat pumps over the full period of an activation  

Maximum duration (Dura max): time until the consumption of the activated pool falls back to normal 
(baseline) 

Average duration (Dura avg): average duration of the flexibility provision of a heat pump in the pool . It is 
the sum of durations of all reacting heat pumps, divided by the number of HPs reacting  

Mean power (Pmean): a virtual power, describing the power for the average duration of an activation, which 
represents the same amount of shifted energy (E agg), but at constant power (Eagg = red area) 

 

 

 

 

 

 

Figure 24 å Example, flexibility provision by pool of 100 heat pumps & main flexibility characteristics   

Example :  

100 single family houses;  

air-sourced heat pump;  

radiator heating;  

amb. Temp. 12,6 °C;  

COP
sh

 = 4.06 / COP
dhw

 = 2.74 

P_max_agg = 495 kW 

Dura_max 

E_agg 

Dura_avg 
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5.2. Scenarios å heat pump penetration today, 2030, 2040  

The electrification of the heat demand is an essential part of the decarbonisation strategy in the 
residential sector. Although the share of heat pumps on the currently used heating systems is still 
relatively low, the expected growth rates are rather high . The numbers reported by STATEC, Statista and 
referred to by CREOS in the scenario report (Delbrassinne & Michels, 2023), indicate a share of about 
2% of the residential buildings being heated by electrical heat pumps in 2020 , for about 147.000 
residential buildings .  

In coherence to updated assumptions of the PNEC, as of 2024, STATEC adapted the projections for heat 
pump implementation and CREOS refers to this publication in the latest update of their scenario report 
(2025). Hence, the modelling of flexibility from residential heat pumps is based on the following absolute 
numbers, that have been defined under consideration of the (STATEC, 2024) publication:   

Table 18 å Projections  - heat pumps in residential sector (based on STATEC) 

 2020 2030 2040 

Number of heat pumps 
in residential buildings  

3.007 48.000 98.000 

Number of residential 
buildings  

147.000 160.500 174.000 

Share of heat pumps 2 % 30 % 56 % 

In the results sections under 5.4.1 and 5.4.2 for communal and national level , only results for the 2040 
scenario are presented, which represent the upper limit of the technical potential. Flexibility results are  
scaled down to 2030 and today (for power and energy)  in chapter 5.5.  

5.3. Results å example for a set of 100 houses   

The heat pump flexibility model developed in FlexBeAn  runs simulations for 8 typical building types and 
heat pump systems, in sets of 100 buildings for each type (as explained in  5.1.2). This chapter gives an 
overview on representative results for the 5 activation types for one group of 100 buildings. The most 
common combination of building type and heat pump system has been chosen, which are Single-family-
houses with air-sources heat pump and floor heating system .  

Besides the differences due to the versatile activation types, the available flexibility is mainly dependent 
on the outdoor temperature, since it defines the heat demand and influences the COP. Hence, the 
results vary over time and with the seasons. To give an overview, the following graphs show results for 
each activation type for a single moment in time as well as for a one full month:  

 

"g®s´^®s~| «sq|^z ê N5M-Bpp ë å flexibility by a pool of 100 heat pumps  

Nk|is|q ^ êN{^ª®-5ªsi Mk^i· Bppë «sq|^z ÝN5M-Off), as described in 5.1.3, to a group of 100 heat pumps 
in our model will result in switching off the systems that are currently running until their lower 
temperature set -points are reached. As depicted in Figure 25 a) for a winter day at about 3°C, there 
would be 39 heat pumps switching off for an average duration of 17 minutes (min. 1 minute / max. 33 
min.), which results in a load reduction of about -200 kW. This load reduction continuously sinks with 
heat pumps switching on again, being dropped to -100 kW after app. 18 minutes, and reaching the 
baseline consumption again after 33 minutes. This corresponds to 56 kWh of energy shifted (E agg). The 
´sª®¯^z ê{k^| §~µkªëÏ sp ^zz rk^® §¯{§« µ~¯zi fk «µs®grki ~pp p~ª ®rk ^´kª^qk i¯ª^®s~| ~p ¿Å {s|¯®k«Ï 
shifting the same amount of energy (E agg), would correspond to -193 kW. 
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Figure 25 - a) load reduction over time by activation signal SGR Off; b) possible load  
reduction and average  duration based on December 2008 meteorological data  

(example of 100 heat pumps; SFH, air -sourced HP, floor heating)  

The evolution of the flexibility (mean power) over the full month of December can be seen in Figure 25 
b), orange line. The meteorological data of Dec. 2008 show a relatively warm period around the 22 nd 
with average temperatures about 6°C, and a cold period around the 29 th of December with temperatures 
about -5°C and reach down to -7. During those warm periods the available upward flexibility (via SGR-
Off) of this pool of 100 buildings goes down to about 120 kW (P mean) and heat pumps would remain 
switched off for 20 -50 minutes on average. During the cold periods, the flexibility expressed in power 
(Pmean) is much higher, on average around 320 kW, while the average duration of a heat pump providing 
that flexibility is shorter, about 12 minutes.  

 

"g®s´^®s~| «sq|^z« êN5 Mk^i· å B|ë ĉ êN5 Mk^i· å B|Ï N6 kzk´^®kië g~{§^ªs«~| å for pool of 100 HPs  

Under certain circumstances, the grid operator might be interested in increasing the present power 
consumption of heat pumps in an area, which is possible with activation signals such as Smart -Grid 
Ready-B| ÝêN5M-B|ëÞÎ Bp ¿¾¾ rk^® §¯{§« ªkgks´s|q ®rs« «sq|al on a moderate winter day (3°C) 61 heat 
pumps are reacting by switching on and will run until their upper set point temperatures are reached. In 
the pictures below ( Figure 26Þ ®rk pzk¶sfszs®· §ª~´s«s~| ~p ®rk êN5M-B|ë «sq|^z s« g~{§^ªki ®~ ®rk êN5M-
On - N6 kzk´^®kië «sq|^zÏ µrsgr ªk«¯z®« s| ^| s|gªk^«k ®k{§kª^®¯ªk «k® §~s|® p~ª ®rk «§^gk rk^®s|q f¯ppkª 
storage of 60 °C. Figure 26^Þ s|isg^®k« ®rk isppkªk|gk« fk®µkk| f~®r {~ik«Ð êN5M-B|ë ªk«¯z®« s| ÀÃ¾ 
kW down ward flexibility for a short duration of 7 minutes, on average, until most heat pumps switch off 
again. The increase of the temperature set points for space heat storage cause a prolonged activation, 
up to 56 minutes in the mean, at similar power. This ele vated mode of operation gives a relatively stable 
flexibility provision for a period of about 40 minutes, according to the simulation.  

Figure 26b) shows the changes in flexibility potential over a full month, based on Dec. 2008 
meteorological data. The down ward potential of a pool of heat pumps during the warmer period in this 
winter month lies between 270 kW (SGR-On-SH) and 310 kW, while during the colder period it drops to 
about 180 kW, on average, but with large fluctuations. The main difference between b oth activation 
types remains the average duration of an activation, which remains relatively stable across the period, 
and lies around 10 minutes for SGR-On and 60 minutes for SGR-On-SH, which also results in a larger 
difference in terms of the potenti ally shifted energy.  

 

 

 

01/12/2008 å 12:00 

amb. Temp. 3,3 °C;  

# of heat pumps reacting = 39 

COP
sh

 = 3.45 / COP
dhw

 = 2.31;  
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Figure 26 - a) load increase over time by activation signal SGR On & SGR-On-SH elev.;   
b) potential load increase over full month (SGR -On; SGR-On-SH-elev.) 

 

"g®s´^®s~| «sq|^z êN5 Mk^i· å On, back-¯§ rk^®kªë å for a pool of 100 HPs 

7p ^| k´k| rsqrkª ®k{§~ª^ª· §~µkª g~|«¯{§®s~| s« ik«sªkiÏ ®rk ^g®s´^®s~| «sq|^z êN5M-On-back-up 
rk^®kªë g~¯zi p¯ª®rkª ¯«k ®rk kzkg®ªsg f^gy-up heater to heat up the buffer storages to an elevated space 
heat temperature. Simulated for the same moderate wint er day as the previous examples and the same 
building pool, this results in almost 400 kW of increased power consumption for an average duration of 
50 minutes Figure 27a). 

 

 

 

 

 

 

 

 

Figure 27 - ^Þ z~^i s|gªk^«k ~´kª ®s{kÏ f· êN5M-On, back-¯§ rk^®kªë  
fÞ §~®k|®s^z z~^i s|gªk^«k ~´kª p¯zz {~|®r ÝêN5M-On-back-¯§ rk^®kªëÞ 

As expected, this activation mode differs from both previous types mainly in the higher aggregated 
power of the flexibility (Pmean) and the lower duration, as obvious from Figure 27 a) already, while the 
general characteristics over the monthly period with changing temperatures remains similar. It should 
be noted that the activation of the electrical back -up heater drastically reduces the efficiency of the 
overall heat pump system.  

"g®s´^®s~| «sq|^z êBpp-Àrë - 2 hours blocking signal applied to a pool of 100 HPs  

Nk|is|q ^ êfz~gys|q «sq|^zë ~p ¯§ ®~ ^ i¯ª^®s~| ~p À r~¯ª« Ý^« k¶§z^s|ki s| 5.1.3) is a conventional 
approach, as done in some European countries. The results and its interpretation differs from the 
previous activation signals, since it blocks the heat pumps from starting for the full duration of the signal, 
often regulatory limited to  a max. duration of up to 2 hours. The simulation results for a moderate winter 
day (3°C) show that 39 heat pumps would be running and could react by switching off (blue line / area), 
ªk«¯z®s|q s| ^ z~^i ªki¯g®s~| ~p ¿ÅÆ yWÎ 7| g^«k ~p ®rk êN5M-Bppë ^g®s´^tion signal, this load reduction 
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would only last for a short period, but the up to 2 hours blocking signal would prevent all heat pumps 
from starting for the full duration. The model considers this load reduction as permanent over the full 
period, since in the meantime, in the baseline co nsumption case, other heat pumps would start while 
the 39 running systems would switch off at some point.  

 

 

 

 

 

 

 

 

 

 

Figure 28 - a) load reduction over 2h via blocking signal  b) potential upward flexibility over winter month  

Analysing the varying flexibility potential over a full winter month, based on December 2008 weather 
data, the Figure 28 shows about 300 kW load reduction potential ( upward flexibility ) of these 100 houses 
during the colder period, while the lower heating demand in the warmer period results in a upward 
potential of about 100kW. Considering the blocking signal would prevent heat pump starts over a 
duration of 120 minutes and assuming the heating demand as stable, this results in a relatively high 
theoretical energy shifting potential of about 200 - 600 kWh for the full duration.  

Prk iª^µf^gy ~p ®rs« ®·§k ~p pzk¶sfszs®· ^g®s´^®s~| s« ®r^® ^ rsqr êªkf~¯|i kppkg®ë g^| fk k¶§kg®kiÏ µrsgr 
means the effect that the operation of the heat pumps is just postponed and will result in a higher power 
consumption than in the baseline case after  the signal. Assuming that a pool of heat pumps is blocked 
for 2 hours during a cold winter period, it is very likely that most heat pumps will start operation as soon 
as the blocking signal is lifted, which might cause an increased power consumption in a similar 
magnitude as the decreased power flexibility during activation. In case of our example of 100 buildings 
for a day at -3 °C ambient temperature, this could mean that the blocking signal results in a upward 
flexibility of about -300 kW, but could be followed by an increase of the baseline consumption of about 
+200kW after the blocking signal is lifted.  

5.4. Results å national and communal level  

The full technical potential of flexibility provision from residential heat pumps will remain a theoretical 
number since it describes the complete activation of the full potential and it is unrealistic tha t all heat 
pumps would participate in demand side management schemes, would be equipped with the necessary 
control and communication equipment and would all be activated at the same time. But the results 
presented in the following chapter represent this tec hnical potential as an upper limit for the amount of 
heat pumps in residential buildings, as defined for 2020, 2030 and 2040 scenarios in chapter 5.2. 

The current model does not consider energy efficiency gains, which will decrease the energy demand 
and flexibility potential of heat pumps. Further, no climate change effect on rising ambient temperatures 
has been accounted for.  

The flexibility for each activation type ( 5.1.3), characterized by the power (Pmean), the shiftable energy 
(Eagg) and the duration (Dura avg) of the flexibility response, are aggregated on communal and national 
level. The results represent the average of a single activation of all available heat pumps at the given 
level (commune or national). For each commune, the results from the 800 building s (100 buildings per 
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8 building types) are individually aggregated, taking into account the share of building types, heat pump 
technologies and heating distribution system for each commune, as described under 5.1.4. 

5.4.1. Communal level  

As an example, the commune Junglinster has been chosen, being a medium sized municipality of both, 
rural and urban character (8622 inhabitants, 2080 single -family houses, 680 apartments). Using the 2040 
scenario data, results in a 56% share of heat pumps on the heating systems in residential buildings.  

The shiftable energy (Eagg) and the power flexibility (P mean) shown in Figure 29 are indicating the monthly 
average for a single point in time å a single activation of flexibility, for the specific activation type. 
Depending on exterior temperatures and heat demand over the daily cycle, the available flexibility varies 
throughout the month. To visualize those fluctuations, the blue bar in Figure 29 shows the monthly 
average, while the orange line indicates the range of the minimum and maximum of the value.  

 

 

 

 

 

Figure 29 - Example of available flexibility on level of one commune (Junglinster) across the entire year  (scenario 
2040)Ï s| ®kª{« ~p «rsp®^fzk k|kªq· Ýzkp®Þ ^|i §~µkª Ýªsqr®Þ p~ª ^g®s´^®s~| ®·§k êN5M-On-N6ë å activation of a pool of 

heat pumps with increased temperature set points for the buffer storage  

Figure 29 should give an example for the bandwidth of variations of the available flexibility within a 
month as well as throughout the seasons. Outside the classical heating period, an activation of the heat 
pumps may result in high flexibility potential, here May to September, but a usage of this down ward 
flexibility appears questionable. Since heating systems are switched off at this period, only domestic hot 
water demand is given, and the stored energy in the space heating storage would be wasted. For 
ecological reasons this option is excluded,  and those months were greyed out in the graph.  

 

Figure 30 å Example JunglinsterÏ «gk|^ªs~ À¾Â¾Ï ^g®s´^®s~| ®·§k êN5M-On-N6ë -  
average duration of the flexibility provision by a pool of 100 heat pumps  

The average duration for an activation in the above example (Junglinster å SGR-On-SH) reaches from 98 
minutes in summer, to 67 minutes in winter  (Figure 30). The average power flexibility reaches from 
almost than 5.600 [kW] (in the irrelevant summer period) to about 3.260 [kW] during winter. This results 

[kWh] [kW] 

[min.] 
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in a shiftable energy, during the heating period, between 3.680 [kWh] and 9.100 [kWh], which could be 
preponed.  

  
Figure 31 å Comparison of different activation types for the example of Junglinster, regarding average shiftable 

energy and average power flexibility (downward flexibility red colors, upward flexibility, blue colors)  

To give a complete overview on the flexibility on communal level  for the 2040 scenario , Figure 31 shows 
a comparison of all activation types å downward  
flexibility in red colours, upward flexibility in blue. 
Upward pzk¶sfszs®· ÝêBpp-Àrë ^|i êN5M-BppëÞ ªk^grk« 
power flexibility between 1. 350 [kW] and 3.700 [kW] 
at cold temperatures and show strong dependency 
on temperatures. This results also in higher shiftable 
energy potential during winter periods (up to 1. 250 
yWr p~ª êN5M-BppëÞÏ «§kgspsg^zz· p~ª ®rk À r~¯ª« 
blocking signal (reaching 6.650 kWh), with the before 
mentioned risk of a high rebound effect .  

 Figure 32 å Average duration of flexibility activation  

Downward flexibility  might be less relevant for grid flexibility, specifically during the winter period , except 
for its strategic use to prepone consumption to increase the upward potential for a subsequent period . 
Nevertheless, the down ward power flexibility lies between 3.250 [kW] and 5.500 [kW] (October å April) 
and could reach up to 7.850 [kW],  if the electrical back -¯§ rk^®kª s« ^g®s´^®ki ^« µkzz ÝêN5M-On-SH-*6ëÞÎ 
The shiftable energy can be largely increased by elevating the temperature set points of the space 
rk^®s|q «®~ª^qkÏ ^« g^| fk «kk| f· ®rk isppkªk|gk fk®µkk| ®rk ^g®s´^®s~| ®·§k« êN5M-B|ë ^|i êN5M-On-
N6ëÎ  

Obviously, the relationship between power flexibility and shiftable energy is related to the average 
duration  of an activation of flexibility ( Figure 32). Requesting downµ^ªi pzk¶sfszs®· f· êN5M-B|ë ªk«¯z®« s| 
a short rise in power of about 10 minutes, according to the model, and is independent of the 
temperature. While down ward flexibility by increasing also the temperature set points provides flexibility 
for about 1 to 1,5 hours. Upµ^ªi pzk¶sfszs®· ´s^ êN5M-Bppë ´^ªsk« µs®r ®k{§kª^®¯ªk ^|i ªk^grk« pª~{ À¾ 
minutes (cold period) to 55 minutes.  

5.4.2. National level  

Finally, aggregating the flexibility potential from residential heat pumps on national level for the scenario 
2040, shows generally a similar characteristic as the communal level. The activation durations remain 
largely the same as in Figure 32 (details in  

Table 20), while trends and seasonal variations of the flexibility potential, regarding power and energy, 
remain similar but obviously at increased numbers ( Table 19): 

Using upward flexibility  ÝëBpp-Àrë ĉ êN5M-Off, blue bars in Figure 33) seems more relevant during the 
winter period, but could also be used during evening peaks in autumn and spring. In the relevant period 

Eagg Pmean 

Duraavg 
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(Oct. - April) the total aggregated flexibility potential P mean lies between -91 MW and -256 MW. The 
potential of shiftable energy E agg and the duration of a flexibility activation differs largely between both 
options. Shiftable energy potential, if all heat pumps are blocked for 2 hours, could reach up to 460 
MWh in the coldest period but might also sum up to 62 MWh in transition period (Sept.). Regarding the 
smart-qªsi ªk^i· «~z¯®s~| êN5M-BppëÏ ®rk i¯ª^®s~| z^ªqkz· ik§k|i« ~| ®rk ~¯®i~~ª ®k{§kª^®¯ªkÐ ^´kªage 
durations of about 50 minutes in Sept result in more than 62 MWh of shiftable energy for this scenario. 
On the other hand, when the durations of an average flexibility activation drop to about 20  - 27 min in 
the cold winter months, the shiftable energy sums up to 89 MWh on average, at a higher power flexibility.   

The downward flexibility potential  ~| |^®s~|^z zk´kz ÝêN5M-B|ëÏ êN5M-On-N6ëÏ êN5M-On-SH-*6ëÏ ªki f^ª« 
in Figure 33) might be appropriate to buffer wind power peaks, or solar power peaks during transition 
seasons. For previously mentioned reasons, down ward flexibility will not be further considered outside 
®rk rk^®s|q §kªs~iÎ Q«s|q ®rk êN{^ª®-qªsi ªk^i· B|ë ~§®s~| ^|i ^| s|gªk^«k ~p ®rk «k® ®k{§kª^®¯ªk s| 
®rk f¯ppkª «®~ª^qk ÝêN5M-On-N6ëÞ «r~µ «s{sz^ª fkr^´s~¯ª ^|i ªkz^®s´kz· «®^fzk §~µkª zk´kz« s| ®rk 
relevant period, about 225 to 345 [MW]. If using the back-¯§ rk^®kª s| ^iis®s~| ÝêN5M-On-SH-*6ëÞ µ~¯zi 
even further increase the power to about 380 -540 [MW] . The shiftable energy potential Eagg p~ª ®rk êN5M-
B|ë ~§®s~| s« comparably  low and stable throug hout the year, about 38 - 51 [MWh]. Energy shifting 
potential for both option s, SGR-On-SH and SGR-On-SH-BH, shows a similar dynamic  during the heating 
period, with about 256 - 420 [MWh] for SGR-On-SH and 370 - 640 [MWh] for SGR-On-SH-BH. It should 
be noticed, that the usage of the electrical back -up heater reduces drastically the efficiency of the whole 
system.  

  

Figure 33 å Flexibility potential (P mean-left) and shiftable energy (Eagg) on national level  (scenario 2040) 

Table 19 - Flexibility potential of residential heat pumps in 2040, characterized by upward - and downward - 
power flexibility (P mean) as well as shiftable energy (Eagg) 

Pmean [kW]  monthly averages of single hourly values  Eagg [kWh] m onthly averages of single hourly values  

 Off-2h SGR-Off SGR-On SGR-On 
-SH 

SGR-On 
-SH-BH 

Off-2h SGR-Off SGR-On SGR-On 
-SH 

SGR-On 
-SH-BH 

Jan -174'183  -195'798   292'958   255'414   440'637  -348'365  -83'513   43'115   313'218   460'582  

Feb -171'522  -192'530   294'622   256'654   443'732  -343'045  -83'816   43'166   315'422   465'103  

Mar -160'371  -181'266   300'891   262'204   455'164  -320'742  -82'839   44'212   327'975   484'935  

Apr -110'974  -131'950   334'379   290'991   514'284  -221'948  -78'509   48'989   393'791   591'190  

May -23'254  -56'306   402'596   359'521   642'814  -46'508  -44'631   58'100   574'780   868'338  

Jun -14'767  -41'773   410'120   368'512   658'141  -29'533  -31'368   59'063   600'305   905'638  

Jul -10'546  -37'974   414'585   374'754   667'646  -21'093  -30'083   59'358   619'276   932'350  

Aug -7'239  -28'724   416'594   375'082   670'186  -14'478  -21'241   59'992   617'324   931'336  

Sep -51'352  -77'433   377'290   331'508   594'365  -102'704  -62'215   55'178   498'709   755'719  

Oct -90'750  -109'156   347'834   302'834   539'078  -181'500  -72'584   50'986   423'000   638'664  

Nov -150'540  -169'625   306'915   267'206   466'573  -301'079  -81'004   45'189   342'236   508'792  

Dec -229'681  -255'865   255'746   224'717   379'319  -459'362  -89'126   37'892   255'908   368'809  

Eagg Pmean 
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Table 20 å Average durations of flexibility provision of residential heat pumps in 2040, (Dura avg)  

Dura avg [min]  monthly averages of single hourly values  

 Off-2h SGR-Off SGR-
On 

SGR-On-
SH 

SGR-On-SH-
BH 

Jan  120   27   9   73   62  

Feb  120   27   9   73   62  

Mar   120   29   9   74   63  

Apr  120   39   9   80   68  

May  120   58   8   95   80  

Jun  120   56   8   97   82  

Jul  120   47   8   98   83  

Aug  120   50   8   98   83  

Sep  120   53   9   89   75  

Oct  120   45   9   83   70  

Nov  120   32   9   75   64  

Dec  120   21   9   67   57  

5.5. Results å technology penetration for today, 2030, 2040  

Previous chapters described the flexibility potentials of residential heat pumps for divers activation 
signals and showcase the dependency on outdoor temperatures, the resulting seasonality, and 
characterize this flexibility by power, energy and duration, on communal and national level. Those figures 
can be understood as the maximum available flexibility, based on the underlying technology penetration 
scenario for 2040 (see 5.2), considering that 56% of the residential buildings are operated by heat 
pumps, resulting in 98.000 heat pumps systems on national scale.  

As described in 5.2, the 2020 technology penetration scenario considered about 3.000 heat pumps in 
Luxemburg, representing about 2% of the residential heating systems, while the 2030 scenario foresees 
48.000 heat pumps for 2030 (30% share of the future building stock).  Previously documented results 
covered the 2040 scenarios for 56% of the future building stock  of 174.000 residential buildings with 
98.000 heat pump systems. As the amount of heat pumps in those scenarios only affect the magnitude 
of power flexibility and energy flexibility within our model, while the other parameter stay constant, the 
duration remains unchanged  - Figure 34 outlines the flexibility characteristics for 2020, 2030 and 2040.  

       

Figure 34 å Power flexibility (P mean) and energy flexibility (E agg) for three technology penetration scenarios  
(2020, 2030, 2040) - seasonal variability for the relevant periods indicated by the thin bars of each column  

The broad bars depict the average of the power - (left graph) and energy (right) flexibility that could be 
provided according to the respective scenario and given activation signal. The lines on top of each bar 
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mark the range given by the minimum and maximum  of the monthly averages  across the seasons. For 
down ward flexibility , activating heat pumps, only the heating period is considered (Oct. - April.).  
Obviously, the power - and energy flexibility grow s proportionally with the amount of heat pumps 
available to provide flexibility, as indicated in the upper graphics and by Table 21 å about 3.000 heat 
pumps systems for 2020, 48.000 heat pumps in the 2030 scenario and 98.000 in 2040.  

 

Table 21 å Power- and energy flexibility and their duration for three technology penetration scenarios  
and 5 activation modes  (min., max. and averages of the monthly averages)  

  
Off -2h SGR-Off  SGR-On SGR-On-SH SGR-On-SH-BH 

 
[kW] P mean P mean P mean P mean P mean 

2020 Avg. - 2'988  - 3'696  9'144  7'972  13'882   
Min. - 6'891  - 7'677  7'673  6'742  11'381   
Max. - 217  - 862  10'436  9'086  16'174  

2030 Avg. -48'783  -60'343   149'273   130'148   226'622  

 Min. -112'497  -125'323   125'264   110'066   185'790  

 Max. -3'546  -14'069   170'369   148'328   264'040  

2040 Avg. -99'598  -123'200   304'764   265'717   462'684  

 Min. -229'681  -255'865   255'746   224'717   379'319  

 Max. -7'239  -28'724   347'834   302'834   539'078  

 [kWh] E agg E agg E agg E agg E agg 

2020 Avg. -5'976  -1'903   1'344   10'165   15'079  

 Min. -13'782  -2'674   1'137   7'678   11'065  

 Max. -434  -637   1'530   12'691   19'162  

2030 Avg. -97'566  -31'058   21'939   165'940   246'164  

 Min. -224'995  -43'654   18'559   125'344   180'642  

 Max. -7'091  -10'404   24'973   207'185   312'817  

2040 Avg. -199'196  -63'411   44'793   338'793   502'582  

 Min. -459'362  -89'126   37'892   255'908   368'809  

 Max. -14'478  -21'241   50'986   423'000   638'664  

 [min.] Dura avg Dura avg Dura avg Dura avg Dura avg 

All 
scenarios 

Avg. 120  40   9 75   64  

Min. 120 21   9 67   57  

Max. 120  58  9   83   70  

 

5.6. Temperature sensitivity of the results  

As the flexibility, characterized by power -, duration and resulting energy flexibility, is highly dependent 
on outdoor temperature, which is reflected by the seasonality and explained for each activation signal 
in chapter 5.3, the following graphs depict the flexibility over outdoor temperature, instead of months. 
The absolute numbers represent the 2020 technology penetration scenario, but those are less important 
in this context, which should rather stress the temperature dep endency. 

Upward flexibility Ï {k^|s|q «µs®grs|q ~pp rk^® §¯{§« ´s^ êN5M-Bppë ~ª ^ fz~gys|q «sq|^z ÝêBpp-ÀrëÞ s« 
highly dependent on ambient temperature.  As shown in Figure 35, the power flexibility is the highest at 
low temperatures, which has several reasons: more heat pumps are running simultaneously as the 
heating demand is obviously higher, but also since the heating water temperatures need to be 
increased, this results in low COPs, hence lower efficiency. The available power flexibility drops with 
higher temperature until the heating demand is considered minimal above 15°C. Both activation signal 
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show similar values and behaviour, regarding potential power flexibility. Obviously, what distinguishes 
both activation signals, is the average duration for which the flexibility could be retained ( Figure 36). 
Opposed to a fixed blocking signal for 2 hours, the duration of the SGR -Off flexibility depends on the 
heat demand during that period. Figure 36 shows that this duration could vary, specifically for SGR-Off, 
but those higher values should be interpreted cautiously: values for flexibility durations (for SGR -Off) 
higher than 80 -100 minutes stem mainly from colder morning/night hours, during generally warmer 
periods å hence, where the heating demand during that period is rather  low, although the momentary 
ambient temperature is below 15°C.  

 

 

Figure 35 å power flexibility of heat pumps on national level over  
outdoor temperature (based on scenario 2020)  

 

Providing downward flexibility , either via SGR-On or SGR-On-SH shows similar temperature 
dependency: at lower temperature, where more heat pumps are simultaneously running, less systems 
are available to ramp up power consumption (see Figure 35). With rising temperature, the potential 
s|gªk^«k« ¯|®sz ®rk rk^®s|q ik{^|i s« z~µ Û ºkª~Î "f~´k ¿Ãď+ ®rk {~ikz i~k«|í® g~|«sikª rk^®s|q 
demand anymore, hence switching on heat pumps to heat up the space heating storage is possible, but 
not reasonable anymore. Similarly, if the backup heater is used in addition to the heat pump to provide 
downward flexibility (SGR-On-SH-BH), the power level is generally higher and rises steeper until the 
heating demand is low. Expectedly, the additional purely electric hea ting power of the backup heater 
results in shorter durations, since the space heating storage reaches the increased temperature level 
earlier than in the SGR-On-SH option (see Figure 36). Generally, the duration of both options with 
increased space heating storage temperature is much higher than in the SGR -On scenario. For both the 
duration increases with rising temperatures, which is due to the spread between the necessary heating 
tempe rature and the fixed, increased heating storage temperature: since the heating curve defines the 
necessary heating water temperature entering the building in dependence on the ambient temperature, 
the difference to the fixed 60°C (for SGR -On-SH and SGR-On-SH-BH) increases with higher 
temperatures. The simple SGR-On activation signal has much shorter flexibility durations, due to a very 
tight hysteresis (5°C) of the temperature level in the storage, to allow for high efficiency. Also, the 
temperature depende ncy is hence less obvious and almost irrelevant. Only a slight drop of the duration 
can be recognized, due to higher efficiency of the HP at higher temperature (mainly for the air -sourced 
HPs).  
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Figure 36 å flexibility duration of heat pumps on national level over  
outdoor temperature (based on scenario 2020)  

 

5.7. Limitations of the model  

The current model does not consider energy efficiency gains  with rising building standards , which will 
decrease the energy demand and flexibility potential of heat pumps. Further, no climate change effect 
on rising ambient temperatures has been accounted for.  

Further, the thermal inertia of the building s is not considered for the actual flexibility provision, since the 
effect on the potential prolongation on SGR function is difficult to assess, if controlled by return 
temperature . Although, it is still expected to  have a buffering effect , but the size is unknown. Thermal 
inertia is only considered in the estimation of heating demand.    

To estimate the full technical potential, it has been assumed that  all HP provide flexibility. As well as that 
the SGR functions  as activation signal could be applied to all devices  (whereas not all HP support this) . 
Further, all HP have storage volume for SH and DHW. 
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6. Residential Sector å Electric Water Heaters 

Electric water heaters (EWHs) with storage tanks represent a unique class of residential electrical loads 
with inherent flexibility potential. Unlike shiftable appliances, EWHs provide thermal storage, which 
allows decoupling between electricity consumptio n and end -use demand (i.e., hot water consumption). 
This flexibility makes them especially suitable for demand response applications, particularly downward 
flexibility (increased load) through preheating to absorb excess electricity during periods of low d emand 
or high renewable generation.  

More precisely, electric water heaters, as the ones considered within this chapter, mean larger scale 
water heaters as providing centralized domestic hot water supply. Such devices start from a storage 
volume of 50 Liters, hence have a significant size to be considered as storage devices.  

6.1. Methodology for the electric water heater flexibility assessment  

The flexibility assessment for residential electric water heaters follows a bottom -up simulation approach. 
It integrates both physical characteristics of the appliances and realistic usage patterns, enabling a 
dynamic analysis of load shifting potential un der various control strategies. The key steps include:  

¶ Creating a representative portfolio of devices and usage profiles.  

¶ Modeling the electrical and thermal behavior of the devices using physical equations and 
constraints. 

¶ Applying different flexibility control strategies to simulate their effect on power consumption.  

¶ Aggregating results at the national and communal levels, scaled using household -level device 
ownership rates. 

A schematic overview of the modeling and simulation process is shown in Figure 37. 

 
Figure 37 å  Schematic overview of EWH modeling and simulation process  

6.2. Defining a representative portfolio for electric water heater  

To represent the variability in user behavior and device characteristics, a diverse portfolio of 50  
households with  electric EWHs was generated (Pflugradt et al., 2022). Each entry corresponds to a 
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distinct household configuration, with its own hot water consumption pattern, tank size, thermal 
characteristics, and heating element specifications.  

Input key parameters for each heater include : 

¶ Tank volume (typically 50å150 litters), 

¶ Heating element power (e.g., 3.5å4.5 kW), 

¶ Thermal resistance of the insolation layer  and capacitance of the storage , 

¶ and initial setpoint temperatures  (default set to 55°C) 

To generate realistic variability in device characteristics, the key thermal and electrical parameters for 
each of the 50 electric water heaters were assigned using a stochastic randomization approach. The 
three main parameters : a) nominal power of the heating element ( ὖ ), b) thermal resistance (Ὑ ), 
and c) thermal capacitance (ὅ ); were randomly sampled for each device based on a ±10% deviation 
around the following base values:  

¶ ὖ ὡ = 4000 

¶ Ὑ ὑȾὡ = 1.9  

¶ ὅ ὐȾὑ = 633,000  (for a typical 120 litters tank) 

This ensured that, while all devices shared similar operating logic, their thermal response and energy 
consumption behavior reflected a natural diversity across households.  

Temperature boundaries were fixed across all devices, with Ὕ = 50 °C and Ὕ = 60 °C. A fixed 
random seed was used to ensure reproducibility of the parameter generation process. This approach 
enabled the creation of a statistically varied but physically consistent population of electric water heaters 
for flexibility simulations.  

6.3. Electric water heater operation simulation  

The operational behavior of each EWH in the portfolio was simulated at a one -minute resolution over a 
full year, under different scenarios. The model incorporates both user -driven and thermally driven 
processes. 

6.3.1. Hot water consumption  

Hot water consumption is the primary user -driven input that governs the operation of electric water 
heaters. In this study, 50 individual hot water consumption profiles were generated to reflect diverse 
residential behaviors. These profiles define the volu me of hot water drawn per minute, simulating 
activities such as showering, washing, or cooking.  Each profile was constructed to represent realistic daily 
and weekly usage patterns, with randomized event timing and duration based on typical household 
routin es. The goal was to capture both inter -day variability and intra -day peaks in demand.  

Figure 38 presents an example of one such profile, showing the minutely hot water consumption pattern 
of a single household over the month of March. Peaks correspond to usage events, and the profile 
illustrates how demand varies across days and weeks. This variability directly affects the timing and 
magnitude of EWH operation, making it essential to accurately model hot water consumption in the 
flexibility analysis. 
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Figure 38 å Example of hot water consumption  

6.3.2. Boundary settings and thermal properties  

The model includes the following boundary temperature settings:  

¶ Ὕ υπ Јὅ: Minimum allowed water temperature before heating is triggered  

¶ Ὕ φπ Јὅ: Maximum water temperature (i.e., setpoint)  

¶ Ὕ ςπ Јὅ: environment temperature of the storage  

¶ Ὕ ρπ Јὅ: Incoming cold -water temperature  

These values are defined according to manufacturer specifications and typical residential usage 
expectations. The control logic ensures that the water temperature never falls below Ὕ  and does not 
exceed Ὕ  unless explicitly modified under flexibility strategies.  

Each water heater was modelled with the following thermal parameters:  

¶ ὅ: Thermal capacitance of the tank (function of water volume and specific heat)  

¶ Ὑ: Thermal resistance of the tank (determining heat loss rate)  

¶ –: Efficiency of the heating element (typically assumed 100%)  

These parameters define the rate of heat storage and loss, influencing how long preheating or shutoff 
strategies can be sustained. 

6.3.3. Thermodynamic model  

The thermodynamic behavior of each EWH was modelled based on an energy balance of the water tank. 
The temperature evolution of the water, Ὕ ὸ, depends on the interaction between heat input from the 
electric heater, heat losses to the environment, and thermal disturbances caused by hot water 
withdrawals and cold -water inlets. 

The model is described by the following set of discrete -time equations, adapted from established (Luo 
et al., 2024): 

ὅ
ὨὝ

Ὠὸ

Ὕ ὸ Ὕ ὸ

Ὑ
ὗ ὸ ὗ ȟ ὸ 

Ὕ ὸ ρ ὥὝ ὸ ρ ὥ Ὕ ὸ ὗ ὸ ὗ ȟ ὸὙ  

Where: 

¶ Ὕ ὸ is the current water temperature in the tank.  
¶ Ὕ ὸ is the environmental or surrounding temperature (often ambient).  
¶ Ὑ  is the thermal resistance of the tank. 
¶ ὅ  is the thermal capacitance of the tank.  
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¶ ὥ ÅØÐ ЎὸὙ ὅ  is a weighting factor resulting from discretization.  

The heating power injected into the tank is modelled as:  

ὗ ὸ ὖ ȟ ὸϽ–  

Where: 

¶ ὖ ȟ ὸ is the electrical input power (usually ὖ ). 

¶ –  is the efficiency of the heating element (typically assumed to be 1 for resistive heaters).  

The heat loss due to water consumption is computed as:  

ὗ ȟ ὸ ὅȟ”ὠ ὸὝ ὸ Ὕȟ Ⱦɝὸ 

Where: 

¶ ὠ ὸ is the hot water volume consumed at time t.  
¶ Ὕȟ  is the temperature of the incoming cold water.  

¶ ὅȟ and ”  are the specific heat capacity and density of water, respectively.  

The system is constrained by the following operational limits:  

Ὕ Ὕ ὸ Ὕ  

These equations were implemented in the simulation to update tank temperature at each minute, 
providing the basis for computing electrical consumption and available flexibility under both normal and 
controlled conditions.  

Figure 39 shows the equivalent thermal circuit representation and a schematic of the EWH model.  

 

Figure 39 å  Equivalent  thermal circuit representation and a schematic of the EWH model  

6.3.4. Electrical model  

The electrical operation of the EWH is governed by a binary control logic based on the tank's internal 
water temperature and the state of the heating element. This logic determines when the heater should 
be turned on or off during each time step of the sim ulation.  

Figure 40 presents the flowchart of the EWH electrical control logic implemented in the model.  
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Figure 40 å  Flowchart of the EWH electrical model  

The key components of the logic are as follows:  

¶ Ὗὸ represents the binary state of the heating element at time step ὸ: 
o Ὗὸ= 1 Ÿ heater is ON (consuming power)  
o Ὗὸ= 0 Ÿ heater is OFF (no power consumption)  

¶ Ὕ ὸ is the current water temperature in the tank . 
¶ Ὕ  and Ὕ  are the lower and upper temperature thresholds . 

Control Logic Description:  

a) Initialization:  
At simulation start, time step t is initialized to 1 and the initial heater state is set.  

b) Switch-Off Condition:  
If the heater was ON in the previous step (Ὗὸ ρ ρ) and the tank temperature has reached or 
exceeded  Ὕ , the heating element is turned OFF (Ὗὸ π). 

c) Switch-On Condition:  
If the heater was OFF in the previous step (Ὗὸ ρ π) and the tank temperature has fallen to or below 
Ὕ , the heater is turned ON (Ὗὸ ρ). 

d) Hysteresis Control: 
If neither of the above conditions are met, the heater maintains its previous state  (Ὗὸ Ὗὸ ρ). This 
^´~si« ¯||kgk««^ª· ®~qqzs|q ^|i «®^fszsºk« ®rk «·«®k{í« ®rkª{^z ªk«§~|«kÎ 

e) Termination Check:  
At the end of each iteration, the model checks whether the operating period has ended. If so, the 
simulation concludes.  

This basic thermostat-based hysteresis control ensures that the EWH maintains the desired temperature 
range while minimizing switching frequency. The simplicity of this logic makes it robust and easy to 
integrate with additional flexibility strategies (e.g ., forced ON/OFF, setpoint adjustments), which 
override or modify U[t] temporarily during demand response events.  
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Before applying any flexibility control strategies, the baseline behavior of each EWH was simulated under 
normal operating conditions. Figure 41 illustrates the baseline operation of one representative EWH 
over a five-day period. The three subplots show:  

1. Hot Water Consumption (Top Panel) : 

This plot displays the minutely volume of hot water consumed in litters. Clear peaks represent usage 
events such as showers, dishwashing, or general tap use. The daily pattern varies, highlighting both 
peak demand periods and days with minimal usage.  

2. Tank Temperature Evolution (Middle Panel) : 

Prk «kg~|i §^|kz «r~µ« ®rk k´~z¯®s~| ~p ®rk ®^|yí« s|®kª|^z µ^®kª ®k{§kª^®¯ªk ®rª~¯qr~¯® ®rk «^{k 
period. The temperature oscillates between the defined lower and upper limits , 50°C and 60°C 
(highlighted with dashed lines). The heater turns ON when temperature falls to the lower limit, and 
OFF when it reaches the upper limit, ensuring continuous availability of hot water.  

3. Electrical Power Consumption (Bottom Panel) : 

Prk ®rsªi §^|kz «r~µ« ®rk rk^®kªí« §~µkª g~|«¯{§®s~| ~´kª ®s{kÎ Prk B@ÛB44 g·gzs|q fkr^´s~ª s« 
evident, with the heater operating at its rated power (4 kW) during active periods and consuming no 
power when idle. The heater activates only when necessary to restore the desired temperature range 
following water usage or heat loss.  

 

Figure 41 å Baseline operation of one representative EWH  

6.4. Modeling of electric water heater flexibility  

To evaluate the flexibility potential of EWHs, multiple control strategies were implemented in the 
simulation framework. These strategies influence the electrical behavior of the heater by modifying its 
control signal or operating conditions . 

6.4.1. Switch On/Off  

In this strategy, external ON/OFF signals are applied to interrupt or allow the operation of the heating 
element. However, unlike hard overrides, this method is implemented in a temperature -aware manner: 

¶ If the water temperature reaches Ὕ , the heater will turn OFF even if the control signal allows it.  
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¶ If the water temperature drops to Ὕ , the heater will turn ON, regardless of the external OFF signal.  

This approach provides flexibility while still ensuring comfort and hot water availability for the user.  

6.4.2. Setpoint change  

7| ®rs« «®ª^®kq·Ï ®rk B@ÛB44 «sq|^z s« «®szz ^§§zski ^« ik«gªsfki ^f~´kÏ f¯® s| ^iis®s~| ®rk ®^|yí« 
temperature setpoints are temporarily shifted to modulate energy consumption , applied in four modes:  

¶ +5°C Setpoint Increase 
¶ +10°C Setpoint Increase  

¶ Ȯ5°C Setpoint Decrease 
¶ Ȯ10°C Setpoint Decrease 

By raising the setpoint, the heater continues heating beyond its normal cutoff, allowing additional energy 
intake and creating downward flexibility (load increase). Conversely, lowering the setpoint causes the 
heater to start later and delay its next cycle, leading to upward flexibility (load reduction).  

These setpoint adjustments are temporary and applied only during the defined flexibility event windows. 
After the event, the original setpoint is restored, and the heater resumes its standard operation.  All 
strategies are evaluated under the same simulation conditions and applied across households to assess 
their aggregated flexibility potential.  

6.5. Results at national level for electric water heater 

To quantify the flexibility potential of residential EWHs at the national level, simulation results were scaled 
according to the number of households in Luxembourg and an estimated 15% EWH ownership rate 
(Gils, 2014). The simulations accounted for individual device dynamics and realistic water consumption 
profiles. For this aggregated assessment, it was assumed that all participating EWHs could be 
simultaneously activated or deactivated and would operate at full rated p ower from the start of a 
flexibility event.  

Figure 42 shows the flexibility behaviour for êswitch on/offë control strateg y on national level . The top-
left plot shows the average downward power flexibility and duration over time, highlighting the variable 
load increase capability throughout the day.  The bottom -left plot presents the upward flexibility trends, 
showing average power reduction and corresponding durations.  The top-right and bottom -right bar 
charts illustrate specific snapshots of flexibility potential at 8:00 AM  as an example, displaying the 
distribution of available flexibility across different durations. These highlight the load that can be shed 
or added at a given moment and for how long it can be sustained.  

 

Figure 42 å National level - flexibility characteristics for êswitch on/offë control strategy  
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Figure 43 and Figure 44 present a comparison of downward  and upward  flexibility of EWHs under three 
different strategies , respectively. This layout allows a separate visual inspection of the dynamic behaviour 
for each control strategy across the full day . The first plot compares power  flexibility  over time, and the 
second plot compares flexibility duration over time.  

 

 

Figure 43 å Downward flexibility of EWHs under three different strategies  å power (top), duration (bottom)  
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Figure 44 å Upward flexibility of EWHs under three different strategies å power (top), duration (bottom)  

Figure 45 summarizes and compares the average downward flexibility potential of electric water heaters 
under three control strategies.  The upper chart shows the hourly average power of downward flexibility 
throughout the day. All strategies exhibit higher flexibility potential during the night and early morning 
hours (00:00å04:00). Among the methods, the 10°C setpoint increase consistently results in the highest 
additional load, followed by the 5°C increase and then the On -Off control.  This figure also displays the 
standard deviation  error. The bottom plot compare s the average duration of flexibility . 



FLEXBEAN  Dissemination level: PU 

© Copyright LIST, SnT, Creos 2025 75 

 

 

 

Figure 45 å Average downward flexibility potential of electric water heaters  - power (top), duration (bottom)  

Figure 46 summarizes and compares the average upward flexibility potential of electric water heaters 
under three different control strategies. The top chart show s the hourly average power  of upward 
flexibility over a full day. All three methods demonstrate distinct time -of-day profiles, with peak flexibility 
potential observed between 06:00 and 09:00. Among the three methods, the 10°C setpoint reduction 
consistently provides the highest pow er reduction and longest duration, followed by the 5°C change 
and then the On -Off control. Th is figure  also illustrates the standard deviation error.  The bottom plot 
compares the average duration of flexibility.  
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Figure 46 å Average upward flexibility potential of electric water heaters  - power (top), duration (bottom)  

Table 22 and Table 23 summarize the average downward (load increase) and upward (load reduction) 
flexibility potentials across different control strategies , respectively. These values reflect the average load 
shift and duration observed over a typical day. 

Table 22 - Downward Flexibility Potential from Residential Electric Water Heaters  

Flexibility Method Average flexibility potential (MW) Average Duration (minutes) 

On/Off Control 74.3 ~3.6 

5°C Setpoint Increase 90.0 ~6.2 

10°C Setpoint Increase 92.4 ~7.7 

The results show that setpoint increase strategies provide higher downward flexibility than simple on/ off 
control. A 10°C increase enables the largest average load increase, with flexibility reaching up to 92 MW 
for around 8 minutes. This is particularly effective during nighttime and early morning hours (00:00 å
04:00), when baseline reheating cycles are already active. Raising the setpoint during these periods 
allows more energy to be stored in the water tank, offering an efficient and controllable way to increase 
consumption.  
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Table 23 - Upward  Flexibility Potential from Residential Electric Water Heaters  

Flexibility Method Average Flexibility Potential (MW) Average Duration (minutes) 

On/Off Control 4.9 ~5.6 

5°C Setpoint Decrease 5.5 ~8.4 

10°C Setpoint Decrease 5.6 ~9.3 

For upward flexibility  æ defined as a temporary load reduction  æ setpoint decrease strategies proved 
more effective than basic on/ off control. A 10°C setpoint reduction resulted in the highest average load 
drop, offering up to 5.5 MW of flexibility for about 9 minutes, primarily by delaying heater activation. 
These reductions are most effective in the morning period, when consumption typically ramps up. This 
helps flatten the morning peak and reduce grid stress.  

In summary, electric water heaters offer a significant controllable source of both upward and downward 
flexibility. The choice of control strategy directly influences the response magnitude and duration, 
making them more suitable for sustained demand shapi ng and grid support.  
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7. Residential Sector å White Wares 

White wares in the residential sector refer to major household appliances traditionally associated with 
cooling, laundry and dishwashing activities. In the context of demand -side flexibility, the focus is on 
appliances that can be scheduled or shifted with out significantly affecting user comfort. Accordingly, the 
appliances considered in this study are washing machines, tumble dryers, and dishwashers, as these are 
inherently shiftable loads due to their programmable operation cycles.  

The analysis aims to quantify the flexibility potential of white wares across Luxembourg, accounting for 
probabilistic usage patterns, technical load profiles, and representative ownership rates. A stochastic 
modeling approach was adopted to simulate reali stic daily operation patterns and explore the extent to 
which their start times can be shifted within acceptable time windows.  

7.1. Methodology for whitewares flexibility assessment  

The methodology follows a multi -step structured approach to evaluate the shiftable load flexibility 
potential:  

¶ Derivation of probability of start times: 

The probability distribution of operation start times for each appliance was derived from 
representative sample data, reflecting residential usage patterns and capturing behavioural 
variations across households. 

¶ Load cycle profile aggregation : 

Average electrical load profiles for a full operation cycle (aggregated across different program 
types or modes) were derived for each appliance type.  

¶ Daily Load Pattern Simulation:  

By convoluting  the probability of start times with the average cycle profiles, typical average daily 
demand patterns were generated.  

¶ Flexibility Simulation:  

Applying different flexibility control strategies to simulate their effect on power consumption.  
Start times were probabilistically shifted within acceptable time windows to simulate demand 
response participation. Both weekdays and weekends were considered separately to capture 
behavioural  differences. 

¶ Scaling to National Level:  

Flexibility results were scaled using Luxembourg -specific device ownership rates  (Gils, 2014): 

o Washing machines: 95% 
o Tumble dryers: 40% 
o Dishwashers: 50% 

The usage patterns of these appliances are assumed to remain relatively stable throughout the year, 
given their limited sensitivity to seasonal changes.  

A schematic overview of the whiteware flexibility modeling and simulation process is shown  Figure 47. 
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Figure 47 å  Schematic overview of white ware modeling  and simulation  process 

 

7.2. Defining a representative portfolio for whiteware  

A representative portfolio was developed to reflect realistic operation of household  whitewares. It 
comprises 100 simulated households, each with unique appliance usage patterns and stochastic 
variability. The portfolio ensures statistically meaningful diversity in operation behaviors across washing 
machines, dishwashers, and tumble dryers. This dataset serves as the input foundation for the 
subsequent operation and flexibility simulations.  

7.3. Whitewares operation simulation  

Using the representative portfolio, daily operation simulations were performed to capture realistic 
household -level consumption. Simulations reproduced daily electricity demand by combining 
probabilistic start -time behavior with representative appliance lo ad profiles. This process generated 
baseline consumption patterns used later to quantify fle xibility potential . 

The simulation framework  involved three main steps:  

¶ Deriving the probability of start times to represent when appliances are typically used during the day.  

¶ Assigning representative load profiles for complete operating cycles of each appliance.  

¶ Combining these two components to generate daily average demand patterns for the 100-household 
portfolio . 

7.3.1. Probability of start time  

 Start-time probabilities were derived for each appliance using the simulated household portfolio. This 
approach captures aggregate residential behavior rather than isolated single -device activity. Figure 48 
illustrates how individual start -time probabilities from 100 simulated devices were aggregated. Minute -
resolution profiles were averaged to hourly resolution, smoothing out random variations and 
highlighting general behavioural trends, typically in the ev ening peaks. The resulting hourly probability 
distribution was then used to generate representative daily load patterns for flexibility simulations . 
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Figure 48 å  Average probability of start time  

7.3.2. Load profile for a single appliance operation  cycle 

Prk kzkg®ªsg^z g~|«¯{§®s~| §ª~pszk« p~ª k^gr ^§§zs^|gkí« p¯zz ~§kª^®s|q g·gzk µkªk ~f®^s|ki from 
literature  (Degefa et al., 2018). These profiles represent the average energy demand across different 
operational modes (e.g., eco, standard, intensive programs). Washing machines typically show pulsed 
heating and spinning phases, while dishwashers demonstrate multiple heating peaks, and t umble dryers 
are characterized by long, steady heating periods.  

Figure 49 illustrates the load profile s of a washing machine, a dryer, and a dishwasher during a single 
operating cycle . These profile s show the characteristic pattern of each device. 

 
























































































































