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Executive Summary  

The present report is the public Deliverable D7.3 of the MAGNITUDE H2020 European project. It is 

dedicated to the capitalization of the main outcomes and lessons learnt from the MAGNITUDE 

project and its seven real-life case studies, as well as to the description of identified or potential 

barriers and recommendations.  

The MAGNITUDE project has developed a whole chain of optimization and coordination tools, as well 

as business and market mechanisms, to provide flexibility to the European electricity system, by 

optimizing the synergies between electricity, gas, heating and cooling systems. 

aƻǊŜ ǎǇŜŎƛŦƛŎŀƭƭȅΣ a!DbL¢¦59Ωǎ Ƴŀƛƴ Ǝƻŀƭǎ ǿŜǊŜ ǘƻΥ 

¶ enable the provision of services by Multi-Energy Systems (MES) to support the cost-effective 

integration of Renewable Energy Sources (RES), and enhance security of supply,  

¶ bring under a common framework, technical solutions, market designs and business models, 

¶ contribute to the ongoing policy discussions in the energy field. 

The methods and tools developed in the project were assessed on seven real-life case studies of 

multi-energy systems of different sizes and technological features located in seven European 

countries (Austria, Denmark, France, Great Britain, Italy, Spain, and Sweden) and covering different 

regulatory frameworks, sector-coupling technologies, stakeholders and business models. 

The overall MAGNITUDE approach to achieve its goals can be summarized by the following activities 

that were carried out and generated the project main results: 

¶ Identify the most relevant flexibility services to be provided by Multi-Energy Systems (MES) to 

the electricity system, which allow to increase the share of RES and enhance security of supply, 

and characterize the procurement mechanisms for these services in the 7 case study countries. 

¶ Characterize the main stakeholders involved in the electricity, gas, heating and cooling sectors, 

their roles and their interactions, and elaborate the MAGNITUDE technical and commercial 

functional architectures. 

¶ Investigate the technologies and MES involved the seven real-life case studies considered in the 

project and study their actual capabilities to provide flexibility to the electricity system. 

¶ Develop models and tools for the simulation and optimization of the control strategies of the 

technologies and MES in the case studies to improve their operation and maximize the flexibility 

provision. 

¶ Develop an aggregation platform to quantify the benefits of pooling flexibilities of decentralized 

MES for trading on the identified energy and ancillary service markets. 

¶ Propose and compare innovative market designs for the enhancement of the synergies at the 

level of the electricity, gas and heat markets, and implement them on a market simulation 

platform. 

¶ Assess the integrated system (namely MES optimisation, pooling through the aggregation 

platform, and market simulation) for selected business use cases in the 7 case studies. 

¶ Investigate the replicability and transferability of MAGNITUDE's business cases. 

¶ Evaluate the business models for the MES operator and for the aggregator in the 7 case studies. 

¶ Develop the specifications and a light implementation of a multi-energy data hub and 

interoperability layer. 
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¶ Propose policy strategy and recommendations in a pan-European perspective ς including 

technology, market, business models, and regulation aspects, and spread the project 

achievements towards stakeholders in the electricity, gas and heat sectors to raise awareness 

and foster a higher collaboration.  

The project results confirmed that MES can definitely provide flexibility to support the integration of 

RES in the electricity system and to contribute to decarbonization of energy system. MESs have 

potential to participate in energy markets, frequency ancillary service procurement, congestion 

management and capacity requirement mechanisms. But this strongly depends on technologies 

involved in the MES, the process and operation strategies. 

The simulations carried out for the seven real-life case studies showed that a significant amount of 

flexibility can be available but only a small part of the available flexibility is actually activated (i.e. in 

terms of energy delivered). This is illustrated in Figure 1 which gives for each case study the average 

percentage of the available flexibility which is activated. 

 
Figure 1 ς Average activated flexibility in percentage of available flexibility 

The main reasons for this situation are of different natures: 

¶ Technical, for instance linked to the capabilities of the MES technologies to meet the 

requirements of the market products. 

¶ Economic, for instance linked to competitiveness of the bids proposed on the markets with 

respect to other resources, or the economic viability of the business models. 

¶ Regulatory, for instance linked to limitations to access some markets.  

The main outcomes and lessons learnt of the project are explained in this deliverable, in which the 

following aspects are covered in detail: 

¶ Provision of flexibility by multi-energy systems (MES), 

¶ Aggregation of MES for flexibility trading. 

¶ Market and regulatory perspectives. 

¶ Replicability of the investigated use cases. 

¶ Assessment of the business models of the MES operator and the aggregator. 

¶ {ǘŀƪŜƘƻƭŘŜǊǎΩ ǊƻƭŜǎ ŀƴŘ interactions, multi-energy data hub and interoperability layer. 

Finally, the remaining challenges and future work are also described in a dedicated chapter as well as 

recommendations for further research and development activities, and future demonstration 

projects. 
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1 Introduction  to the MAGNITUDE project  

The present report is the public Deliverable D7.3 of the MAGNITUDE H2020 European project. It is 

dedicated to the capitalization of the main findings and lessons learnt from the MAGNITUDE project and 

its seven real-life case studies, as well as to the description of identified or potential barriers and 

recommendations.  

1.1 Context and objectives of the MAGNITUDE project 

The European energy system will experience important changes, in particular due to the targets set for 

renewable energy integration, reduction of greenhouse gas emissions and energy efficiency. Evolutions 

like the electrification of energy end-uses (e.g., development of electric vehicles, electrification of 

heating) will also have a significant impact.  

In this context, the electricity system is expected to be exposed to new or increased risks, for instance in 

terms of quality and security of electricity supply, congestion, system stability, curtailments, difficulty to 

meet the demand at some periods of time (system adequacy). To face these risks, different studies show 

that there is a growing need for more flexibility and a more active involvement of all the stakeholders at 

all levels (from small consumers on the distribution network to pan-European networks) to ensure an 

efficient and reliable operation of the electricity system. The service provision capabilities of both 

centralized and decentralized resources in a coordinated way (including consumersΩ and producersΩ 

resources) will have to be harnessed.  

Enhanced synergies between different energy carriers appear now as a possible means to provide 

flexibility to the electricity system, as well as to drive efficiency and business innovation in the energy 

sector. This is the topic of the Horizon 2020 EuroǇŜŀƴ ǇǊƻƧŜŎǘ άa!DbL¢¦59έΦ  

The project has developed optimization and coordination tools, and business and market mechanisms to 

provide flexibility to European electricity system by optimizing the synergies between electricity, gas, 

heating, and cooling systems. More specifically, MAGNITUDEΩǎ Ƴŀƛƴ Ǝƻŀƭǎ ŀǊŜ ǘƻΥ 

¶ enable the provision of services by Multi-Energy Systems (MES) to support the cost-effective 

integration of Renewable Energy Sources (RES) and enhance security of supply,  

¶ bring under a common framework, technical solutions, market designs and business models, 

¶ contribute to the ongoing policy discussions in the energy field. 

The methods and tools developed in the project are assessed on seven real-life case studies of multi-

energy systems located in seven European countries (Austria, Denmark, France, Great Britain, Italy, 

Spain, and Sweden) and covering different regulatory frameworks, sector-coupling technologies, 

stakeholders and business models. 

1.2 MAGNITUDE concepts and approach 

The main concepts and high-level architecture of the MAGNITUDE project are shown in Figure 2 below 

[1]. 
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Figure 2 ς MAGNITUDE concepts and high-level architecture [1] 

In this conceptual high-level architecture, 

¶ The Multi-Energy Systems (MES) are the providers of flexibility through the control of their 

technological components and the optimisation of their operation. As described later in Chapter 2, 

they may have different purposes and include different types of technologies and energy carrier 

networks (electricity, gas, heating, cooling). Depending on the case and on their size, these 

technologies can be in a large (industrial, commercial, ƻǊ ǇǳōƭƛŎύ ǎƛǘŜ ƻǊ ŘƛǎǘǊƛōǳǘŜŘ ŀǘ ŎƻƴǎǳƳŜǊǎΩ ƻǊ 

ǇǊƻǎǳƳŜǊǎΩ ǇǊŜƳƛǎŜǎΦ ¢ƘŜȅ Ƴŀȅ ŀƭǎƻ ōŜ ƻǇŜǊŀǘŜŘ ǘƘǊƻǳƎƘ ŀƴ 9ƴŜǊƎȅ aŀƴŀƎŜƳŜƴǘ {ȅǎǘŜƳ ό9a{ύ ƻǊ 

an equivalent device, which can perform a local aggregation at the level of the site. Considering the 

voltage frontiers between transmission and distribution electricity grids in the considered countries, 

the considered MES are mainly connected to the distribution networks. 

¶ The aggregation platform (AP): 

o collects the requests and signals from the electricity markets (E-market) and/or the service 

buyers, 

o aggregates the flexibility of the MESs and integrate it in its portfolio of resources, 

o proposes offers/bids to the electricity markets and services buyers.  

For these purposes, the AP performs forecasting of market prices and of the flexibility of the 

resources in its portfolio, and carries out optimizations at portfolio level, both for the preparation of 

the bids and the optimal dispatch between the MES and the other resources in its portfolio. The 

aggregation platform is described in more details in Chapter 3. 

The aggregation role is carried out by a so-ŎŀƭƭŜŘ άŘŜǊŜƎǳƭŀǘŜŘέ ǇƭŀȅŜǊΣ i.e. a player in competition 

with the other market participants. This role can be carried out by any such άŘŜǊŜƎǳƭŀǘŜŘ ǇƭŀȅŜǊέΣ ŦƻǊ 

instance a supplier, a Balance Responsible Party (BRP), a producer..., or a separate player. 
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¶ Electricity market (E-market) or service layers: all type of commercial relationships should be 

considered: organised markets and organised procurement mechanisms, call for tenders, bilateral 

negotiations or Over The Counter (OTC) trading, etc. However due to limitations of access to 

available data, mainly organised markets and mechanisms and some calls for tenders are studied in 

detail in the project.  

The electricity markets or service procurement mechanisms are composed of different layers, each 

associated with specific services and products traded. The following services have been selected as 

Ƴƻǎǘ ǊŜƭŜǾŀƴǘ ŦƻǊ a!DbL¢¦59Ωǎ ǘŀǊƎŜǘǎ [2]:  

o provision of reserves for Transmission System Operators (TSOs): Frequency Containment 

Reserve (FCR), automatic Frequency Restoration Reserve (aFRR), manual Frequency 

Restoration Reserve (mFRR), and some dedicated additional balancing mechanisms which 

may exist in certain countries, 

o re-dispatching mechanisms or active power control for congestion management at both 

transmission and distribution levels (ReD), 

o energy procurement mechanisms and markets: day ahead energy market (DA), intraday 

energy market (ID), 

o capacity requirement mechanisms (Cap), such as capacity markets and strategic reserves. 

They are described in more detail in Chapter 4. 

¶ Gas and heat/cooling markets (G-Market and H/C-Market) or services layers: in MAGNITUDE, the 

gas and heat/cooling markets or services provision mechanisms are not studied in full detail but are 

mainly considered to the extent that they affect or are affected by the MES provision of services to 

the electricity system. Indeed, the MES stakeholders procure or provide heat, cooling and/or gas and 

may also provide services to the gas or heat systems. The resulting potential constraints/barriers and 

opportunities/benefits have to be taken into account. They are described in Chapter 4. 

¶ Integrated (or coupled) multi -carrier markets: innovative market designs are proposed and assessed 

for integrated/coupled multi-carrier markets, which allow to increase synergies between the 

electricity, gas, and heat markets. This activity focussed mainly on the design of day-ahead multi-

carrier energy markets but could also be extended to the intraday energy markets. These innovative 

market designs are described in Chapter 4. 

¶ Multi -energy data hub and interoperability layer: a large number of stakeholders are involved in 

multi-energy systems, and the exchange of information is becoming an increasingly complex and 

resource intense process with many stages. A multi-energy data hub (centralised computing 

architecture as shown in the right of Figure 3) can provide improve data management and exchange 

processes between the different parties connected to the energy systems and markets, providing 

greater and more consistent data quality and transparency, and enhancing interoperability. The work 

carried out and the results obtained on this topic are described in Chapter 7.  
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Figure 3 ς Point-to-point architecture vs data bub architecture [3] 

The basic principles of the interactions between the MES and the aggregation platform are shown in 

Figure 4 and summarized below. 

 

Figure 4 ς Basic principles of the interactions between the MES and the aggregation platform 

(1)  The aggregation platform sends the MES the price forecasts for a certain period for the relevant 

markets considered for trading its flexibility. 

(2)  Using these market price forecasts, the MES carries out its optimization and sends the aggregation 

platform its flexibility forecasts and the associated costs or prices. 

(3)  The aggregation platform carries out its optimization aggregating the flexibility of the MES and the 

other resources in its portfolio (also called the aggregation pool) and sends flexibility bids to the 

markets selected. 

(4)  The market operators communicate the auction results and the accepted bids to the aggregation 

platform. 

(5)  The aggregation platform dispatches the relevant resources in its portfolio, including the MES, to 

provide the flexibility services, according to the accepted bids. 

(6)  The aggregation platform receives market revenues. 

(7)  The aggregation platform communicates to the MES its share of the market revenues. 

In the case of frequency reserve services (aFRR, mFRR), other steps may occur between Steps 5 and 6. 

Indeed, if needed for the compensation of imbalances, the TSO may send a signal to the aggregation 

platform to activate the delivery of the reserve services previously procured. The aggregation platform 

then dispatches the resources in its pool and accordingly sends an activation signal to the MES.  
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Finally, the overall MAGNITUDE approach can be summarized by the following activities that were 

carried out and generated the project main results: 

¶ Identify the most relevant flexibility services to be provided by Multi-Energy Systems (MES) to the 

electricity system, which allow to increase the share of RES and enhance security of supply, and 

characterize the procurement mechanisms for these services in the 7 case study countries. 

¶ Investigate the technologies and MES involved the seven real-life case studies considered in the 

project and study their actual capabilities to provide flexibility to the electricity system. 

¶ Elaborate the MAGNITUDE technical and commercial functional architectures and define the project 

business use cases investigated in the project. 

¶ Develop models and tools for the simulation and optimization of the control strategies of the 

technologies and MES in the 7 case studies to improve their operation and maximize the flexibility 

provision. 

¶ Develop an aggregation platform to quantify the benefits of pooling flexibilities of decentralized MES 

for trading on the identified energy and ancillary service markets. 

¶ Propose and compare innovative market designs for the enhancement of the synergies at the level of 

the electricity, gas, and heat markets, and implement them on a market simulation platform. 

¶ Assess the integrated system (namely MES optimisation, pooling through the aggregation platform, 

and market simulation) for the selected business use cases in the 7 case studies. 

¶ Investigate the replicability and transferability of MAGNITUDE's business cases. 

¶ Evaluate the business models for the MES operator and for the aggregator in the 7 case studies. 

¶ Develop the specifications and a light implementation of a multi-energy data hub and 

interoperability layer. 

¶ Capitalize the project main findings and lessons learnt and propose policy strategy and 

recommendations in a pan-European perspective ς including technology, market, business models, 

and regulation aspects. 

For each of the activities of the MAGNITUDE approach, Table 1 below shows the deliverables that were 

produced and that contain the project results. More information will be provided in the different 

chapters of the current report. An overview of these deliverables can also be found on the MAGNITUDE 

website [4], along with the full version of the public deliverables. 

Table 1 ς Deliverables produced for each activity of the MAGNITUDE approach 

Activities of the MAGNITUDE approach Deliverables 

Flexibility services to be provided by MES to the electricity system and 
procurement mechanisms 

D3.1 

Flexibility capabilities of cross-sector technologies and MESs  D1.1, D1.2, D1.3 

MAGNITUDE technical and commercial functional architectures and project 
business use cases 

D2.1 

Models and tools for the simulation and optimization of control strategies of 
technologies and MES to optimize their operation and maximize flexibility 
provision 

D4.1, D4.2, D4.3 

Aggregation platform for the pooling and trading of the flexibilities of 
decentralized MESs  

D5.1, D5.2, D5.3, 
D5.4 
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Activities of the MAGNITUDE approach Deliverables 

Innovative market designs for synergies maximization at market level, and 
implementation on a market simulation platform 

D3.2, D3.3, D3.4 

Assessment of integrated system (MES optimisation, pooling through the 
aggregation platform, and market simulation) 

D6.1, D6.2 

Replicability and transferability of MAGNITUDE's business cases D1.4 

Business models assessment for MES operator and aggregator D3.5 

Multi-energy data hub and interoperability layer D2.2, D2.3 

Lessons learnt, policy strategy and recommendations in a pan-European 
perspective 

D7.3, D7.4 

 

1.3 Structure of Deliverable D7.3 

The structure of the deliverable reflects the project approach to a large extent and covers the following 

aspects in the different chapters: 

¶ In Chapter 2, the seven MAGNITUDE real-life case studies are first described, along with the business 

use cases that have been studied. Then, the ability of the technologies involved in the case studies to 

provide flexibility is discussed. The following section is devoted to the description of the models 

developed for the simulation and optimisation of the different MES. Finally, an overview of the main 

outcomes and lessons learnt from the simulation of the seven case studies is given, and some 

recommendations are provided. 

¶ Chapter 3 first describes the software tools and processes developed for the multi-energy 

aggregation platform and the trading of MES flexibility on the markets. Then the main outcomes and 

lessons learnt from their assessment and from the simulations carried out on the case studies (where 

aggregation is performed) are reported, and finally, some recommendations are provided. 

¶ Chapter 4 is devoted to market and regulatory perspectives. It first presents the services to the 

electricity system that have been identified as most relevant to achieve the project goals. Some basic 

characteristics of the electricity, gas and heating/cooling sectors are then given, and an overview of 

the main outcomes and lessons learnt on the existing market designs, regulation and services 

procurement mechanisms in the seven case study countries is provided, along with 

recommendations for potential evolutions and improvements. Finally, the last section describes the 

innovative integrated multi-carrier day-ahead (DA) market designs that have been proposed to 

increase synergies between the electricity, gas, and heat markets. 

¶ Chapter 5 provides an overview of the main outcomes, lessons learnt and recommendations from 

the assessment of the replicability and transferability of the multi-energy systems (MES) of the case 

studies and their business use cases to the countries of the MAGNITUDE consortium.  

¶ Chapter 6 is devoted to the business models of the MES and the aggregator that were assessed for 

the 7 case studies. It provides an overview of the main results and lessons learnt from the business 

model assessment, some specific results for each case study, as well as the main recommendations 

¶ Chapter 7 first describes the outcomes and lessons learnt from the work carried out on the 

characterisation of the main stakeholders involved in the electricity, gas, and heating/cooling 
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sectors, in terms of their roles and their main interactions. Then, the second part of the chapter 

provides an overview of the specification and implementation of the MAGNITUDE multi-energy data 

hub and interoperability layer. 

Finally based on the main outcomes and lessons learnt from the project, Chapter 8 is devoted to the 

description of the remaining challenges and the recommendations for future research and development 

work, as well as recommendations for future demonstration projects. 



MAGNITUDE  D7.3  ïMAGNITUDE  LESSONS LEARNT 

 

 

©MAGNITUDE Consortium 20 September 2021 

2 Provision of flexibility by multi -energy systems  

In this chapter, the seven MAGNITUDE real-life case studies are first described, along with the business 

use cases that have been studied. Then the ability of the technologies involved in the case studies to 

provide flexibility is discussed. The following section is devoted to the description of the models 

developed for the simulation and optimisation of the different MES. Finally, an overview of the main 

outcomes and lessons learnt from the simulation of the seven case studies is given, and some 

recommendations are provided. 

2.1 The MAGNITUDE real-life case studies 

As previously mentioned, the project concepts, the tools and models developed, and the proposed 

market and business mechanisms were assessed and validated on seven real-life case studies of multi-

energy systems of different sizes and technological features, located in seven European countries 

(Austria, Denmark, France, Great Britain, Italy, Spain, and Sweden). They allowed to cover different 

regulatory frameworks, support schemes, geopolitical characteristics, as well as different stakeholders 

and business models. The considered case studies are: 

¶ the Milan district heating system of A2A Calore e Servizi (ACS) in Italy, 

¶ the wastewater treatment plant of EMUASA in Spain, 

¶ the district heating and cooling systems of Mälarenergi in Sweden,  

¶ an integrated pulp and paper mill in Austria, 

¶ the HOFOR case study in Denmark consisting of distributed units for domestic hot water preparation 

(heat pumps and thermal storages for multi-storey buildings, and electric heat boosters and thermal 

storages for single-family houses) ŀǘ ŎƻƴǎǳƳŜǊǎΩ premisses connected to a low temperature district 

heating network, 

¶ the Neath Port Talbot Borough Council area in the United Kingdom (UK), focusing on a Combined 

Cycle Gas Turbine (CCGT), steelworks (Tata Steel) and large renewable energy plants, 

¶ the district heating and cooling systems and the decentralized substations of the Paris Saclay site in 

France. 

They provided the data foundation for the assessment work and for the modelling and development 

activities that took place in the different Work Packages of the project. They are described in detail in 

MAGNITUDE Deliverables D1.1 [5] and D1.2 [6]. Their main characteristics are summarized below. 

The 7 case studies cover three main categories of MES and/or combinations of such MES, namely 

industrial sites (EMUASA, Austrian paper mill, NPT), large district heating/cooling systems (ACS, 

Mälarenergi, Paris Saclay), and distributed units ŀǘ ŎƻƴǎǳƳŜǊǎΩ ǇǊŜƳƛǎŜǎ (HOFOR) or in decentralized 

substations (Paris Saclay). The main technologies and the energy carriers involved in each case study are 

shown in Table 2. In this table, blue cells indicated when the corresponding technology or energy carrier 

is included in the case study. Due to the size of the considered MES and the voltage frontiers between 

transmission and distribution electricity networks in the case study countries, only the MES of the NPT 

case study are connected to the transmission network and all the other MES are connected to the 

distribution networks. 

For each of the case studies, two types of configurations were investigated, namely the existing 

configuration and configurations implementing technological options and/or operation strategies to 
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improve the provision of flexibility to the electricity system. Different possible improvement options and 

strategies were discussed with the case study owners and/or the MAGNITUDE partners in charge of the 

interface with the case studies [5], [6]. The ones selected for investigation are shown in Table 3 [7]. They 

appeared as the most relevant both for the project goals and from the technical feasibility of 

investigation in the project (e.g. availability of data).  

As will be seen later in this chapter, the main flexibility levers that can be activated depending on the 

case study are the following: 

¶ fuel shifting between energy carriers through the operation of the technologies in the case study, 

¶ storage capability, 

¶ load shifting or demand response. 

Table 2 ς MAGNITUDE case studies: technologies and energy carriers 

 

Case study Mälarenergi Paper mill HOFOR ACS NPT EMUASA Paris Saclay 
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waste boiler 

     
 

  

Gas boiler         

Steam turbine          

Gas turbine        

Gas engine        

Heat pump        

Electric boiler        

Biogas storage        

Thermal storage        
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Heat        

Cooling        

Gas       Biogas*  

Electricity        

Blue cells indicate that the technology or energy carrier is included in the case study. 

* In the case of EMUASA, the gas carrier is not natural gas, but biogas produced on site by the process. 
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Table 3 ς MAGNITUDE case studies: improvement strategies and services considered for provision [7] 

Name 

(Country) 
MES main activity Improvement strategies 

Provision of services in 

current procurement 

mechanisms 

Mälarenergi 

(Sweden) 

District heating 

network 

Introduction of a second heat storage 

system. 

DA, ID, mFRR, strategic 

reserves (Cap). 

Paper mill 

(Austria) 

Integrated pulp and 

paper mill 
Installation of a new steam accumulator. DA, ID, aFRR, mFRR.  

HOFOR 

(Denmark) 

Distributed units at 

ŎƻƴǎǳƳŜǊǎΩ and low 

temperature district 

heating network 

Appropriate control and communication 

interfaces to allow aggregation of 

distributed units and provide services 

through heat load shifting. 

DA, ID, congestion 

management on the 

distribution network (ReD). 

ACS (Italy) 
Milan district heating 

network 

Increase of thermal storage capacity by 50%. 

Winter heat demand peak shaving. 
DA, FCR, aFRR, mFRR.  

Neath Port 

Talbot (UK) 

Steel industry, CCGT 

and large RES 

Improved coordination between electricity 

and gas markets. 

DA, congestion management 

on the transmission network 

(ReD), capacity market (Cap). 

EMUASA 

(Spain) 

Wastewater 

treatment plant 

Doubling gas storage capacity. 

Introduction of a heat storage system. 
DA, ID, mFRR.  

Paris Saclay 

(France) 

District heating and 

cooling networks, and 

distributed units in 

substations 

Introduction of thermal (heat and cooling) 

storage in decentralized substations. 

Integration of photo-voltaic (PV) resources. 

DA, ID. 

 

Table 3 also gives in the last column the services that were investigated for each case study. Their 

provision was considered in the current procurement mechanisms in place in the case study country. 

These services have been introduced in the previous chapter (see Section 1.2) and are described in more 

detail in Chapter 4, Section 4.1. They consist of:  

¶ energy procurement mechanisms and markets: day ahead energy market (DA), intraday energy 

market (ID), 

¶ provision of reserves for TSOs: Frequency Containment Reserve (FCR), automatic Frequency 

Restoration Reserve (aFRR), manual Frequency Restoration Reserve (mFRR), 

¶ re-dispatching mechanisms or active power control for congestion management at transmission or 

distribution levels (ReD), 

¶ capacity requirement mechanisms (Cap), such as capacity markets and strategic reserves. 

Like for the improvement strategies, for each case study, the services were selected through workshops 

and discussions organised with the case study owner and the project partner ensuring the interface with 

the case study. It should be noted that for all case studies, the optimisation of the MES operation with 

respect to its participation in the DA energy market was first carried out. Then the provision of the 

other services without and with the implementation of the improvement strategies was investigated, 
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leading to several scenarios that were simulated and assessed for each case study, namely 4 scenarios 

for Mälarenergi, 4 scenarios for the Austrian paper mill, 6 scenarios for HOFOR, 8 scenarios for ACS, 4 

scenarios for NPT, 8 scenarios for EMUASA, 8 scenarios for Paris Saclay [7], [8].  

Table 3 thus summarizes the business use cases studied in the project for the case studies. 

 

2.2 Capabilities of technologies 

The ability of the technologies involved in the case studies to provide flexibility was first investigated 

based on a literature review and the collection of data and information from available studies, 

manufacturer data, current and finished projects, technology and case studies factsheets, and 

background of the consortium partners. The results of this analysis are provided in Deliverable D1.1 [5] 

and D1.2 [6]. 

Depending on the technology, the provision of flexibility to the electricity system can be performed by 

modifying the electricity produced, converting electricity into other energy carriers (e.g. heat, gas), 

increasing, decreasing or shifting the electricity consumption.  

The products traded on the markets, and particularly on the frequency ancillary service markets, have to 

meet certain requirements, for instance in terms of maximum full activation time, minimum duration of 

the product delivery, symmetry of product1 on some markets (e.g. for aFRR and FCR), minimum bid 

volume, etc. The capabilities of the technologies to meet these requirements have thus to be 

characterized and assessed. 

In this respect, three parameters are particularly important and have to be known and monitored:  

¶ Ramp-rate expressed in units of power over time, which indicates how quickly an output is changing, 

either ramping up, or ramping down.  

¶ Start-up time expressed in units of time, which is the time needed by a power plant to reach full 

load. Two procedures have to be distinguished: (i) cold start when the power plant is shut down for 

many hours or days and (ii) warm start when the temperature of the power plant is maintained to a 

certain level.  

¶ Power range expressed in units of power. Technologies vary greatly in capacity; so, aggregation of 

several smaller units through the implementation of an appropriate ICT infrastructure allows to 

reach higher capacities.  

Table 4 provides these basic technical characteristics for the technologies considered. Technologies with 

short ramp-up and start-up times, and high-power capacities such as electric boilers, gas engines and 

aero-derivative turbines meet requirements for frequency containment reserve (FCR) markets. Gas 

turbines and aggregated heat pumps/chillers and ORC systems are suited for the participation in the 

άshort-termέ energy balancing markets (aFRR, mFRR). As such, technologies with less flexible capabilities 

such as condensing turbines and steam turbines cannot provide the full range of flexibility services. They 

are more relevant for intraday and day ahead energy markets. However, heat and gas storages can 

increase the flexibility provision of the above-mentioned technologies or system configurations to which 

they are coupled or in which they are integrated. 

 
1 FƻǊ άǎȅƳƳŜǘǊƛŎέ ǇǊƻŘǳŎǘǎ, the capacity committed for downward and upward services must be the same, 
ǿƘŜǊŜŀǎ ƛǘ Ƴŀȅ ōŜ ŘƛŦŦŜǊŜƴǘ ŦƻǊ άŀǎȅƳƳŜǘǊƛŎέ ǇǊƻŘǳŎǘǎ. 
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Table 4 ς Basic technical characteristics of the considered technologies [6] 

 
Technology 

Power 
output/input  

Hot start up 
time 

Cold start up 
time  

Ramp rate  

MWe min min 
% of nom. 
power/min 

Backpressure steam turbines- liquid fuel 1-250 120-360 240-420 1-8% 

Backpressure steam turbines - solid fuel 1-250 120-360 240-420 1-4% 

Condensing turbines- solid fuel 5-1 000 120-360 240-420 1-4% 

ORC turbine 0.05-11 15 20-30 15-30% 

Gas engine* 0.1-20 0.5-0.2 10-20 20-50%* 

Gas turbine simple cycle 3-593 5-15 10-45 8-16% 

Gas turbine combined cycle 44-593 30-45 145-255 6% 

Gas turbine simple cycle aeroderivative 36-117 5 10-12 82-132% 

Heat pump** 0.0005-7.5 3 300 20% 

Electric boiler 0.005-60 0.5 5 100% 

Compression chillers*** 0.0002-3.2 3 60 6% 

Absorption chillers**** 0.015-14 n.a. 30 n.a. 

*- running gas engine may have ramp rate of 100%/min; **- power consumption calculated for COP=4; ***- power consumption calculated for 

COP=6.5, hot start up time as for heat pumps; ****- only thermal power is shown 

Flexibility requirements can also be expressed as the time within which the minimum power volume (in 

MW) has to be provided to the electric grid. As indicated in Figure 5, the gas-to-power and heat-to power 

technologies are important for frequency control and balancing because of their reactivity and the 

volume that they are able to provide. In particular, electric boilers (e-boilers), which have the shortest 

hot-start up time and ramp rate per minute at 100% of nominal power, can play an important role in the 

market of balancing services. E-boilers and other power-to-heat/cold technologies are thus relevant for 

ǘƘŜ άǎƘƻǊǘ-ǘŜǊƳέ ǎŜǊǾƛŎŜǎΦ 

 
Figure 5 ς Flexibility options provided by different technologies, orange arrows show capability for running technologies and 

blue arrows reflect capability including time needed for start-up from hot state 
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Figure 5 shows that for most technologies, as long as the generating/consuming unit is on (orange 

arrows), it can meet flexibility requirements in seconds, but this perspective is very different when the 

unit is off (blue arrows). Certain technologies such as steam turbines and CCGTs require up to several 

hours for cold start up, while others, such as gas engines, e-boilers, and aero-derivative turbines, are 

much quicker and can be switched on in less than 15 minutes. To shorten the time needed to connect to 

the electric grid, units can be held as a hot reserve, meaning that they are constantly heated; 

nevertheless, their ability to provide certain products to the electricity market is still limited as presented 

in Figure 6Φ Lƴ ŦŀŎǘΣ ƴƻǘ ŀƭƭ ǘŜŎƘƴƻƭƻƎƛŜǎ ƪŜǇǘ ƛƴ ŀ άƘƻǘ ǊŜǎŜǊǾŜέ Ŏŀƴ ǊŜŀŎǘ ǿƛǘƘƛƴ ŀ ǊŜǉǳƛǊŜŘ ǘƛƳŜŦǊŀƳŜΥ 

steam turbines and CCGT units can deliver flexibility to the grid in a time ranging from 60 to 120 min, 

aero-derivative turbines and electric boilers have the highest potential among the analysed technologies, 

followed by gas engines. Large simple-cycle turbines, despite a quite low ramp rate, may still play an 

important role in the market, thanks to their sizes. Technologies as ORC turbines and heat-pumps may 

need to be aggregated in order to meet the requirement for a minimum volume.  

 

 
Figure 6 ς Ramp rates [% nominal.power/min] and [MW/min] for the biggest power output as functions of hot start-up time 

Figure 7 shows the impact of the unit size on its ramp rate expressed in MW/min. It can be seen that 

some technologies cannot provide the FCR service in some countries because of the very short full 

activation time (10-180 s) and the specific volume of megawatts (0.1-3 MWe) requested. Therefore, 

aggregation may be required.  

Investment costs have also been analysed for the studied technologies. The specific investment costs in 

EUR/kWe (minimum and maximum values) are presented Figure 8, and these costs divided by their ramp 

rate speed [% of nominal power/min] are showed in Figure 9. It appears that the investment cost of 

reactivity ŜȄǇǊŜǎǎŜŘ ƛƴ ώϵ/kWe] / [% of nominal power/min] varies between 0.3 for e-boilers up to 375 

for solid fuel steam turbines. These values indicate that, among the examined technologies, only a few of 

them - such as e-boilers, gas aero-derivative turbines and gas engines - can provide flexibility to a market 

with a low investment cost and can be installed only for this purpose. For the other technologies, the 

cost of providing ancillary services to the grid may probably be too high, so the flexibility provision can be 

targeted only as a by-product and a decision about the investment should not be based only on this 

purpose.  
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Figure 7 ς Power range of analysed technologies and their ramp rates [MW/min] 

 
Figure 8 ς Specific investment cost for the studied technologies. Cost for heat pumps was converted from kWth into kWe (of 

consumed electricity) by dividing the heat production by a COP of 3 
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Figure 9 ς Specific cost of investment divided by ramp rates for different technologies 

Besides the investment costs, operational costs are as well of key importance and are influenced by 

efficiency, fuel price, environmental costs, maintenance, electricity costs, etc. Hybridization, e.g. coupling 

gas engines with e-boilers, may not only increase the capability of the multi-energy system to provide 

flexibility to the electricity system, but also minimize the operational costs and/or increase the incomes. 

However, as discussed in Section 2.4, in some countries where the electricity prices are high, it may turn 

out that the scheduling of electric boilers can be too expensive. 

From a technology coupling perspective, thermal storage is a very promising option: even though it does 

not directly provide flexibility to the electricity markets, it enables to deal with a surplus or insufficient 

heat production, which is important to maintain high overall efficiency. Heat storage is not only capable 

to shave heat peak loads, but, in combination with P2H technologies, also to shave electrical peaks.  

It should be highlighted that the flexibility capability of technologies is highly determined by the 

characteristics of the overall MES system in which they are involved. In this respect, the integrated 

management of the different technologies at the level of the MES site may partially overcome the 

technical limitations. This will be discussed in more detail in Section 2.4. At a higher level, the 

aggregation of the MES within a portfolio with other flexible resources allows the provision of market 

products that the MES alone could not provide (see Section 3.2). 

Other key factors have to be considered regarding flexibility provision, such as [9]: 

¶ Lockout constraints, which refer to constraints requiring that a unit cannot be started again within a 

certain time period after it is shut down, due to mechanical requirements or for protecting the 

device. 

¶ High starting currents of certain technologies. 

¶ Minimum load levels of each piece of equipment (e.g. CHP, CCGT) and of the overall technology 

coupling.  

¶ Mechanical stress due to frequent switching.  

¶ Possibly high maintenance cost due to fast and frequent start-ups / shut down and load changes. 



MAGNITUDE  D7.3  ïMAGNITUDE  LESSONS LEARNT 

 

 

©MAGNITUDE Consortium 28 September 2021 

¶ Fast and more frequent starts and stops, and load changes may affect the long-term operation 

efficiency of the technologies: they may induce more stress in critical components, leading to 

increased fatigue damage and a reduction of the lifetime of the equipment. 

¶ Update of the control and communication systems might be required. 

¶ Flexibility provision may be limited by the interconnections of the MES with the external networks. 

For instance, limited capacity of the interconnection equipment (e.g. transformers with insufficient 

capacity in the ACS case study) or of the other networks (e.g. the gas network) may impose 

limitations on the maximum amount of power that the MES can exchange on the electricity grid. In 

this case, network reinforcement or equipment upgrade is a potential solution.  

Finally, it should be kept in mind that flexibility provision does interfere with the industrial process and 

the core business of the MES. In heat driven and industrial processes, there is a coupling between the 

electricity generation or consumption and the heat generation. The priority of the MES operation will be 

to satisfy the needs of this core production process e.g., supply heat or cooling to consumers for district 

heating and cooling networks, produce paper or steel, treat wastewater, etc. 

 

2.3 Modelling and optimisation of MES 

The MES in the seven case studies were modelled in detail with the main objectives of simulating their 

behaviour and investigating optimisation strategies with respect to the provision of flexibility services to 

the electricity system, in accordance with the selected business use cases described in Section 2.1 and 

summarized in Table 3. 

The modelling activities consisted in two steps [10]: 

¶ The MES in each case study was first modelled as per its physical and operational behaviours2 

integrating all the relevant technological components in order to reproduce as accurately as possible 

its dynamic behaviour [11]. The specifications of the models, for instance in terms of dimension or 

complexity, control and observable variables, time resolution, etc. took into account the services and 

scenarios that were going to be studied. The models were coded into suitable tools able to support 

both the simulation and the optimization phases, and they were tested against the real information 

and time-series data provided by the case study owners on their MES. For the data that were not 

available, otherwise specific time series were defined to identify possible scenery.  

¶ The models were then extended to implement the new technological configurations and/or control 

strategies corresponding to the selected improvement options and business use cases [7]. The 

challenge in this second phase was the development for each of the seven project case studies of 

appropriate optimisation algorithms and methods. The algorithms and methods were designed to 

simulate and assess the MES both in the base-case configuration and improved configurations for 

the defined scenarios and boundary conditions, integrating the provision of the market services 

associated to each case study, and maximizing identified key performance indicators (KPIs). The 

outcomes from the developed tools were also configured in order to interact with the multi-energy 

 
2 Physical models are mainly related to representing the system behaviour integrating its technological 
components, while operational models refer to the management of the system related to a specific business model 
which requires an optimization step, like for instance the elaboration of a (optimal) planning. 
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aggregation platform in order to simulate the participation of MESs to the trading of flexibility on the 

markets. Requirements of the aggregation platform were then also taken into account. 

The modelling of MES was carried out based on dynamic models, ranging from physical representation of 

the MES behaviours (e.g. for the Austrian Paper Mill), grey box models where the dynamic regarding 

starting/stopping/changing set-point phases are modelled, and data driven models based on the black 

box paradigm. The output of the process consisted of (set of) tools, which run on software platforms 

satisfying the requirements. In particular, these tools are able to replicate one or more use cases, 

interfacing with the aggregation platform in order to simulate the provision of services both in the 

operational planning and operation phases, as needed.  

Figure 10 below shows in more detail different methodological steps used in the modelling activities 

[10]. 

 

 
Figure 10 ς Methodological steps in MES model development [10] 

Some lessons learnt from the modelling activities can be summarized as follows: 

¶ Regarding the type of models developed, dynamic models of MES are relatively easy to replicate, for 

instance once such a mathematical model exists for a MES, it can be relatively easy to adapt it to 

minor system modifications. Parameterized models can be adopted in order to instantiate as many 

times as needed the same model to represent different units. 

¶ Data driven models does not required a full understanding of the fundamental MES processes and of 

the underlying system behaviours of MES technologies. Therefore, they are easier to develop but, 

since they are trained and validated with data, they fully rely on the quality and availability of the 

data. Extrapolation and accurate predictions outside of the training data regime need a careful 

validation with testing data different from those used for training.  

¶ Validated models of MES technologies and energy carrier networks already exists. The exploitation 

and proper adaptation of such existing models increase the efficiency and reliability of the use cases 

under development.  

¶ The possibility to integrate different codes and tools to model several system components or 

different system tasks facilitates the modelling activity and can provide a more reliable result. The 

different models can be arranged in a hierarchy to differentiate the technologies and the different 
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level of abstraction. The availability of suitable libraries with a variety of models of both technologies 

and energy carrier networks is an important factor for the modelling and assessment of MES. 

¶ MES optimization implies highly complex processes that involve several energy carriers converted by 

generators, consumers, and storages devices. The ability of a model to support the representation 

and characterisation of the flexibility at each level (technology and system levels) or operating step 

(planning, operational planning and real-time operation) allows to highlight the potentials and 

barriers that influence the total amount of flexibility that the system can provide. The potentials and 

barriers at the technological level are related to the physical and operational models, and whereas 

potentials and barriers at the regulation and market level, are related to the operational model.  

¶ For flexibility assessment, the model temporal resolution is a key point and has to correspond to the 

temporal resolution of the studied services, namely seconds for FCR, minutes for aFRR or 10 min for 

mFRR. These short data intervals require high simulation workload and much data storage volume. 

¶ The main bottleneck in modelling is the lack of experimental data. Measured data on actual MES 

plant enable the elaboration of more reliable models and support the model validation. Hence, real 

data are a precious resource, but at the same time they can be very sensitive (for instance for 

competitive advantage), are not easily shared. Data availability especially from industrial processes is 

one of the main hurdles for modelling and simulation of MES technologies.  

Further research and development are needed regarding models for MES technologies as well as for MES 

systems combining several different technological assets, with the objectives to accurately represent 

their behaviours and the flexibility they can provide, and to investigate alternative optimisation 

strategies, integrating in particular all the cost as environmental components. With the current trend on 

the markets to have shorter products closer to real time, the future the time horizon/resolution will have 

also to be shortened.  

 

2.4 Assessment of MES in the case studies 

The aim of the assessment was not only to characterise the performance of the flexibility provision in the 

seven real-life case studies but also to determine the effect of the flexibility provision and of the 

improvement strategies on a case study itself. 

This assessment was carried out through a set of Key Performance Indicators (KPIs) described in 

Deliverable D6.1 [12]. More specifically, 37 KPIs were defined covering four different types of KPIs, 

namely technical, economic, environmental and social/policy KPIs and addressing the project targets and 

expected benefits, expressed as follows: 

¶ Increased flexibility potential from MES operation in a synergetic MES environment.  

¶ Increased sustainability, security of supply and quality of service in electricity supply and grid 

operation.  

¶ Increase of generation and/or utilization of renewable energy. 

¶ Provision of cost-effective MES flexibility in the electrical power system. 

¶ Creation of market mechanisms and business opportunities to mobilize flexibility and participation in 

in the market (directly or through aggregators). 

The KPIs were further categorized in different layers to reflect the assessment across the different 

system levels, i.e. MES internal KPIs related to technologies and technology coupling, MES output KPIs 

related to configurations and control strategies, MES aggregation KPIs related to the aggregation of MES 
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flexibility, Services and Markets KPIs related to the service provision on the markets, and then General 

Project Level KPIs. They are further explained in Figure 11. 

 

 
Figure 11 ς KPI layers corresponding to system levels [12] 

For the needs of the assessment, some KPIs had to be adapted later and some new ones were 

introduced when required. The whole set of KPIs allowed to assess the performance of the base case and 

improved configurations of the studied MES in terms of flexibility provision, energy efficiency, 

environmental efficiency, and economic efficiency. However, since each case study (CS) has its own 

specificities (e.g. in terms of the type of energy consumed and/or generated, the flexibility markets 

considered, types of technologies), different subsets of the KPIs had to be used for the evaluation of the 

seven CSs. 

As mentioned in Section 2.1, for each of the 7 CSs, between 4 and 8 scenarios were simulated and 

compared. First, a base case was considered, where the operation of the MES is optimized against day-

ahead energy market prices. Then one or several improvement strategies were implemented for each 

MES (see Table 3), providing new scenarios that could be compared to the base case. Finally, the 

provision of flexibility services was simulated both for the base case scenario and the scenario(s) with the 

improvement strategy (strategies). As a result, the analysis allowed to investigate the impact of the 

introduction of an improvement strategy on the flexibility potential and flexibility actually provided, on 

the energy efficiency, and on the environmental and economic efficiency of the MESs. The impact of the 

actual provision of flexibility in the markets on the operation and the performances of the MES could 

then be assessed. The scenarios simulated for each case study are presented in Table 5 below. 

Table 5 ς Simulated scenarios for each case study 

Case study Scenario Improvement strategies considered Flexibility services provided 

Mälarenergi 

(Sweden) 

SC1 
No improvement strategy 

No flexibility service 

SC2 ID + mFRR 

SC3 Installation of a second heat storage No flexibility service 

SC4 ID + mFRR 

Paper mill 

(Austria) 

SC1 
No improvement strategy 

No flexibility service 

SC2 ID + aFRR + mFRR 

SC3 Installation of a steam accumulator No flexibility service 

SC4 ID + aFRR + mFRR 


























































































































































