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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 maioutcomes and lessos learnt from the MAGNITUDE
project and its seven redife case studies, as well as to the description of identified or potential
barriers and recommendations.

The MAGNITUDE projdtasdeveloged a whole chain of optimization and coordination tools, & w
as business and market mechanisms, to provide flexibility to the European electricity system, by
optimizingthe synergies between electricity, gdmeatingand coolingsystems.

a2NB alLISOAFTAOIffe>Y a! DbL¢!59Qa YIFIAYy 3I2Ff & 6SNB

1 enable the provision of services by Mtiihergy Systems (MES) to support the @fftctive
integration of Renewable Energy Sources (RES), and enhance security of supply,

9 bring under a common framework, technical solutions, market designs and businéstsmo

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

The methods and tools developed in the project were assessed on sevelifeease studies of
multi-energy systemsof different sizes and technological featsréocated in seven Eupean
countries (Austria, Denmark, France, Great Britain, Italy, Spain, and Sweden) and covering different
regulatory frameworks, secteroupling technologies, stakeholders and business models

The overall MAGNITUDE approach to achieve its goals can beasizeuinby the following activities
that were carried out and generated the project main results:

9 Identify the most relevant flexibility services to be provided by Matiergy Systems (MES) to
the electricity system, which allow to increase the share & B&d enhance security of supply,
and characterize the procurement mechanisms for these services in the 7 case study countries.

1 Characterize the main stakeholders invohiadthe electricity, gas, heating and coolisgctors,
their roles and their interatbns, and elaborate the MAGNITUDE technical and commercial
functional architectures.

91 Investigate the technologies and MES involved the seveHifealase studies considered in the
project and study their actual capabilities to provide flexibility to éhectricity system.

1 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.

9 Develop an aggregation platform tuantify the benefits of pooling flexibilities of decentralized
MES for trading on the identified energy and ancillary service markets.

1 Propose and compare innovative market designs for the enhancement of the synergies at the
level of the electricity, gasnd heat markets, and implement them on a market simulation
platform.

1 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.

1 Investigae 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.

9 Develop the specifications and a light implementation of a raiigrgy data hub and
interoperability layer.

=
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1 Propose policy strategy and recommendations in a {gamopean perspective; including
technology, market, business models, and regulation aspeetsd @read the project
achievements towards stakeholders in the electricity, gad heatsectors to raise awareness
and foster a higher collaboration.

The project resultsonfirmedthat MES camlefinitely provide flexibility to supporthe integration of
RES irthe electricity system ando contribute to decarbonization of energy systeMES have
potential to participate in energy markets, frequency ancillary service procureneamgestion
managementand capacity requirement mechanismBut this srongly depends on technologies
involvedin the MES, the process and operation strategies

Thesimulations carried out for theevenreatlife case studieshowedthat a significantamount of
flexibility can beavailablebut only a small prt of the available flexibility isctuallyactivated {.e.in
terms ofenergy delivered)This is illustratedh Figurel which gives for each case study the average
percentage of the available flexibility which is activated.

Average activated flexibility compared to available flexibility
20%
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Centralized district heating & cooling Distributed district heating & cooling Industrial facilities MES on transmission
network

Figurel ¢ Average activated flexibility in percentage of available flexibility

The main reasons for this situati@ne of different natures:

1 Technical, for instancdinked to the capabilities of the MES technologies to meet the
requirements of the market pructs.

1 Economic,for instance linked tocompetitivenessof the bids proposed on the marketsith
respect to other resources, or the economic viability of the business models.

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

The main outcomes and lessons leaofitthe projectare explained in this deliverable, in whidtet
following aspects are covered detait

91 Provision of flexibility by muktenergy sgtems (MES),

1 Aggregationof MES for flexibilityrading.

1 Market and regulatory perspectives

1 Replicability of the investigatedsecases.

1 Assessment of thbusiness models of the MB@eratorand the aggregator

T {41 1 SK2f RSingaationgBnbltEeaergy datd 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 activitiaad future demonstration
projects

©MAGNITUDE Consortium 5 September2021
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1 Introduction to the MAGNITUDE project

The present report is the public Deliverabl@.®of the MAGNITUDE H2020 European projécis
dedicated to the capitalization of the main findings and lessons learnt from the MAGNITUDE project and
its seven realife case studies, as well &3 the description ofidentified or potential barriers and
recommendations.

1.1 Contextand objectives ofhe MAGNITUDE project

The Europeamnergysystem will experience important changes, in particular due to the targets set for
renewable energy integration, reduction of greenhouse gas emissions and energy effiGeaslations

like the electrification of energy endses (e.g., development of electric vehicles, electrification of
heating) will also have significantimpact.

In this context, he electricity system is expected to be exposed to new or incredsks, for instance in
terms ofquality andsecurity ofelectricity supply, congestion, system stability, curtailmedtfjculty to

meet the demand at some periods tifne (system adequacyYo face these risksjfterent 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 consumeos the distribution networkto panEuropean netwrks) to ensurean
efficient and reliable operation of the electricity systeffihe service provision capabilities of both
centralized and decentralized resources in a coordinated wayu¢img consumer§and producer
resourceswill have to be harnessed

Enhanced ywnergies between different energy carriers appear now as a possible means to provide
flexibility to the electricity system, as well as tvive efficiency and business innovation in the energy
sector. This is the topic of the Horizon 2020 WS I y LINRP 2SO0 dGa! DbL¢! 59¢ @

The projecthasdeveloped optimization and coordination toolsnd business and market mechiams to

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

heating and cooling sstems More specificalyMAGNITUDE& Y I Ay 3J2Ffa | NB (2Y

I enable the provision of services by Mulinergy Systems (ME®) support the costeffective
integration of Renewable Energy Sour(@BR&S) and enhance security of supply

1 bring under a commoiramework, technical solutions, market designs and business models

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

The methods and tools developéd the projectare assessed oseven realife case studies of multi

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

Spain, and Sweden) and cowey different regulatory frameworks, sectaroupling technologies,

stakeholders and business models

1.2 MAGNITUDE concepts and approach

The mainconcepts and highevel architecture of the MAGNITUDE project are showhigure2 below
[1].

OMAGNITUDE Consortium 13 September2021
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Figure2 ¢ MAGNITUIE concepts and highevel architecture[1]

In this conceptual higlevel architecture,

I The MultrEnergy Systems (MESe the providers of flexibility through the control of their
technological components and the optimisationtb&ir operation. As describelater in Chapter2,
they may have different purposes and include different types of technologies and energy carrier
networks (electridiy, gas, hedhg, cooling). Depending on the case and on their size, these
technologies can be in a large (industrial, commer&iaN LJdzof A O0 &aA0GS 2NJ RAal
LINP AdzZYSNBQ LINBYAaSad ¢KS& Yire faz2z oS 2LISNIGS
an equivalent device, which can perform a local aggregation at the level of the site. Considering the
voltage fronters between transmission and distribution electricity grids in the considered countries,

the consideredVIES are mainly connected to the distribution networks.

1 The aggregation platform (AP)

0 collects the requests and signals from the electricity marketméleket) and/or the service
buyers,

0 aggregates the flexibility ahe MESsand integrate it in its portfolio of resources

0 proposes offers/bids to the electricity markets and services buyers.
For these purposes, the AP performs forecasting of market graoed of the flexibility of the
resources in its portfolipand carries out optimizations at portfolio level, both for the preparation of
the bids and the optimal dispatch between the M&® the other resources in its portfolidhe
aggregation platformsi described imore details in Chaptes.
The aggregation role is carried out by a@d f £ SR & RS NBi®.dzfplayérSnReémpetiioh & S NE
with the other marketparticipants. This role can be carried out by any siiRts NS 3 dzf + 6§ SR LI |
instance a supplier, a Balance Rasgible Party (BRP), a produceror a separate player.

OMAGNITUDE Consortium 14 September2021
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9 Electricity market (Emarket) or service layersall type of commercial relationships should be
considered: organised markets and organised procurement mechanisms, call for telitbtesal
negotiations orOver The Counte(OTC) trading, etc. However due lionitations of access to
available data, maiglorganised 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.fol@wving services have been selected as
Yy2aili NBtS@OlIyil TFT2NJ:a! DbL¢!59Qa (I NHSGaA
0 provision of reserves for Transmission System Operators (TS@suency Containment
Reserve KCR automatic FrequencyRestoration ReservgaFRR manual Frequeng
Restoration ReservanFRR, and somededicated additional balancing mechanisms which
may exist in certain countries
o0 re-dispatching mechanisms or active power contfol congestion managemerdat both
transmissbn and distribution levelsReD,
0 energy procurement mechanisms and marketlsty ahead energy markeD@), intraday
energy marketlD),
0 capacty requirement mechanism&@p, such asapacity market@and drategic reserves
Theyare describedn moredetail in Chapte#.

I Gas and heat/cooling markets {Blarket and H/GMarket) or services layetsin MAGNITUDE, the
gas and heat/cooling markets or services provision mechanisms are not studied in full detaé but a
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 systehhe resulting potential constraints/barriers and
opportunities/benefits have to be taken into accoufitiey are described in Chaptér

9 Integrated (or coupled) mul-carrier markets innovative market designs are proposed and assessed
for integrated/coupled multicarrier markets, which allow to increase synergies between the
electricity, gas, and heat markets. This activity focussed mainly on the design-ahemymulti-
carrier energy markets but could also be extended to the intraday energy maflkedse innovative
market designs are described in Chapter

I Multi-energy datahub 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 raulérgy data hub (centralised @puting
architecture as shown in the right &igure3) can provide improve data management and exchange
processes between the different parties connected to the enesgstems and markets, providing
greater and more consistent data quality and transparency, and enhancing interoperatbityvork
carried out and the results obtained on this topic are described in Chapter
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Figure3 ¢ Point-to-point architecture vs data bub architecturf8]

The basic principles dhe interactions between the MES and the aggregation platform are shown in
Figure4 and summarized below

(2) Flexibility o
forecasts (3) Flexibility
— ; bids
(1) Price

forecasts Aggregation
Platform (4) Bid
(5) Dispatch acceptance

R—/&/
| ) I |

(7) Market (6) Market
revenues revenues

Markets

Figure4 ¢ Basic principles of thénteractions 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 Mia®&ies out its optimization and sends the aggregation
platform its flexibility forecasts and the associated costs or prices.

(3) The aggregation platforrarries outits optimizationaggregating the flexibility of the MES and the
other resources in its portfio (also called the aggregation pool) and sends flexibilitgls 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 resourcéassiportfolio, 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 ofrequencyreserve servicesFRRmMFRIR other steps may occur between Steps 5 énd
Indeed, ifneeded for the compensationf imbalancesthe TSOmay send asignal to the aggregation
platform to activate the delivery ofhe reserve servicepreviouslyprocured. The aggregation platform
then dispatches the resources in its pool and accordingly sends an activation signal to the MES.
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Finally, he overall MAGNITUDE approach can be summarized by the following activities that were
carried out and generated thgroject main results:

9 Identify the most relevantflexibility servicedo be provided by MultiEnergy Systems (MES)ttee
electricity system which allow to increase the share of R&# enhance security of supphand
characterize the procurement mechanis for these services in the 7 case study countries.

1 Investigatethe technologies and ME®Bvolved the seven redife case studiexzonsidered in the
projectand study their actuatapabilitiesto provide flexibility to the electricity system.

1 Elaborate he MAGNITUDE technical and commercial functional architecturesliefie the project
business use cas@wsestigated in the project.

1 Developmodels andtools for the #mulation and optimization othe control strategies ofthe
technologies and ME® the 7 case studie® improve theér operation and maximizethe flexibility
provision

1 Develop an aggregation platforta quantify the benefis of pooling flexibilitieof decentralized MES
for trading onthe identifiedenergy and aaillary service markets

1 Proposeand compardénnovative market designs fone enhancement of the synergies at the level of
the electricity, gasand heat marketsandimplementthem on a market simulation platform

1 Assesshe integrated systemn{amelyMESoptimisation pooling through theaggregationplatform,
andmarketsimulatior) for the selected business use cageshe 7 case studies.

1 Investigate the eplicabilityand transferabilityof MAGNITUDE's business cases

1 Evaluate the bsiness models fahe MESoperatorandfor the aggregatotin the 7 case studies.

i Develop the specifications and a light implementation of ailtivenergy data huband
interoperability layer

1 Captalize the project main findingsand lessons learnt and propose policy strategy and
recommendations in a paBuropean perspective including technology, market, business models,
and regulatioraspects.

For each of the activitiesf the MAGNITUDE approachablel below shows the deliverables that were
produced and that contain the project resultsMore information will be provided in the different
chaptess of the current report. An overview of these deliverables can also be found on tHeNMPUDE

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

Tablel ¢ Deliverables produced for each activity of the MAGNITUDE approach

Activities of the MAGNITUDE approach Deliverables

Flexibility services to be provided by MES to the electrigptem and D3.1
procurement mechanisms

Flexibility capabilities afrosssector technologies and MESs D1.1,D1.2,D1.3

MAGNITUDE technical andommercial functionalarchitectures and projec D2.1
business use cases

Models and tools dr the simulation and optimization of control strategies  D4.1, D4.2, D4.3
technologies and MES to optimize their operation and maximize flexil
provision

Aggregation platform forthe pooling and trading of the flexibilities ¢ D5.1, D5.2, D5.3
decentralizedVIESs D5.4
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Activities of the MAGNITUDE approach Deliverables

Innovative market designs for synergies maximization at market level,| D3.2, D3.3, D3.4
implementation on a market simulation platform

Assessment ofintegrated system (MES optimisation, pooling through | D6.1, D6.2
aggregation platform, and market simulatijon

Replicability and transferability of MAGNITUDE's business cases D14
Business models assessmentMES operator and aggregator D35
Multi-energy data hub anghteroperability layer D2.2,D2.3

Lessons learnt, policy strategy ancgcommendations in a paBuropean D7.3, D7.4
perspective

1.3 Structure of Deliverabl®7.3

The structure of the deliverable reflects the project appro&ela large extentand coverstie following
aspects in thalifferent chapters

)l

In Chapter2, the seven MAGNITUDE rdig¢ case studies are first described, along with the business
use cases that have been studiddhen, he ability of the technologies involved in the case studies to
provide flexibility is discussed. The following sectionl@soted 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 arenpvided.

Chapter 3 first describes the software tools and processes developed for the-emeftly
aggregation platform and the trading of MES flexibility on the markets. Then the main outcomes and
lessons learnt from their assessment and from the simaifeticarried out on the case studies (where
aggregation is performed) are reported, and finally, some recommendations are provided.

Chapter4 is devoed to market and regulatory perspectivelt first presentsthe services to the
electricity system that have been identified as most relevant to achieverbject goalsSome basic
characteristics of the electricity, gas and heating/cooling sectordterr given andan overview of

the main outcomes and lessons learnt on the existing market designs, regulation and services
procurement mechanisms in the seven case study countrigs provided, along with
recommendationgor potential evolutions and improvementginally,the last sectiordescribeshe
innovative integrated mulicarrier dayahead (DA) market designs that have been proposed to
increase synergies between the electricity, gas, and heat markets.

Chapter5 provides an overview of the main outcomes, lessons learnt and recommendations from
the assessment of theeplicability and transferability ahe multi-energy systems (MESJ the case
studiesand their business use casesthe countriesof the MAGNITUDE consortium.

Chapter6 is devoted to thebusness models of the MES and the aggregé#tat were assessed for

the 7 case studies. It provides overview of the main results and lessons learnt from the business
model assessmensomespecific results for each case stuag well as thenain recommendtions
Chapter 7 first describesthe 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 interactiofi®en, he second part of the clpder
provides an overview dhe specification and implementation of the MAGNITUDE remérgy data
hub and interoperability layer

Finallybased on the main outcomes and lessons learnt from the prpjehapter8 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.
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2 Provision of flexibility by multi -energy systems

In this chapter, the seven MAGNITUDE -fifalcase studies are first described, alomigh the business
use cases that have been studied. Then dfdity of the technologies involved in the case studies to
provide flexibility is discussedThe following section is devoted to the description of the models
developed for the simulation and optimisation of the different MES. Finallypverview of the main
outcomes and lessons learnt from the simulation of the esewcase studiess given, and some
recommendations are provided

2.1 The MAGNITUDE rddk case studies

As previously mentioned, the project conceptbe tools and modelsdeveloped and the proposed
market and business mechaniswere assessed and validated on seven H#alcase studies of muiti
energy systems of different sizes and technological features, located in seven European countries
(Austria, Denmark, France, Great Britain, It@pain, and Sweden)lhey allowed to cover different
regulabry frameworks support schemes, geopolitical characteristics, as well as different stakeholders
and business model3he considered case studies are:

the Milan district heating system of A2A Caler Servizi (ACS) in Italy,

the wastewater treatment plant of EMUASA in Spain,

the district heating and cooling systems of Malarenergi in Sweden,

anintegrated pulp and paper mill in Austria,

the HOFOR case study in Denmark consisting of distributedfani®mestic hot water preparation

(heat pumps and thermal storages for medtorey buildings, and electric heat boosters and thermal

storages for singkéamily houses} i O 2 y premVsSehtdnected to a low temperature district

heating network,

1 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,

9 the district heating and cooling systems and the decentralized substations éfdtie Saclay site in

France.

= =4 -4 - -2

They providedhe data foundation for the assessment work and for the modelling and development
activitiesthat took place inthe different Work Packageof the project Theyare described in detail in
MAGNITUDE Deliverable$.D[5] and D1.76]. Their main characteristics are summarized below.

The 7 case studies covéhree main categories of ME&nd/or combinations of such ME&amely
industrial sites (EMUASA, Austrian paper mill, NPTarge district heating/cooling system(ACS,
Méalarenergj Paris Saclayand distributed unitd & O2 y & dzY S KEDRORINEI¥cRrirdized
substationgParis SaclayYhe main technologies and the enegyriersinvolved in each case study are
shown inTable2. In this table, blue cells indicateehenthe corresponding technology or energy carrier
isincluded in the case studyDue tothe size of the considered MES atté voltage frontiers between
transmission and distribution electricityetworks in thecase studycountries,only the MES of the NPT
case study are connected to the transmission network andhallother MESare connected tothe
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 sgst. Different possible improvement options and
strategieswere discussed with the case study owners and/or the MAGNITUDE partners in charge of the
interface with the case studs[5], [6]. The ones selected for investigation are showmable3 [7]. They
appeared as the most relevant both fohd project goals and from the technical feasibility of
investigation in the project (e.g. availability of data).

As will be seen later in this chaptehet main flexibility levers that can be activatddpending on the
case study are the following

1 fuel shifting between energygarriersthrough theoperation of thetechnologiesn the case study,

9 storage capability,

9 load shifting odemand response

Table2 ¢ MAGNITUDEase studies: technologies and energy carriers

Paper mill

Case study Mélarenergi HOFOR‘ ACS NPT | EMUASA| Paris Saclay

Biomass or
waste boiler

Gas boiler

Seam turbine

Gas turbine

Gas engine

Technologies

Heat pump

Electric boiler

Biogas storage

Thermal storage

Heat

Cooling

Gas

Energy carriers

Electricity

Blue cells indicate that the technology or energy carrier is included in the case study.
* Inthe case of EMUASA, the gas carrier is not natural gas, but biogas produced on site by the process.
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Table3 ¢ MAGNITUDE case studiesprovementstrategiesand servicesconsidered forprovision[7]
Name Provision of services in
MES main activity Improvement strategies current procurement
(Country) .
mechanisms
Mélarenergi | District heating Introduction of a second heat storag DA ID, mFRR, strategic
(Sweden) network system. reserves (Cap)
Paper mill Integrated pulp and .
P , g . PUp Installation of a new steam accumulator. | DA ID,aFRR, mFRR
(Austria) paper mill
Distributed units at | Appropriate control and communicatio .
= < . . DA ID, congestior
HOFOR O2 y & d2m8Idld ( interfaces to allow aggregation of
o - . . .| management on the
(Denmark) | temperature district | distributed units and provide service, =~ T
i o distribution network(ReD)
heating network through heat load shifting.
Milan district heating | Increase of thermal storage capacity by 5C
ACYltaly) g _ g p_ Yoy DA,FCR, aFRR, mFRR
network Winter heat demand peak shaving.
. N . .| DA, congestion managemer|
Neath Port | Steel industry, CCGT| Improved coordination between electricit g . g
on the transmissiometwork
Talbot (UK) | and large RES and gagnarkets. .
(ReD) capacity market (Cap)
EMUASA Wastewater Doubling gas storage capacity.
. g.g 9 pacty DA ID, mFRR
(Spain) treatment plant Introduction of a heat storage system.
) D'Str_'Ct heatingand Introduction of thermal (heat and cooling DA ID.
Paris Saclay C(.)oh.ng netwo.rks.and storage in decentralized substations.
(France) distributed units in ) _
substations Integration of photevoltaic (PV) resources.

Table 3 also gives in the last column the services that were investigated for each case study. Their
provision was considereih the current procurement mechanisms in place in the case study country.
These services have been introduced in the previous chapterSeetiorl.2) andare described in more

detail in Chapter 4Sectiomt.1 Theyconsist of:

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

9 provision of reserves for TSOs: Frequency Containment Reserve (FCR), automatic Frequency
Restoration Reserve (aFRR), manual Frequendgrgesn Reserve (MFRR),

9 re-dispatching mechanisms or active power control for congestion management at transnossion
distribution levels (ReD),

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

Likefor the improvenent strategiesfor each case studyhe services were selectedritugh workshops
and discussiongrganised with the case study owner and the project par@mesuing the interface with
the case stug. It should be noted thafor all case studies, the optiisation of the MES operation with
respect to its participation in the DA energy market was first carried otthen the provision of the
other services without and with the implementation of the improvement strategies investigated,
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leading to severalcenarios thatwere simulated and assesséar each case study, namedyscenarios
for Malarenergi, 4 scenarios for the Austrian paper mill, 6 scenarios for H@F&Rnarios for AC8,
scenarios for NPB, scenarios for EMUASR\scenarios for Paris Sag[d], [8].

Table3 thus summarizes thbusiness use cases studied in the profecthe case studies.

2.2 Capabilities of technologies

The ability of the technologies involved in the case studies to provide iflgxivas first investigated
based ona literature review andthe collection of data andnformation from available studies,
manufacturer data, current and finished projects, technology and case studies factsheets, and
background of the consortium partner$he results of this analysis are provided in Deliverable [5].1
and D1.76].

Depending on the technology, theovision offlexibility to the electricity system can be performed by
modifying the electricity produced, converting electricity into other energy carriers.d. heat, ga$
increasng, decreaing or shiftingthe electricityconsumption

The products tradedn the markets, and articularly on the frequency ancillasgrvicemarkets, have to
meet certain requirements, for instance in terrmmaximumfull activation time minimum duration of

the productdelivery, symmety of product on some marketge.g for aFRR and FCRjinimum bid
volume etc. The capabilities of the technologies to meet these requirements have thus to be
characterized and assessed.

In this respect, liree parameters are particularly importaahd have to be known and monitored

1 Ramprate expressed in unitsfgower over time, which indicates how quickly an output is changing,
either ramping up, or ramping down.

9 Startup time expressed in units of time, which is the time needed by a power plant to reach full
load. Two procedures have to be distinguishedcdlll 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.

1 Power rangeexpressed in units of power. Technologies vary greatly in capacity; so, agonegfati
several smaller units through the implementation of an appropriate ICT infrastructure allows to
reach higher capacities.

Table4 provides these basic technical characteristics for the technologies considethdlogies \ith

short rampup and startup times and highpower capacities such adectric boilers, gas enges and
aero-derivative turbines meet requirements for frequency containment resefV€R)markets. Gas
turbines and aggregated heat pumps/chillers and ORC systems are suited for the participation in the
oshorttermé energy balancing marke{aFRR, mFRR)s such,echnologies 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 markdtswever,heat and gas storagecan
increase the flexibility provision of the abougentioned technologies or system configurations to which
they are coupled or in which they are integrated.

IR N daeéYYSiNmI® éapatigNBoRmi@d for downward and upward services must be the same,
GKSNBI & Al YIe 05 RAFTFSNBY(G F2NI G4l &a8YYSGNROE LINE RO &
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Table4 ¢ Basictechnical characteristicsf the consideredtechnologies[6]
Power Hot start up Cold start up Ramp rate
Technology output/input time time

MWe min min ;/OOVS;;%?:{
Backpressure steam turbinesiquid fuel 1-250 120360 240420 1-8%
Backpressure steam turbinessolid fuel 1-250 120360 240420 1-4%
Condensing turbinessolid fuel 5-1000 120360 240420 1-4%
ORC turbine 0.0511 15 20-30 15-30%
Gas engine* 0.1-20 0.50.2 10-20 20-50%*
Gas turbine simple cycle 3-593 5-15 1045 8-16%
Gas turbine combined cycle 44-593 3045 145255 6%
Gas turbine simple cyclaeroderivative 36117 5 10-12 82-132%
Heat pump** 0.00057.5 3 300 20%
Hectric boiler 0.00560 0.5 5 100%
Compression chillers*** 0.00023.2 3 60 6%
Absorption chillers**** 0.01514 n.a. 30 n.a.

*- running gas engine may have ramp rafel00%/min; ** power consumption calculated for COP=4; *ffower consumption calculated for
COP=£5, hotstart up time as for heat pumps; ***only thermal power is shown

Flexibility requirements caalsobe expessed as the time within whidhe minimum power volume (in
MW) has to be provided to the electric grid. As indicate&igureb, the gasto-power and heato power
technologies are important for frequency control and balancing because of their reactivity and the
volume that they are able to providdén particular, electric boilersefboilers, which have the shortest
hot-start up time and ramp rate per minute at 100%n@minal powercanplay a importantrole in the
market of balancing services:bBilers and other powetto-heat/cold technologies aréhus relevant for
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Figure5 ¢ Flexibility options provided by different technologies, orange arrows show capability for running technologies and
blue arrows reflect capability including time needed fstart-up from hot state
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Figure5 shows that for most technologiessdong 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 €@&@tiire up to several
hours for cold start up, while others, such as gas engindmilers and aerederivative turbines, are
much quicker and can be switched on in less than 15 minutes. To shbegdimte 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
inFigure6® Ly FIFOdGz y24 |ttt GSOKy2t23ASa {SLIN Ay |
steam turbines and CCGT units can deliver flexibility to the grid in a time gafrigim 60 to 120 min,
aero-derivative turbines and electric boilers have the highest potential among the analysed technologies,
followed by gas engines. Large simpiele turbines, despite a quite low ramp rate, may still @ay
important role in the maket, thanks to their sizes. Technologies as ORC turbines angiegits may
need to be aggregated in order to meet the requirement for a minimum volume.

160% o

— N,
7 N \
140% 10 ':\20/] { 60 i 170 | MW /min
. R Vi
120% NS
100% ~‘— Ramp rate MW/min for the max

80% power output

60%
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20% . .
0% .
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Ramp rate [% nom.power/min]

Hot start-up time [min]

Condensing turbines- solid fuel Backpressure steam turbines- liquid fuel
Backpressure steam turbines - solid fuel E-boiler
Gas engine Gas turbine combined cycle
® Gas turbine simple cycle ® Gas turbine simple cycle aero-derivative
@ Heat pump e ORC

Figure6 ¢ Ramp rates [% noinal.power/min] and [MW/min] for the biggest power output as functions of hot statip time

Figure7 shows the impact of the unit size on its ramp rate expressed in MW/min. It can be seen that
some technabgies cannot provide thé&CRservice in some countries because of the very short full
activation time (10180s) and the specific volume of megawatts (8.MWe) requested. Therefore,
aggregation may be required.

Investment costs have also been analysedtlie studied technologiesThe specifitnvestmentcostsin
EUR/kWdminimum and maximum valuea)fe presented-igure8, and hese costslivided by their ramp
rate speed [% of nomal power/min] are showedin Figure9. It appears thatthe investmentcost of
reactivity S E LINB & 3k®VE] / [% Wf nominal power/min] varies betweer0.3 for eboilers up to 375
for solid fuel steam turbinesThese values indicate thamong the examined technologiemly a few of
them - such as éoilers, gas aerderivative turbines and gas enginesan provide flexibilitgyo a market
with a low investment cost andan be installedonly for this purposeForthe other technologies, the
cost of providing ancillary services to the grid npagbablybe too high, sdhe flexibility provisioncan be
targeted only as a byroduct and a decision about the investment should not be based onlyhan
purpose
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Figure7 ¢ Power range of anaked technologies and their ramp rates [MW/min]
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Figure8 ¢ Specific investment cost fathe studiedtechnologies. Cst for heat pumps was converted from kil into kWe (of
consumed electricity) by dividing the heat production by a COP of 3
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Figure9 ¢ Specific cost ofrivestment divided byramp rates for different technologies

Besides the investment costs, operational coate as well of key importance and are influenced by
efficiency, fuel price, environmental costs, maintenance, electricity costs, etc. kghad, e.g. coupling

gas engines with-boilers, may not only increase the capability of the meftergy system to provide
flexibility to the electricity system, but also minimize the operational costs and/or increase the incomes.
However, as discussed $ection2.4, in some countries where the electricity prices are high, it may turn
out that the scheduling oélectric boilerscanbe too expensive

From a technolog coupling perspective, thermal storaggea very promising optioreven though it does
not directly provide flexibility to the electricity markets, it enables to deal with a surplussoifficient
heat production, which is important to maintain high oa#refficiency Heat storage isiot only capable
to shave heat peak loads, but, in combination with P2H technologies, also to shave electrical peaks

It should be highlightedthat the flexibility capability of technologies is highly determined by the
characteristics of the overalMESsystem in which they arévolved In this respect, thentegrated
management of the different technologies at the level of the MES site may partially overtmme
technical limitations. This will be discussed in more detaih Section2.4. At a higher level, the
aggregation of the MES within a portfolio with other flexible resources allows the provision of market
products that the MESlane could not providésee Sectio.2).

Other keyfactors haveto be considered regarding flexibility provision, sucHiSds

1 Lockout constraintsyhichrefer to constraints requiring that a unit cannot be started again within a
certain time period after it is shut down, due to mechanigalquirement or for protecting the
device.

9 High starting current®f certain technologies.

I Minimum load levels of each piece of equipmdrtg. CHP, CCGand of the overall technology
coupling

1 Mechanical stress due to frequent switching

1 Possibly lgh maintenance cost due to fast and frequent stapis/ shut downand load changes
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I Fastand morefrequent starts and stopsand loadchanges may affect théongterm operation
efficiencyof the technologies they mayinduce more stress in ciital components,leadng to
increased fatigue damage and a reductioriref lifetime of the equipment

1 Update ofthe control and communication systemsight be required.

9 Flexibility provision may be limited by thetérconnectionsof the MESwith the external networks
For instance, limitecdapacity of the interconnection equipment (e.g. transformers with insufficient
capacity in the ACS case study) arthe other networks (e.g. the gas networkjnay impose
limitations on the maximum amount of powerdhthe MES can exchanga the electricity gridin
this casenetwork reinforcemenbor equipment upgrade is a potential solution.

Finally, it should be kept in mind thé#lexibility provision does interfere witthe industrial procesand
the core busines of the MESn heat driven and industrial processekete is a coupling between the
electricity generation or consumptioandthe heatgeneration.The priority of the MES operatiowill be

to satisfythe needs ofthis core productionprocesse.g.,supply heat or cooling to consumers for district
heating and cooling networkproduce paper or steel, treat wastewater, etc.

2.3 Modelling and optimisation of MES

The MES in the seven case studies were modéfletktail with the main objectives of simulatintheir
behaviourand investigatingoptimisation strategies with respect to the provision of flexibility services to
the electricity system, in accordance with the selected business use cases described in Sgetwh
summarized inTable3.

The modelling activities consisted ind steps [10]:

1 The MES in each casstudy wasfirst moddled as perits physical and operational behaviogrs
integratingall the relevantechnological components in order to reproduce as accurately as possible
its dynamic behavioufll]. The specifications of the model$or instancein termsof dimensionor
complexity control and observable variablegsme resolution etc. took into account the services and
scenarios that were going to be studiethe models were coded into suitalieols able to support
both the simulation and the optimization phasesnd theywere tested against theeal information
and timeseriesdata provided by thecase study owners on their ME&r the data thatwere not
available, otherwise specific time serigsre defined to identify possible scenery.

I The models were then extended to implement thew technological configurations and/or control
strategies corresponding to the select@aiprovement optionsand business use cas¢g]. The
challengein this second phasevas the developmenfor each of the seven project case studads
appropriate optimisation algorithms and methods. The algorithms and methods were designed to
simulate and asseghe MESboth in the basecase configuratin andimproved configurations for
the defined scenarios anbdoundary conditionsintegrating the provision of thenarket services
associated to each case stydgnd maximizingdentified key performance indicators (KPIs). The
outcomes from the developed tis werealsoconfigured in ordeto interact with the multienergy

2 Physicalmodels are mainly related to representing the system behavimtegrating 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 instz the elaboration of a (optimal) planning
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aggregation platfornin 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 MEBascarried outbased ordynamic modelsiangng from physical representation of
the MES behaviourse(g. for the AustriarPaper Mill), grey box models where the dynamic regarding
starting/stopping/changing sepoint phases are modield, and data drivenmodels based on the black
box paradigmThe output of the process consist of (set of) tools, which run osoftware platforns
satisfying the requirementsin particular, these tools are able to replicate one or more use cases,
interfacing with the aggregation platform in order to simulate the provision of servimdh in the
operational planning and operation phases, as needed.

Figure10 below shows in more detaitlifferent methodological stepsised in the modelling activities
[10].

Flexibility services for
each case study

Simplified (black Bespoke models for

Use cases for each =N - —1{ each case study-use
case study box) formulation case combination
| |  Validation of Models to be able to
simplified model replicate physical and
B operational
behaviours of the

Documenting the
— formulation and

validation process

systems

Documenting the
models

L

Figurel0 ¢ Methodological steps in MEBiodel development[10]

Some lessomlearnt from the modelling activities can be summarized as follows:

1 Regarding the typef models developed,yhamic models of ME&e relatively easyo replicate for
instanceonce such a mathematical model exists for a ME&an be relatively easto adaptit to
minor system modificationd?arameterized models can be adopted in order to instantiate as many
times as needed the same model to represent different units.

9 Data driven modelgoesnot requireda fullunderstandng of the fundamentalMES processes ard
the underlying system behaviours of MES technokagiderefore they are easieto developbut,
sincethey are trained and validated with datdhey fully rely on the quality and availability of the
data Extrapolation and @urate predictions outside®f the training data regimeneed a careful
validation with testing data different from those used for training

9 Validated nodels of MES technologies ardergycarrier networks already existslhe exploitation
and proper adaptation ofsuchexisting models increase the efficiency and reliability of the usescase
under development.

I The possibility to integrate different codes and todts model several system compents or
different system task$acilitates themodellingactivity and can providea more reliable resultThe
different models can be arranged in a hierarchy to differentiate the technologies and the different
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level of abstractionTheavailability of suitable libragswith a variety ofmodelsof both technologies
andenergy carrienetworksis an important &ctor for the modelling and assessment of MES

1 MES optimizationmplies highlycomplex processes that involve several energy carriers converted by
generators,consumersand storages deviceJhe ability of a model to support the representation
and charaatrisationof the flexibility at eacHevel (technology and system levels)aperating step
(planning, operational planning and reahe operation) allows to highlightthe potentials and
barriers that influence the total amount of flexibilitijat the sysem can provideThepotentials and
barriers at the technological levare related tothe physical and operational models, anthereas
potentials and barrierat the regulation and markdevel, arerelated tothe operational modé

1 For flexibility assesnent, e modeltemporal resolutionis a key point and has to correspond to the
temporal resolution of the studied services, namsgconddor FCR, minutekr aFRR or@min for
mFRRThese short data intervals remjea high simulation workload anmtuch data storage volume.

1 The mainbottleneckin modelling is the lack of experimental datdeasured éta onactual MES
plant enable the elaboration of more reliable models and support the model validation. Hence, real
data are a precious resource, but @he same timethey canbe verysensitive for instance for
competitiveadvantagg, arenot easily sharedData availability especially from industrial processes is
one of the main hurdlgfor modelling and simulation of MES technologies.

Further researctand development are needed regarding models for MES technologies as well as for MES
systens combining several défent technological assets, with the objectives to accurately represent
their behaviours and the flexibility they can provide, and to ingedg 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 tirthe future the time horizofresolution will have

alsoto be shortened

2.4 Assessment of MES in the case studies

The aim othe assessmentvasnot onlyto characterise the performance diie flexibility provisionn the
sevenreatlife casestudies but also todetermine the effect ofthe flexibility provision andof the
improvement strategies on a case stlithelf.

This assessment was carried ahrough a set of Key Performance Indicators (KEEscribed in
Deliverable D6.112]. More specifically, 37 KPlseve definedcovering four different types of KPIs,
namelytechnical,economic, environmental and social/polisyPlsand addressing the project targets and
expected benefits, expressed as follows:

9 Increased flexibility potential from MES operation isyaergetic MES environment

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

9 Increase of generation ahat utilization of renewable energy

Provision of coseffective MES flexibility in theettrical power system

1 Creaton of market mechanisms and business opportunities to mobilize flexibility and participation in
in the market(directly or through aggregators)

==

The KPIswere further categorizedin different layersto reflect the assessment aoss the different
system levelsi.e. MES internal KPIglated to technologies and technology couplifdES output KPIs
related to configurations and control strategjddES aggregation KR&ated to the aggregation of MES
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flexibility, Services and Mkets KPlsrelated to the service provision on the marketand thenGeneral
Project Level KPIsThey are further explained figurell.

Figurell ¢ KPllayers corresponding t@ystem levelg[12]

For the needs of the assessment, some KPIs had to be adapted later andnsemenes were
introduced wherrequired The whole set oKPIs allowd to assess the performance die base case and
improved configurations of the studied MES in terms of flexibility provision, energy efficiency,
environmental efficiencyand economic efficiencyHowever, sinceeach case stugt (CS)has its own
specificities(e.g. in terms ofthe type of energy consumed afmt generated, the flexibility markets
considered types of technologiesylifferent sulsets of the KPIshad to be used for the evaluatiarf the
seven CSs

As mentioned in SectioB.1, for each of the 7 CSs, between 4 and 8 scenarios were simulated and
compared. First, a base case was considered, where the operatidre MIES is optimized against day
aheadenergymarket prices.Then me or several improvement strategies weraplementedfor each

MES (see Table 3), providing new scenars that could be compared to the base case. Finally, the
provision of flexibility services was simulatecth for the base case scenario and the scengyiwith the
improvement strateg (strategies. As a result, the analysis alled to investigate the impact othe
introduction of an improvement strategyn the flexibility potential and flexibility actually provide@n

the energy efficiencyand on theenvironmental and economic efficiency of the MESs. The impact of the
actual provisiorof flexibility in the markets on the operation aride performances of the MES could
then be assessed@he scenarios simulated for each case staidypresented irmable5 below.

Table5 ¢ Simulated scenarios for each case study

Case study | Scenario Improvement strategiesonsidered Flexibility servicegprovided

SC1 No improvement strate No flexibility service
Malarenergi| SC2 P 9y ID +mFRR

(Sweden) | SC3 Installation of a secondeat storage No flexibility service
SC4 ID + mFRR

SC1 NG improvement strate No flexibility service
Paper mill | SC2 P 9y ID +aFRR + MFRR

(Austria) SC3 Installation of asteam accumulator No flexibilityservice
SC4 ID +aFRR + mFRR
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