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1 Executive smmary

The OSMOSE project addresses the question of power system flexibility, understood as its ability to
cope with variability and uncertainty in demand, generation and grid, ofardnt timescalesWork
package 1 (WP1) of therojectaims to find a flexibility mix that maximizes the European social welfare,
taking into account all relevant technical constraints and associated cGstsn the variety of
technologies and actors, teractions between the entities that require or provide flexibility must be
accurately modelled in time and space to assess the reaé\dlflexibility. WPIocused primarily on
addressing methodological issues and developing a gepergbse toolkit sitable for addressing
these issues in theontext of the European systetwithin WP1Task 1.1 builds scenariagth varying

levels of compliance with the CO2 emission reduction commitments of the Paris Agreement, from
today to 2050andTask T1.2 aime optimise the mix of flexibilityassociated with thesscenariosat a
G¢{OBYy GNROE f SIS tower hixeScghamdedliBhe Sekurityi of SuBpl critelia in force in
Europe Thisreport describes the methodology developed by Task T1.20a@sknts he main findings

which are summarised belaw

Innovative flexibility quantification metrics are needed toaddress the question of who provides
flexibility and how flexibility sources actually interact

The existing literaturen flexibility metrics, whileich,doesnot addresshe question of who provides
flexibility and howflexibility sourcesactually interact Two indicators were therefore created to
address this gapovering annual, weekly and daily time horizons:

- Flexibility Solution Modulation Sta¢kSMS) that expresses how each flexibility solution behaves
to match supply to demand over the three time horizons.

- Flexibility Solution @ntribution Distribution (FSCDhat evaluates the relative contributio of
each flexibility solutiorfor the differert time horizons.

Coupling Capacity Expansion Models with shorterm production cost models allows to better
account for flexibility in investment plans while complying with security of supply targein
addition, addressing this weakness greatly impravéhe reliability of CQ emission calculations.

Capacity Expansion Models like GENd3®S or OSeMOSYS are key in power system planning and
energy policy. Howevedue to size and tractability issudbgy rely on time slicesywhichare known
to greatlyimpair the representation of variability and flexibility needdne way tosolve thelimited
flexibility representation in capacity expansion models is to couple them with production cost models
providing a more accurate hourly dispatdH.2pursued this i@ausingtwo softlinking approaches:

- Heuristic sofflinking, where capacity adjustments were perform@gturisticallg @ ¢ KA a | LILINE
helped frame and understand the typical problems with the capacity expansion model results.

- Automated bi-directional soft linking where results from the production cost modare
automatically fed back to the capacity expansion model to signal uraher overinvestmentin
orderto adjustthe investment pathwayn the next iteration Two variants of thdeedbackscheme
were successfully testeda first onebased on reserve margin feedbaakd a second one based
on flexibility contribution metricgwhichproduced better resulfs

Theassertionthat establishedCapacity Expansion Modedignificantlyunderestimate flexibilityalue
was experimentally confirmed in the automated stiftking processleadirg to a 10% increase in
TOTEXand notable changes to the generation mizalance between base and peak units installed
capacity) dispatchand subsequently G@missions

Indudrial capacity and infrastructure development rate is a critical parameter to be considered in
capacity epansionplanning, especially to meeambitious CO2 emission targets

5/88



Results show thahe political and industrial capacity consideratidike industries’ ability to roHout
new infrastructure fast enougsignificantly impact the model results, and especidlig achievement
of our currentCO2 emission reduction targets

In the studied scenarios, the flexibilityrequirements at the European level ineaseslightly until

2030 and thermmore significantly between 2030 and 2050 hese studies demonstrate the value of
new flexibility solutions (in particular short and long term storage), but confirm that
interconnections willstill have a major role to play

Resultsshow a shift from a scheme where annual modulations are linked to consumption and
generation maintenance patterns to a neme driven byannualgeneration pattern®f VRESwvhich

are irregular throughout the year. Although the situation is courttgpendant, the following key
points were highlighted in the considered scenarios:

- In 2030 and 2050, interconnectors remain one of the main sources of flexibility on all time scales

- When there is a significant deployment of electroly;sisey become a njar source of flexibility
for all timescales (annual to hourlypotentially replacing hydroThis highlights the need for
coordinated managemerndf long-term storages, which has not been done in this simulation.

- In 2050, batteries provide significant fibiity, limited to the daily scale due to their energy rating

- In 2050, gas turbines, ideally powered by green gas, are an important flexibility provider

- RES curtailment appears in 2050 on several timescales despite significant storage capacity and
RES gneration could be curtailed on a regular basis for up to several weeks in.a row

A valuable collaboration effect between electrolysers and shoerm flexibility sources (batteries,
pump storage plants) may take place, provided that suitable market desiggncourage the
participation of all flexibility levers in the dayahead and intraday markets

In 2050 simulationgdduringsomesunnysummer peaks, generation is exceeding both the demand and
the electrolyser capacitie3henother shorterterm stockbasedflexibility providers (such as batteries

and pump storage plants) can charge before discharging a couple of hours later, when PV generation
decreaseskeepng electrolysersrunning outside sunny (or windy) hourBhis optimal collaboration

effect couldbetranslated into operational reality by market designs that foster the participation of all
flexibility levers in the daghead and intraday markets.

Considering sector coupling in capacity expansion model is key but requires modelling adaptations
to keep the problem tractable

A limited scope of cross sectorial modellingis performedensuring that the power system will be
able to fully run in 2050 on domestic green gas produced via electrdiysigeals additional linkages
between flexibility requiremets and provision capabilitiendhighlighshow crucial it is to take these
linkage into account whestudyingflexibility:

- In 2030, marginal cost@sually deemed as an acceptable proxy for the market clearing)price
exhibitthe usual pattern and are maly driven by generation costs.

- In 2050,thoughthe power systemis mostly powered viadYyRESvhoseproportional cost is zero,
marginal costsare driven byflexible demand.Indeed, electrolysersould significantly increase
prices during scarcity periods,attically limiting the time steps withraarketprice ofzera

1 The merit order of decarbonisation solutions depends onlitieof options considered to meet the European
pledges of the Paris Agreement. This lighescombined result of technological maturity trajectories and political
decisions. It has not been discussed in detail in this work, which focuses on methodological aspects.
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In order toaccuratdy reflect prices other energycarriers(methane, hydrogerr evenheat) should
be modelled in detail, taking into accouttteir price sensitivitytheir own demand This wauld also
requiremodellinginter-annualstorage and alternative means pfoducingor importing eachcarrier.

Increasing the geographic resolution of the study highlights the sensitivity of overall system
flexibility to internal grid constraints and the imortant role of the grid as a flexibility lever.

Dispatch simulations with a resolution of 99 zones for Eurepé to contrasted resultsnternal grid
constrants increase both spillagel®ssof-load duration and energy not suppliedihis analysigoints

to areduction ofsystemflexibility due to grid constraints anthe significant role of theyrid as the
flexibility lever (in the 2050 study casaleviating theinternal grid constraints implies an increase in
power-to-gasutilisation). Further analyis would be required to assess whether the optimal solution
for mitigating this congestion is redispatch, which can represent an additional revenue stream for
flexible units or rather more internal grid developments instead.

Reserve management processesosiid be harmonized, in particular to explicitly account for the
Europewide temporal variability of VRES in reserve sizilgcess to interconnections by reserve
providers should be fosteredhrough appropriate market design (coptimisation of reserves ad
energy in dayahead and intraday markets).

A proof-of-concept study for integrating forecastrors effectsand analysing the impact of reserve
procurement has been run.Though esults areobviously highly dependent on the underlying
hypothesis of the snarios they give some generdiints:

- Reserve requirements are dependent on VBESRrtaintyand increase with the share of VRES.
- Grid is a mean to share VRES but also flexibility sources on all timesuzlefingreserves.

Fullyefficient use of inteconnection for reserve procuremeirnplicitly assumes ccoptimisation of
energy and reseryenvhichwill require adaptation omarket desigrio becomeoperational reality

The OSMOSE dataseis made publicly available to foster transparency on the assuiops,
constructive criticism and reuse as a benchmark

Data collection and model development represented more than 90% of the work and is a common
barrier for such studies. To build upon this work and facilitate additional studies, thdafaet
developal by RTE, EKC and TUB is publicly available.
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2 List of acronyms and abbreviations

aFRR
AT
BESS
CAPEX
CCGT
CCS
CExM
CGA
DC
DSM
DSO
ENS
EV
FCR
MRR
FSCD
FSMS
GTC
IAM
LCA
LaD
LOLE
MAF
mFRR
NCA
NTC
OCGT
OPEX
OPF
P2G
PQV
PECD
PEM
PSP
PV
RES
RoR
TOTEX
TSO
TYNDP
VRES

AutomatedFrequencyRestorationReserves
Accelerated Transformation
Battery Energy Storage Syste
Capital expenditures

Combined cycle gas turbine
Carbon capture and storage
Capacity Expansion Model

Current Goals Achieved
Discretecurrent

Demandside management
Distribution System Operator
Energy not served

Electric vehicle

Frequency Containment Reserves
FrequencyRestorationReserves
Flexibility Soltion Contribution Distribution
Flexiblity Solution Modulation Stack
Grid Transfer Capability

Integrated Assessment Model
Life-cycle analysis

Lossof-load duration

Los-of-load expectation

Mid-Term Adequacy Forecast
ManualFrequencyRestorationReserves
Neglected Climate Act

Net transfer capacity

Open cycle gas turbine

Operational expenditure

Optimal power flow

Powerto-gas

Production Cost Models
PanEuropean Climate Database

Polymer electrolyte membrane (electrolysis)

Pump storage plant

Photovoltaic

Renewable energy source
Runof-river (hydro unit)

Total expenditure
Transmissiony&tem Operator
Tenyear network development plan
Variable Renewable Energy Source
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3 Introduction

The OSMOSE project addresses the dqaersdf power system flexibility. Beyond a mere buzzword,
literature converges to define flexibility as trability to cope with variability and uncertainty in
demand, generationand grid System operators have always had to cope with variability and
uncertainty.The final goal being an optimal dispatch of the generation, demand, and storage-in real
time.

Howe\er the energy transition is changing the flexibility landscape:

- Variable Renewable Energy Sources reshape the variability and uncertainty in the system,

- The switch from synchronous to invertbased generation challenges its stability,

- The electrificatiorof end uses heating, mobility, poweto-gas- brings new types of loads in
the system,

- Large storage solutions are becoming more competitive,

- Advanced automation and control technologies enable smarter and faster operations.

These changes represent bothreats and opportunities for the power system: while flexibility
requirements tend to increase, new flexibility sources are appearing, that can actually help tackle such
challenges. Aware of the importance of evaluating the ltergn effect of these tran®rmations, the
OSMOSE partners have planned in their answer to the H2020 ca4iZDE7 to complement the
demonstrators with prospective studies aimed at:

- Enhancing common understanding of future flexibility requirements and sources by analyzing
the evdution until 2050 of prospective mixes targeting compliance with the European
commitments of the Paris Agreement,

- Proposing a comprehensive methodology for designing and operating an optimal mix of
flexibility.

Flexibility is fundamentally a question ofni: what are the actions that can be taken? Which
uncertainty and variability are they meant to address? All the time horizons are tightly interrelated
which makes a global understanding very challenging.

Furthermore, gzen the variety of technologies amators,most interactions between the entities that
require or provide flexibility must baccurately modelled in time and spaimeassess the real value of
flexibility. The project focused primarily on addressing methodological issues and developing a
gereralpurpose toolkit suitable for addressing these issues in the context of the European system,
rather than providing scenarios

The purpose of this report is to present the methodology developed by Task T1.2 to answer these
guestions, as well as the reasing behind the design decisions. Each brick of the methodology is
illustrated by numerical results obtained on prospective scenarios developed to rtreaturrent
energy transition strategyAt each stage, this report summarizes the main findings ofstidies
conducted, highlighgthe points that appear most robust and opeup future research questions.

4 Definition of flexibilityused in the presentsearch

4.1 A conceptequiringclarification

A viable definition of flexibility should go beyond a merezzword into a workable concept for
prospective studies. On top of that, such a definition has some fundamental implications on the
methodology and tools one should use in prospective studies dealing with flexibility.
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Flexibility can refer to many differeideas{ A y OS (G KS mMppnQas aSOSNIf RSTFA:
successively proposed:
1 In the uncertain context of power sector unbundling and liberalisatilexjbility was a long
term investment issue, as planners worried their system would retable to adapt to
changing legislation.
1 As renewables started integrating the system, the term flexibility took on a new meaning,
linkedto concerns for shorterm operation.
1 As renewable shares increased, challenges began to appear on longer timeandldke
multi-timescale nature of flexibilithasoften been statedexplicitly.

This short historical summary illustratée need for a broader and more robust definition of flexibility,
encompassing the above elementsurthermore,the definition of flexbility isa matter of point of
view.

1 Owners of flexibility solutions are concerned by the optimal design of their device, which
maximises their revenue for a given level of risk.

1 At the opposite end of the spectrum,system operatomunderstandsflexibility through the
lens of itsmain missions,namelyload-supply balancingnd congestion managemenftlhis
approach applies tahe short term (efficient operation of available flexibility sourcelst
affectslong term perspective as wellflexibility sourcas needed tooperate the system in the
future).

In the present document flexibility is defined, according to [Hegg2®0®1], ascthe power system's
ability to cope with variability and uncertainty.

This definition is underpinned by the notion of commotenest. As suchflexibility cannot be clearly
distinguishedrom the ability to securely operate the power system by matching supply with demand,
managing grid congestiongnd ensuring electricity qualitgxpected by industrial and domestic
customers. Irpractice, this has been a key concern for system operators for decades, even before the
word flexibility became popular.

To fully understand what is at stake with flexibility, a clear distinction needs to be made between
variability and uncertainty, accding to the level of predictability of the observed variations:
uncertainty relates to a wéation of a stochastic nature, while variability is used to describe
deterministic fluctuations or events

4.2 Basic classification for flexibility solutions
One can lassify flexibility solutions according to different relevant perspectives.

First of allthere are many ways of providing flexibility in power systems, to cope with variability and
uncertainty.

1 One can modulate generation output, includwariable renewhle energysources (VRES)

1 Load can be modulated as well, including new uses like Electric Vehicles and other emerging
uses like electrolysers (sectooupling¥.

2t should be noted that actual signals very often contain b&rthermorethis distinctbn largely depends on
the look ahead time (e.gnstalled capacity is uncertain 20 years ahead, but goes down to zero for the current
month).

31t should be noted that@me flexibility solutions likelectric vehicles, batteries and seciooupling shall lay a
specific role in that picture, introducing new flexibility sources but also inducing new flexibility requirements.
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1 By matching load and generation on a wide geographical s¢hée,grid smoothes out
variatiors through spaceallowinglocatioral load-generation discrepanciesyithin the limits
of grid capacities

1 Or energy can be stored in a different form (including electrochemical storage in batteries) to
smooth variations through time.

Secondlyyariabilityin demand and generatih occurs on several tirrgcales, butnatching supply and
demand is madell the more difficult whemncertairty comes into play:

1 Onthe longterm, power system operation is made uncertain by the difficulty to predict energy
policy, the evolution of consumer habits, economic growth etc.

1 On the medium term, power system operators must face cyclical variations in demand and
renewable generation as well as manage planned outages.

1 On the short term, power system operation is constrainedrijdents and forecastability of
weather dependant demand and renewable generation.

Timescale > 5 years 1 year 1 week 1 day> Real time
Variability ‘ ‘ ‘

Uncertainty ‘ | ‘

™ Load |
—
[ Generation |
Flexibility

solution {  Network |

i Network Network
m

Storage

Pumped storage, Batteries,

Figurel: time-scale for flexibility

On the other hand, flexibility may be analysaderms ofthe system operatd@ missians (oad-supply
balarcing,congestion managemernd electricity quality, whichdepend to a greater desser extent
on theexact locatiorof flexibility solutions
 Thedbft I yOAy 3 alscF dalfed artdittadejpciliss on the ability of the system to
maintain the balane between load and generatiorits value isfrequently deemed to
representa significant part ofhe total value of flexibilityAccording to the current design of
European power markets, flexibility is managed within each geographical bidding zone
1 Howevae, flexibility solutions can often provide several services at the same time

o Stability
0 ReservesHrequency Containment Resen@SCR& Frequency Restoration Reserves
-FRR)

o Grid managementgfid congestion, reactive powearovisiorX 0

4 [[Hatziargyriou et al 203Chas published an updated definition of stability, which encompasses eotglte
stability, voltage stability, frequency stability, resonance stability and convdrieen stability.
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A deep understandi of multiservice (benefits and constraints) is key to fgltgspinghe economy
of flexibility and properlysizingflexibility solution, in particular with respect toapital (CAPEXand
operational expenditurédOPEX)Given the diversity of flexibilityources, a dlistic view of flexibilitys
necessary and leads to the notion of mix of flexibility.

Operating a power system involves a series of decisions taken at different time horizons, based on the
forecasts available at that time. Uncertainty gerigrdends to be reduced when approaching real
time. At the same time, the ability to adapt to changes is reduced as some levers become unavailable
(implementation times).In order to determine the balance that results from these two opposing
movements it is necessary to explicitly take into account the forecast horiZtiveslook ahead factor

is essential when dealing with flexibility levers:

1 Several years ahead of real tinogie can choose to invest or decommission flexibility solutions
1 Conversely, on shiter timescales, only existing infrastructure can be activated.

4.3 Hexibility in the Energy Transitigra changing landscape

System operators have always had to cope with variability and uncertainty, but the energy transition
is changing this flexibility sa@scape On the one hand, renewable development is increasing flexibility
requirement.On the other, historically dominant flexibility solutions like therrpalver plants are
being phased ouytwhilenew solutions like batteries or powdn-gas are emerging

One major lever put forward to sole environmental crisis is to drastically increase the share of
renewables in the energy system, and in particular wind and solar generation, as their direct CO2
emissions amount to ze?oThese two technologiesre variable and sharéwo commonchallenging
features they are weather dependant and nalispatchable sources of supply.dpstens with very

high shares of Variable Renewable Energy So(xRES), flexibility becomes more crucial than ever.

The first stego implementing an optimal flexibilitynix is therefore to improve our understanding of
flexibility in the context of power system planning, iia.a quantitativemannerthat can serve as a
basis for deriving an optimization process. This topic is adedessSectiord, Flexibilitymetrics

4.4 Which criterion to judge the Optimality of a mix of flexibility?

Once the concept of flexibility and the issues related to it in the context of tieegy transition have
been clarified, the question remains as to what is mdanan optimal flexibility miXn a first analysis,
designing an optimal mix of flexibililpvolves determiningsome kind oftechnicaleconomicmerit
orderfor flexibility. Given the variety of technologies that can be used to provide flexibility rémking
cannot reasonably be done without adopting a holistic Vielhis approach emphasizes mgedto
describe and model all types of technolegithat can provide flexibilityvith sufficient detail to
accurately reflecttheir interactions withthe rest of the mix their dynamic constraints, fixed and
proportional costsetcX 0

52 KSy GKS TFdAf tATFTS OeO0tS 2F GKS&aS (SOKy2t23ASa 064aONI |
not equal to zero: like for dier technologies, one should account for indirect emissions related to the mining of

raw materials, components manufacturing, installation building, maintenance and dismantling.

81n a vertically integrated power system, this task is achieved by utiliti&&urope, this responsibility has drifted

to Transmission System Operators, who have no responsibility for generation planning and must therefore
interact effectively with policy makers and stakeholders to enable optimal decision making.
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However, the use of a technieatonomic optimum tptal costs’ minimization, and more generally
socialg St FI NB YIEAYA&lLGA2Yy0 & | LINRPE& TFT2NJ a02YY2y
energy policies. The underlying assumption is that the goal of economics is to rationally allocate
resources, in a general equilibrium paradigm. Tahi) externaities (in particular environmental and

social ones) must bexplicitly and accurately integrated, and individual utility functions are assumed

to be weltknown and translatable to an aggregated utility curve.

These assumptions were alreakighlyquestionable in the context omonopolie$, but theshiftto a
decentralized world tends to exacerbate the cigios a local decisiomaking paradignis far from a

rational central planner one; the environmental crisis illustrates how difficult it is to address
sustainability For instancemaximising social welfare tends to favour commercial exchanges at the
expense osufficiency Thereforehe traditional@dA & A 2y 2 T { K Gsedb@yster plghneds2 2 R €
may conflict with the ambitions of the energransition (e.g., pillars of the energy trilemmaeaenergy

security, energy equity, environmental sustainability® doubt flexibility sources are affected by this

trend as are otheelements of the energy system.

In other wordsaninvestmentdecisionis often he result of a multcriteria choiceln addition, hese

criteria are often complex to take into accoumagernesgo take partin the energy transition, to
NBRdzOS 2ySQa SY@ANRYYSyGlrf F220LINAYGE G2o0mS Y2NB
of their electricity bil] etc.From this perspective, the practical problem is to know if this choice can be
rationally modeled, and if so, what weight to give to each critertonobtain aglobal ranking of the

solutions.

On the other handTransmis®n System Operatord §O¥kin accordance with their missiohave to
ensure that the various collectivand individual initiatives will nohake the whole system less optimal
in technical and financidaerms. Therefore, the decision was taken in WP1 tfl ssethe criterion of
cost minimisation to discriminate between options, bt complement it with other numerical
indicators from the field of the Environmental Analysis (eugtical impact on water, depletion of rare
mineral€ K dzY | ¥ K SierfolinktX doiciliateythe @iffédent perspectives.

It is worth noting that the OSMOSE project aimsatliress themethodological aspectgo identify
whichassumptiongplay aleadingrole in scenarios with high VRES shares in the power mix, and based
on this analysisto set up a system modellirgpproach which can capture the main interactions and
the practical consequences. Scenarios are not a goal in themselves, but will be netesssirthe
proposed methodology.

5 Flexibilitymetric®

Quantifying $ a convenient wagf condensindarge amounts of power system data to provide a quick
understanding of a complex situatiamd setthe basis for a rational discussion. Many flexibility metrics

have been proposed in the literaturtheyeithertrytoansweNd G KS ljdzSa i A2y daK2g YdzO
Y& aeaidSy ySS R« flexiility gotutiom? SIE & &K 2 Gisniy fulbdovied systerpé
Theapproachapplied in WP1s based on the observation that different flexibility solutions behave in

different ways depending on the timescale, thus fulfilling different roles in the power sydtethis

" Total costs a composed of Capital Expenditures (CAPEX) and Operational Expenditures (OPEX).

8C2NJ AyaillyOSs O2y&aARSNI ! NNB g Qa A Y LJ2ranked preférdnded of G K S 2 NB
individuals canot be converiedinto acomplete and transitiveommurity-wide ranking

9 Unless otherwise stated, the source for results and illustrations presented in the present se¢timyigmrty

20217
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respect, two gap&ientifiedin the existing metricaere of critical importancéo fulfillingthe mandate
of feeding an optimization process. One of themdkted to flexibility requirement on timescales
beyond a few hours which existing metrics concentrated on. The other is the questiamat
technology actuallprovides flexibility in a given system.

We will now briefly describe quantification methods posed by the OSMOSE project, and mention a
few example applications.

The proposed approach for quantifying flexibility focuses on the behaviour of different flexibility
solutions depending on the timescale Faurieranalysis ohistoricalhourly time seres of load and
VRESyeneration has shown that thredifferent time scales are sufficient in a first approach to
characterize flexibilityequirement and provisiorthe annual, weekly and daily scales
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Figure2: frequency analysion a typica/RES generatidime seriedor the British Isles (BRIT), the Iberian Peninsula (IBER)
and Germany (DE3ource Heggarty 2021]

10 By construction, the use of hourly time series prevents any taking into account -tfasuty phenomenon.
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5.1 Flexibilityanalysi®ver different timescales

The proces®f determining flexibility requirementtakes net loadas an input, i.e. load minus nen
dispatchable generation, which mainly consists of variable generation from renewable energy sources.
The hourly time series of net load can be obtained either from real system data or from simsilation
The annual, weekly ahdaily components of each time series are then separated using frequency
filters.
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Figure3: current situation in France (2018) [source Heggarty 2021]

Then, the proposed method quantifies the contributioheach flexibility soltion to the total system
effort. The same kind of Fourier analygisoved that the annual, weekly and daily timescales
decomposition was relevant for dispatchable sources as well (including derasponsé.
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Figure4: frequency aalysis on a typical dispatchable generation time sdsesrce Heggarty 2021]

5.2 Flexibility Solution Modulation Stack

The processf determining flexibility provision by technolotpkes the generatiotime seriesof each
technology as an inputr(ithe speific case of demand response, the time series of activated volume
is used instead For each timescale, the resulting modulations are std¢k produce a graphical tqol

the Flexibility Solution Modulation StackFSMS}.
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Figureb flexibility analysis for the French power syst@®18) [source Heggarty 2021]

Each ribbon shows the extent to whicHlexibility providergenerates more or less than it does on
average’.

1 InFigure6, the red ribbon is stackeabove other ribbons in February, meaning that gas plants
generate more than they do on average. Conversely, it is below other ribbons in May, revealing
that gas plants generate less.

f C2NJ AYGSNO2yySOl2NE>S RSLISYRAY 3 @statud; arbid@ 6 SYQa
stacked above the others may refer to higher export or lower import than on avetage.

1 To better understand what the different time scales repres@emthe FSM3t should be noted thathe Fourier
filtering can be roughly understoday referring to the notion of moving average

w For the yearly horizon, the initial time series is smoothed over a#ypieriod of 18 days.

w Then, for the weekly horizon, the annual signal is subtracted from the original time series, and a moving
average is performed again, smoothing over a typical period of 2 days, then disregarding any variation
with a period greater thn 18 days or less than 2 days.

w Finally, for the daily horizon, the original time series is subtracted from the annual and weekly signals.
The resulting signal only contains the variations whose period is less than 2 days.

2 For a given source of flexilijliand a given time scale, it appears as positive if it contributes more than the
average for this time scale, and as negative if it contributes @ssasionally, the stacking may reveal moments
when two sources contribute in an opposite direction. listhase, the counteracting source is represented in
faded colour.
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February, interconnectors may contribute to the French flexibility provision on par with
other sources. In January, on the other hand, intercotmechave a negative contribution to
the French flexibility requirement, although the latter is quite highis expresses the fact that
the French systemrovidesflexibility to its neighbourshanks to its interconnections
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Figure6 curent situation in France (2018) [source Heggarty 2021]

If we compare timescales, it is very clear that the solutions providing flexibil2918on the French
systemare very different. On the annual timescale, nuclear is a major contributdte wh the daily
timescale, interconnectors, pumped storage hydro and flexible load play a more important role. Note
that here, flexible load consists of hot water boilers.

5.3 Flexibility Solution Contribution Distribution

To summarise this information furthefor each hour of the time series, wancalculate the individual
contributions of each flexibility solution to total system modulat{gmcluding initial dispatch and up
to-reattime activations performed by system operatar$his leads to a distribioin for each solution
and each timescale, which we can then represent graphically using a bhokhisttool igeferred to
as theFlexibility Solution Contribution Distributior{FSCDB}.

B Time steps where the absolute value of this total system modulation is smaller than 20% of its maximum are

removed, to avoid spuriously giving credit to a flexibility solution becaussyofijptotic behaviour when net load
modulation is close to zero.
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Figure7 : FSCD fdfranceg Current systen (2018)

As we had the intuition on theSMSyraphical representatiomuclear is currently the main provider
of long term flexibilityin the French systermwhile flexible load plays a fundamental role in terms of
daily flexibility.

As mentioned earlier,nese indicators are also suitable for prospective studies, in order to better
understand the potential future role of new flexibility solutions. We have applied these tools to
systems with contrasting characteristics, showing how flexibility provision ggsanvith system
structure and size.
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Figure8 : FSCD fdFranceg Prospective study (2035)

In this example looking at a scenario for 2035, we can see the tdokle effects of electrolysers
competing with nuclear for the long e flexibility, but also with shorterm flexibility solutions like
pump storage hydro and batteries, although electrolysers were not built for that purpose.
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6 Requirements for building an Optimal Mix of flexibility

6.1 Context

In such a changing context e energy transition, the question of what technologies should be used
to best manage variability and uncertainty is rather open. Among all flexibility sources, which are
competing for positions in the flexibility market, a holistic modelling is required@ke tnto account
various costs, overlapping time scales and contrasted efficiency levels.

As flexibility requirements range from lotgrm to near reatime, the optimal solution will in most
casesbe a combination of several flexibility sources. Additibyyasomeintertemporal competition
effects may exist if lonterm flexibility sources with high capital expenditures and low operational
costs (such as powo-gas units installed to match long term needs) are flexible enough to cannibalize
nearreal time sources (such as grid batteries).

Any costbenefit assessment of flexibility sources strongly depends on the considered power mix, with
its own characteristics. In addition, trajectories are essential in times of transition. In a nutshell,
prospective stidies on power system flexibility must be based on scenarios and pathways.

Although the objective of OSMOSE is to build a robust methodology, not to provide -arawé
figures quantifying the economic space open to each flexibility source, contrasjedttnaeswill be
necessaryo check the robustness and validity of the proposed methodology.

6.2 A geographical and technical scope covering the full Euraresagysystem

As the power system is balanced on a continental scale, Europe is the relevantecaracope for
a study on flexibility needs, from very high voltage to low voltage selrebddition, one should target
the full energy system to capture cresectoiial effects of flexibilityand to take into account that
flexibility sources in futurenixes are deemed to be connected to the distribution grid

Unfortunately,sucha detailedand extensivamodelling of all this is currently out of reach, and will
probably remain soThe purpose of the following sections is to discuss the type of modétlidnas
provenrelevant in the context of the OSMOSE project tldressthis issue as well as presenthe
tooling suitblefor such a modelling.

6.3 EXxisting tools

Many tools already exist to simulate or optimize different aspects of the energy systemsetkibn

aims to illustrate the wide variety of topics they cover, in order to provide the reader with the
conceptual building blocks and tools that were available to the OSMOSE partners at the beginning of
the project. This section isbroadlyorganised fom the most general to the most specifitodels and

tools.

6.3.1 Capacity Expansion Models

Prospective studigserformedin the energy sectansually rely on Capacity Expansion Mod€EEXPM)
such as TIMES or OSeMOSYS. These tools @aky usonsidered as a bset of the Integrated
Assessment Models (IAMarhily, focussed on energy vectors and able to take into account local to
global geographical scales.

The goal of Integrated Assessment Models is to provide a global modelling of the economy or some of
its sutsets.Some IAMs are extensive enough to integrate the representation of economic, energy and
climate systera. Thiswide coverage must be put fa perspective of the many general limitations that

still exist in IAMs, as shown[Hache et al. 2019]

19/88



1 Most madels are based on a general macroeconomic equilibrium, which optimises the
allocation of available resources (capital, labor) to satisfy consumer needs. Waste of resources
and unused production capacities are hardly taken into account. Neither is theofole
individual actors in the process.

1 Equations and parameters are often determined from historical data rather than being
endogenous to the modelling, which is not well suited to the analysis of abrupt transitions.
This is particularly the case for consumgabits, which determine their needs, and for
commodity prices (fossil fuels, metallic and Ametallic materials....), which are highly
dependent on geopolitical conditions.

1 Conversely, when product prices are endogenous, quaptige laws are inferredor
products, without clear evidence from real life.q.,price elasticity of oil).

9 The value of the discount rate has a first order influence on the results, for instance the
respective performances of candidate technologies in the long term.

1 Finally, he financial system is not represented due to its inherent complexity.

Most of thesegeneralcriticismsdirectly apply to CExM&l However,focussingon the energy system
reducesthe overall complexitgndnullifiesthe possiblecrosssectoiial effectsacrosthe economy In
addition, commodity and fuel price argurely exogeaousinput parametersin CExMsand entirely
under the control of tlose conductinghe study, which isboth an advantagén terms oftransparency
and achallenge becauseumerical valuesnustbe determined anyway

Let us now examinethe technical ability of CExMs to accurately handle flexibiitlrich is the key
concern of OSMOSSKince they deal with lorgerm evolutions,CExMseem to be promising options
to capture longterm flexiblity. Unfortunately, these tools are known to underestimatiort-term
flexibility requiremens, while they overestimate theshort-term flexibility provided by flexibility
solutions.

9 Variability is typically expressed in CExM by aggregating each timg is¢viéime steps (called
timeslices) that are intended to capture variations in load and VRES generation. Seasonal,
weekday vs. weekend, and night vs. day variations are typically consigegefbl a total of
4*2*3 = 24 time slices). Then, the hourlime series of load and VRES generation are
adzYYF NAASR F2NJ SFOK GAYS atA0S o0& FLIWXeAay3a |
respective sections, which inevitatdgnoothengheir fluctuation.

f Technical constraints (like ramps, minimum up and didwes, storageleve{ 0 a G NRy 3f & | ¥
the operational behaviour of flexibility solutions. Unfortunately, the low temporal resolution
and the lack of chronological linkage between timeslices prevent any accurate implementation
of these constraints in CHs. As a result, flexibility solutions are often more flexible in
simulations than in reality.

1 Crucially, theséwo phenomena are exacerbated as the share of RE increases.

Researchers have tried to determine the optimal number of timeslices to captuieisaotivariability.

Without VRE, about 10 timeslices was a satisfactory compromise, but, once VRES were added to the
system, this number increased to the order of 1000, jeopardizing the tractability of the optimization
problem. Since VRES capacities ardogenous variables in CExMs, solving the question of how to
represent flexibility by finding the right number of time slices is a puzzle that fails to escape their
tendency to underestimate the value of flexibility.

Another timeslice limitation is the indliy to accurately reflect geographical aspects of variability in
multi-region studies: relevant timeslice choice in a region with high wind resource will be very different
to that of a region with high solar resource. Besides, expressing geographicgdhtons in VRE
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profiles is potentially feasibldaut may require so many timeslices that the computational advantage
of timeslices over original time seriesoffset

This inherent underestimation of the value of flexibility in turn leads to an undieraton of the need

for flexibility solutions compared to the installed capacity of besal generation (medium merit and

peak generation, storage, interconnection or demand response). As a consequence, relying only on
CExMcannot bean option for OSMOSE

6.3.2 Production Cost Models

Production Cost Models (R3), such as Antare&&mulator,simulate the hourly operation of a power
systems minimizingonly the overall operatig cost, while taking into account proportional and ron
proportional generation costs, anvaluing the energy not supplied (generation shortage) or,
conversely, the spilled energy (generation in esgeShe hourly time resolution allows for the fine
modelling of a wide variety of technical constraints related to the generation units or thearnk.

PCMs are typically used to perform generation adequacy studies, r@tq@yement here igo study a

large number of scenarios that appropriately represent the uncertainties that can affect the balance
between load and generation. Therefore, PCMs\aery powerful in assessing the actual behaviour of
flexibility solutions, and deriving the total operational costs of the power system.

PCMsgenerally focus on the electricity network, but some extensions to riiodegas and heat
networks have beerevdoped, taking advantage of modelling similarities. Conversely, they take
installed capacities by technology and by zonarggput, and are not designed to perform investment
planning or ensure economic profitabilityCMs can be an iresting building ock for OSMOSES a
complementto tools dedicated to set upelevant investment paths.

6.3.3 Life Cycle Analysis tools

A lifecycle analysigLCA)approach enableshe implementation ofa multi-factorial assessment of
energy systenscenarios (e.g.CO2 emissi®) resources consumpth and depletion biodiversity
A Y LJ- Quhich dvould largely helimform the projecton the consequences of thigexibility options.
The majordrawback of multicriteriamodellingis its limited compatibility with optimization methods

9 Provided that acceptable limits can be set for each environmental indicator, it allows the
definition of an accessible domain, but once the limits are reached, it does not provide the
decisionmaker with obvious means of arbitration between factors.

1 A practical alternative is to internalizeexternalities by defining a synthetic criteriomn
environmental assessment, litas the downside of introducing a weighting factor between
criteria of very diverseriging with uncertainties of different orders of ngaitude.This option
is therefore not suitable for truly transparent decision making.

The use of LCA requires very precise niotpof each technologygenerally provided by databases
like Ecolnvent, fed from various practical case stufbas..thoroughanalysiof asolar farm in Spain,
of anuclear power plant in SwitzerlandDf coursethe more numerous, recent and geographically
relevant the cases studied, the more representative the description of a technology.

The distinction traditionally made IlCA between the foreground (which describes the general context
of the study, such as the raw material supply chain and the manufacture of components) and the
background (the system studied by the LCA), although still relevant for energy and electricity
production, needs to be adapted: the environmental impacts of almost all products and services are
highly dependent on energy and electricity, generating a kind of chicken and eggwhidb is of
particular interest for studies assessing the impactshainges in energy and power mixes.
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In terms of tools, companies conducting LCAs generally preferatle software with a usefriendly
graphical interface, but these tools often lack the flexibility to programmatically navigate the extensive
hierarchy ofinvolved industrial processes and effectively adapt the background (e.g.: monitoltand a
the energy mix used to manufacture photovoltaic celldpre programmingpriented opensource

tools have recently appeared, lilgrigthway 2 and LCA algebraihich would better suit the needs

of OSMOSEsee [Brigthway] and [LCA_AIlg])

6.3.4 MarketEquilibriummodels

EquilibriumMarket modelsseekto integrate the effect ofmarket participantbehaviourinto energy
system analysjan order to assess not only the valuesated but also itgartition among actors
(individuals, companies, countries.However they stillassumesome sort ofequilibrium.

A very common type of equilibrium assumes conditions of perfect competition. Perfect competition
implies, among other tiigs, the absolute rationality of actors, a large number of buyers and sellers,
homogeneous productsperfect and complete informatiori, and perfect mobility of production
factors. This approach kmown to bequestionable for general reasans

1 Perfect infomation while information has a cost and a propagation speed

1 A catalogueof product references ofjiganticsize to guarantee the homogeneity of the
products

1 Extreme centralization of the market, reqinigan intermediary ("auctioneer") to organize the
market and "shout the prices

1 A convex aggregate utility functiomlthough Arrowproved the general impossibility of
constructing a collective preferena®nsistent with the individual ones

When applied to the power system, perfect competitiaasumptionsnduce additionaldeviations
with observations from the real worid

1 Since electricity cannot be stored, demand is largely inflexabtidshort-term™ competition
doesnot easily come from consumers

1 Inreal time, it is impossible to distinguish the defaultamjors in order to physically impute
to them the deviation from the contratt

Some ad hoc modifications have been introduced in market equilibrium models to mitiyede

deviations taking into account the strategies of price makers, and nlodgmorethan one market

round (usually dayahead and intradady Each company then adapts to what it "sees" as it goes along,

and information can become imperfect and based on "beligi&delling reality, which is a purely

continuous process, may require alagfelzY 0o SN 2 F NRdzy Rad | 26 SOSNE Ay {0 N
additional constraints or costs) to match the reabrld behaviour is complicated and arbitrary,
SaLISOALlf f & ¥F2eNdsbehasids (vige@ almdsteyedthing could change with respect to

the present

Strictly speakinghe 6 6 Sy S@2f Sy i Y2y2LRteé¢ | LIWINRFOK A& Sl dz
allocation This equivalence allowsralatively simple modellingof the system byan optimization
program maximising the social welfaras do CE¥Ms and PCM (although on partialenergy or

14 perfect information: perfect and instantaneous knowledge of all market prices, their own utility, and own
cost functions.
Complete information: knowledge about other market participants @ypls is available to all participants.

% The loadgeneration balance is therefore not guaranteed by the conforming execution of the contracts
0SGsSSy OU2NERZ | GadzlJd ASNI 2F flFad NBaz2NIlé¢ Aa ySSRSR
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electricitymarkets)h ¥ 02 dzNASZ (G KS &0 Sy S @akeshy samediffiofilieslst & ¢ | L
perfect competition when it comes to dealing with "inefficiencid$twever, as imaximizesthe social
welfare, this assessment will show the highest possgde, whichcanbe of high interestin projects
ikeOSMOSE& | G O2NJYy SN a2y Sé¢ NBFSNBYyOS T2NJ FdzNIi KSNJ

6.3.5 Agentbased Market models

Agentbased models generally assume strict rationaligents are indidualistic entities with clear
goals and simple interactions with other agefitsAgents are rational, in the sense of calculating,
strictly maximizing the achievement of objectives, knowing how to weigh present and future stakes,
and not affected by emotias or by supposedly insignificant facts.

In these models, the main focus is simulatingthe interactions between agents. Eacpeattries to

maximise its own benefit. This modelling is much more complicétad Market Equilibrium models:

the more agentshere are, the better the simulation is expected to lgfferent levels of information

for different actors may be modelled. Some irrational behavioerg.(analysis bias, confirmation
OAlF&aX0 YIFe& 0SS | RRSR Ilrdaddaiéhf thisappraagh isks@t&bie oRmedkBringS @ v (i
the impact of decisions taken one after the other.

Agentbased models are built upon individual preferences. A downside to it is that its results are
determined by a sum of individual criteria, whichno way guaranteeghat social welfare is actually

maximized.

Agentbased mod#ing requires a very detailed and flexible modelliRgsultssalidation istherefore
essentialone must be aware of the many approximations maatenpare with historical observations,

if any,and make the model even more complex waeelevant (accuracy is a matter of goal and
perspective)Using agenbased models therefore very demanding in terms of computation time
calibrationand resources, even for small systems. However, it has altezely introduced irPower
System Analysis as a way to deal with sequential anatyige context of the FP7 project OPTIMATE
(see[Maenhoudt 201(). PROMETHEUS/ATLAS used in OSMOSE/WP?2 is a direct offspiriag of
initiative.

6.3.6 Load flows

Load flows (or pawer flow analysis tools) are numerical algorithms designed to compute the steady
state of a power system network knowing the net active and reactive power injected at each bus, as
well as the characteristics of the lines and transformers (bus topologgaumiggment impedances).

It requires the resolution of a systemof ndinearS lj dz GA 2y a3 YANDKK2 FFea g2f€ 01
complexity is increased by the fact that we are interested in the solutions of the system, if any, located

in a restricted domism compatible withits operation (thermal limits of the lines, voltage ranges...). The

presence of many automated systems (protection devices) can make the modelling even more
complicated.

In meshed grids (such as the transmission network), load flowtygimlly used to simulate the effects

of faults (contingency analysis), in order to check in real time the robustness of the current grid state

G2 GKS GNRLILAY3I 27F | yewméid ANUEhGh Ntedulbmd speedl i§ tNdrejose T 2 NI S
essentialas a very large number of problems must be solved in a very short time.

16 This kind of rational individual isiudzt £ f @ NB F S NINFRR/ 20Y2A Gdad 0K 20YW2R dza SR Ay Yl
models.

17 As the transmission network is meshed, it provides several electrical paths between the injection and the

load bus. The energy flows are distributed between these different pattsO2 NRAYy 3 (G2 GKS YA NDKK
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In general, load flows require a very precise modelling of the network to provide accurate results.
When only active power flows are of interest, the system can be approximatedrasaadystem (DC
approximation), which reduces the numerical load and data requirements, at the cost of a loss of
accuracy, especially poorly-meshed grids.

In essence, load flows focus on a specific time step. As far as OSMOSE is concerned, |Gaddidws c
be used to check the operational grid state, once all other massumptions have been determined

In addition, their high sensitivity to input data should limit their practical use to those areas of the
European network where feedback and expsgtirom project members is available.

6.3.7 Optimal Power flows

An optimal power flow (OPF) uses the same set of equations as a load flow to model the grid, but
optimizes the dispatch (and possibly the topology of the grid) to ensure that the power flows remain
within both the thermal limits and the voltage stability constraints.

The OPF constraints can include the modelling of contingencies (secumgyrained optimal power

Ft20 G2 NBFESOU (KS-wmO2 WRZA B2 f X SA Y tidfe@Riarmse T4/ © G d
depending on the active or reactive power quantities that we wish to either minimise (e.g.: dispatch

cost, losses) or maximise (e.g.: overall voltage setting as a proxy for voltage stability). The option of
shedding load or generation in @ss is usually taken into account to ensure the widest possible
convergence of the optimization problem.

l'a 6A0K f2FR Ff26a> GKS YANDKK2FTFQa flFLé¢a OFy o685
active power (DC approximation).

Limits to the ue of OPF within OSMOSE are similar to the ones mentioned above for load flows. It is
worth mentioning that OPF might be useful in the OMSOSE context as an aid to locally adapt
assumptions (generation, grid capacity) resulting from the downscaling of meastpathways.

6.3.8 Dynamic and transient analysis

58yl YAO YR UNIXyaASyid Fylrfeara (G§SOKyAljdz$Sa | NB dza
the response of the full system is very sensitivéniout data, these tools require extremely accurate

modeling, much more demanding than that required for load flows.

In the OSMOSE context, the high share of VRES targeted by the scenarios largely calls into question the
stability of panrEuropean system. However, the level of uncertainties is extremely(kr&pecially for

G§KS Hnpn K2NAT2y0S YR GKS LINR2SOGQa oAt AGe (2
analyses is a major challenge.

operating mode aims to maintain the power supply in case of a single fault locataadyoof these electrical

paths.

However, the initial fault leads to a power transfer to the other electrical paths, which mayrirekeeed their
operational limits, trigger their own protection devices and trip. This type of incident is called "cascade of
overloads", and can lead to the total collapse of system. On a transmission system network, the purpose of the
G bvé  NXziréenhsach a @llapsk.
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7 OSMOSHree-stepapproachtoward an optimal mix of flexibility

In order to answer the methodogicaland practical issues mentioned in secs&and6, the OSMOSE

project opted for ahree-step approach, whichttemptsii 2 Y I 1S daGKS 06 Saimplid¥ 62 0K
an additional step of reconciliain:

1. Assessment based on the analysis of the fundamentals of power system economics

At this stage, theproject aims to take into account all relevant technical constraints and

I 3a20AFGSR 0O02aia o00GSOKy2f 23 &sto mdinid tidishdiaf 4~ ay
welfare ofthe area under consideration, establishing an upper bound that will then serve as a
reference.The main bricks for this assessment are CER@84 and load flowsAt this stage,

particular attention should be paid to sensitivity dyses to ensure sufficient robustness and

to distinguish fundamental from circumstantial effecese.,y’ S| N¥ @ aF€ ¢ 0O2ada 7
rise to many equivalent solutions).

2. Introduction of imperfections
Agento F &SR aAYdz F GA2ya | rQlie plausibiity 2 T Fi FOSi  OKSHOH BN
assumptions made intep 1 (impact of acceptability on VRES potential, Bmmandside
managemenitDSM X UE®onomic inefficienciesuch adorecast uncertainty, market players
YR GKSANIJ aid NI GS3 xeSult in lower dokich velfaksbitias that of thé A f €
GoSyS@2tSyild Y2y2LRfteé¢ | LIIINBIFIOK® !G4 (GKA& adl 3
come into play, which is an essential criterion to identify individual stakes and efficiently
promote the needed adatations of rules.

The present deliverable mainlguches uporthe first step of this process.

7.1 Organisation of WP1 to perform the assessment based on fundamentals

The multiscale modelling introduced above has been translated into the organization of MtP1 i
subtasks. This paper summarizes the results of Task T1.2, "Optimal Flexibility Combination”, in
interaction with other WP1 subtasks and WP2

a N
‘\

1
Long-Term Scenarios

ENSIEL

1.3 Advanced Methods
. .1'2 o - Outputs for
Optimal mix of flexibility + Analysis Multi-Scale Optimal Mix
of Flexibilities

- Focus on European transmission grid

1.4 Innovative flexibility
means for grid p—
reinforcement and
operation

1.5 Synergies between
flexibility services

*  Mutli-services Tests Cases.
* Results Analysis

WP2

Figure9: multi-scale structure of the study
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The organisation of WP1 can be summedtigs follow:

f The scenarios used are createdby A [ 2 Y 3 i S NXindér Sopristhdhtzhatdhe
energy system respects precise CO2 emission constraints from today to Zab@'s
functional scope is larger than the power system.

f T1.26 a h LIWM¥El 2 T Tperlrma securityiofi Sugpliassessmenof the European
power mixes produced by T1.1, with clear interfaces with other sectors and veatwtscope
of modellingfocused on tharansmission grid & ¢@ iy (G NRA O .\GRdh e dodiugiahé 0
of this analysis, T.1.2dapts thepower mixes totry to match the security of supply criteria
force in Europe

 T1304a! ROF yOSR Y Sd&2{RS HFLAING YWIdEf deshls With eFimpadt SWE A 6 f A
the other sectors and vectors of the mhifications performed by T1.2 to better integrate the
flexibility requirements and procurement

T A geographical and temporal downscalisgperformed in T1.4 a Ly y 2 @l G A BS Tt SEA ¢
F2NJ IANAR NBAY T2 NASaddBegdistribufidr griglissSel,Jfotus anyféserve
procurement, andverify stability. For reasons of resource and data availahilithe
downscaling is limited to some parts of the European grid.

T Tis504a{e&ySNH& 0S5 ¢SS frieshd nfolekhe syhekgie® betiveRNeIbIiR S & £ 0
serviceswith their impacts on the costs and lifetime of flexibility solutions.

9 T1.2 supplies the other tasks with generation programs reflecting the behaviour of each
technology in a holistic view of the power system, and in turn collectfeek from the other
to improve its own modelling, thus materializing a rough decompositimordination scheme.

Asshownby thecirculararrows inFigure9, theinitial idea waghen to formallyintegrateall subtasks
at a high level of feedbacka description of the additional costs and constraintmduced by
geographical and temporal downsizirgs well ascrosssectoial modeling and the assessment of
multiserviceeffects. All of this is really necessary to fully understahd £conomics of flexibility and
to size flexibility solutions appropriately

However, doing so in our modelling would have added a new layer of complexity to an already complex
problem. For reasons of efficiency and time limitatipit was decided to invegate the different
strategies in parallelTherefore, the final analysisowld have to take into account the individual effects
measured in each of these strategies

7.2 Selected tools

In addition to organization, the tools needed to conduct the studiesagkey questionAs presented
in Section 6, vhen the OSMOSE project wiagtiated, there existed mature and widelysed toolsto
studymost ofthe aspects enlisted iRigure9 (e.g., loa flows for studying the locaipact of flexibility
citing and sizingransient analysis tools for studying stabilitidowever, none of these tools was able
to answer all the questions on its own. In addition, some areas were not cavered

In the timeframe of OSMOS&4-year projec}, developing dull-fledgedad hoctool from scratchwas
not an option, and the following plan was put in place:

1 ldentify existing methodologies/tools suitable feach subtask

1 Try to couple these methodologies/tools in order to benefit from the beseence in each
category and more specificallgpecifyfunctional interfaces to be able to efficiently share
modelling and data between subtasks.

The multtannual optimisation of the flexibility mix is the core of TLafortunately,no standardtool
wasdeemedable to compute a costffectiveinvestmentpath while accurately capturing flexibility at
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all its time scalesDeveloping a new tool, even one with this limited scopgainseemed too risky
Fortunately, an efficient way to solve thigoblemisidentified in the literature The guiding idea was
to implement a sofinking between a Capacity Expansion Mq@#xMand a Production Cost Model
(PCM) Such an architecture makes it possitietake into account the investment trajectory over
decades ad, at the same timeto benefit from a precise hourly generation programming, which is
essential to accurately capture flexibility requirements and provision:

1 The first step of this approach is to perform a emay softlinking, to assess the security of
supply of the proposed scenarifs each year of the investment patiihe validation typically
involves refining the operational cost assessment, as well as capturing detailed information on
security of supply. Such a link is called "unidirectianal”
1 The second step is to satp an iterative scheme, to adapt the generation capacity by
technologies and by zonds, better capture true value of load balancing flexibility dndost
effectively improve the security of supply. While the transfer from theMCi6 the PCM model
is quite straight forward (it comes down to using the capacities by technology estimated by
the CEM in PCM simulations), we will see that the kind of information to provide back to the
CEM (feed-back loop) to ensure (and if possibleSsB R dzLJ0 G KS a 02y ISNHSY O

complex to determine.
CExM CExM

Installed capacities Installed capacities

Update feedback

parameter values

PCM PCM

Hourly behaviour of
system components

Hourly behaviour of
system components

FigurelO: unidirectional (left) vs bidirectional (righgpft-couplingbetween Capacity Expansion and Production Cost idodel

7.3 Study cases map
To facilitate the readingf the present document, a graphical summary of the dependency between
the study cases within WP1 (as well as the data links to WP2) is displayed in Figure 10.
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Figurell: map of studies

8 Heuristicbased soffinking

8.1 Initial scenaosand spacdime downscaling

Qbtask Tl.lproducedi KNBXS aOSyIlI NA2a yIYSR &/ dNNByid D2t a
CNF YATF2NXYEGAZ2YE 0! ¢03X I yR. ThaseScBriahDavSoRen setup, il G S 1| O
order torespect:

{1 Varyingcarbon emision budges over the period 201205098, split over the main industrial
sectors (energy, industry, agriculture, waste management)

1 Varying levels of final energy demand

1 Cost trajectoriesassumptionsfor all generation technologiesas well asfor CQ-emitting
fuels'®,

1 A preference fofow emissiorenergy sourceseflected in mandatoryphase out schedulefer
coalunits.

8 The C@budget for CGA is in line with the Nationally Determined Contributions (NCDs) of European countries
ratified by the EU in October 2016, whereas the CO2 budget for AT is lower (more constraining) and the CO2
budget for NCAs higher (more lax)

1% Fuel prices are based on the corresponding scenarios of the World Energy Outlook 2017 until 2040 and held
constant afterwards
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Figurel2: emissions across scenarios (source D1.1.)

In the subtask T1.finalenergy demand consists:of

9 Orighal electricityuses that ardraditionally supplied by electricitie.g., lightinghousehold
appliancey,

1 Final emandfor heat (in MWhear), Whichis subdividednto low temperature heat (water and
room heating and cooling) and high temperature heabtély industrial process over 100 °C)
[D1.1],

1 Final émandfor passenger transport (in passenger.km) d@right transport (in Tonne.km)

which isdistributed among the different types of transpaftail, road)by modal split(see
[Loeffler 201T and[D1.]] section 3.3)

The candidatetechnologies(including storage of electricity, gas and heatnsidered by the
optimization to meet the energy and mobility demand on the investment path are shown in Figure 12.
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Figurel3: final enery demand considered in T1.1 (source [D1.1])
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Model calculations determine, for each scenario, the development of the overall energy system and
detailedpower system supply and demand:

1. The processs based on &ost minimizingoptimisation (GENeSYBROD) performed at the
scale of the fulEuropearenergy systerf? (33 countries aggregated into 17 Europeaacro

regions)

9 It computes a cost efficient pathwayofin 2015 to 2050 inyear steps

1 Each representative year is modelled via 16 time slices.

1 The investmentand dispatch decisions are determined to minimize thial cost of
covering the demand in original electricity, heat and transport in each macro region
and foreach representative year of the considered time interval.

1 Thisstepimpliesin particularto determine the optimal share of heat and mobility
demand addressed to electricity in each region.

1 Investment decisionsffect capacities inpower generation(VRES and conventional
technologies)and power storage(batteries, pumped hydro storagepower tranger
capacities between macregions (modelled as NT&), sectorcoupling devices
(powerto-gas, fuel cells, and powerto-gas unity, heat and methane storage
capacitied!, and transportation technologies (engines)

1 Additional constraints limit the grid anénewable generation expansion par y&ar

2. Then, the results areefined by a cost minimization performedver 20202050 in 1Gyear
steps, for the power systemonly (DYNELMOD at a higher geographical resoluti®n
(downscaling fromL7 European regions to 9tbdes.

)l

Each representative year is modelled 8Eil time steps(reduction technique)n the
investmentoptimizationstageand 8760 time steps ithe dispatchsimulationstage

The downscaling from 17 macregions to 99 nodes is performed by using digition
keys.

Investment decisions affect power generation and storage technologies capacities
(batteries, pumped hydro storage)power network capacities between nodes
(modelled aset transfer capacitgNTCG) and combined heat and power units.
Technologyspecific efficiency ratioare used to translate heat and mobility demand
into mere power demand.

Remaining potentials for biomass and roofteipotovoltaic P\Vj generationafter step

1 are made available to the optimizer.

Demand Side Management is congieltas an additional flexibility lever.

2This step used GENeSWSD, a rewrite by TU Berlin thfe open source tool 0SeMOSYS. See [OSsMOSYS]

21 Heat grids in each macaegions are not interconnectedayhile congestion over the European methane grid
as well as potential limitations in access to CO2 sources for methanation are ndglecte

2 Theyare assessed on a per scenario basis, 8 SR 2 ydbackoh gragmaficSifits fogrid expansion.
23This step involved DynELMOD, developped by TU Bsda[dynELMOD]
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Figurel4: geographical downscaling from 17 magegions to 99 clusters.

The share oénergy demand addressed to the power seatwballyincreases, showing a clear trend
to electrificafion of the economy
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Figurels: total electricity demand across scenarios (source D1.1.)
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In terms of total installed capacity, the trend is clearly towaedvery strong increase in VRES
production (visible in anore moderate wayeven for NCA). This trend iscoupledwith a strong
development of powetto-gas, batteries and flexible demand.
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Figurel?: total installed capacity of storage units and flexible demanrbss scenarios (source D1.1.)

The CExMombinesthis massivegrowth of variable renewable technologi@gth a significant volume
of dispatchableresourcesnsuring backupObviouslythe CQ budget constraintand the mandatory
coal phaseout scheduldead to ashifttowards thermalunitsrunning on renewable gas
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Similarly, CExNhvess substantiallyin the network It is worth noting that the grid expansioate is
primarily drivenby aconstraint modelling a maximum investmeallowanceper period (ensuring

plausibility of planning schedulespt because of the relative cost the retworkwith respect to other
technologies.
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Figurel9: total grid capacities (internal and crebsrder)across scenarigsource D1.1.)

8.2 Monte-Carlo modelling

In OSMOSE WP1, the Loss Of Load Expectation (LOLE) is used asidinefariteeasuring Security of
Supply. The use of such a criterion implies a stochastic approach to the different uncertainties that the
power system face$n PCM, the classical way to implement this statistical approach is to use Monte
Carlo modellingHence, the three scenarios produced in Tasknuat firstbe complemented by
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sufficient number oMonte-Carlo years for the variabl#sat are deemed the most affected by annual
to-hourly uncertainties.

The three scenarios produced by Task 1.1 have ba#datedin Task 1.2 vithe opensourcePCM
AntaresSimulatosoftware (see [AntaresSimulator]Yhis toolis a power system simulator thaims
to quantify the adequacyor the economic performangef interconnected energy systems. As sitch
performs several probabilistic simulationsof energy consumption, generation anmlansmission
throughout yeatlong periods made of 8760 hourly timérames each. More specifically,
AntaresSimulatoperforms weekly adequacy optimisatiomsorder to minimise the oveil cost of the
system considering unit commitment for thermal generatibased ora perfect foresight hypothesis
over the coming weekConversely, the lorterm foresight(in particular how reservoirs and other
storages are managed) is molgel in away which prevents anticipativit$¥, by the use oBellman
values or heuristicachievinghe same goal.

The power system modaind datasetused in theOSMOSEimulations havébeen taken from thee-
Highway2050EUproject (see [eHighway 2050]) This dataset cosisted of 3 yearof electricity
consumptionprofiles 3 years of hydrological datand 11 years of solar and wind capacity factfors

99 clusters representing the European power system Egeareld). In the first OSMOSE simudats,

1 year of load, 1 year of hydrological data and the 11 yeaMRH&S profiles havbeen used. For
computation efficiency purposesvb models have been set up, each with their own geographical
resolution A first one using the 99 initial nodasd a #cond one aggregating the nodes at the country
level, resulting in 33 areAuntries. Each model hathen been run witl2030 and 2050 scenario data.
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Figure20: screenshot of OSMOSE country model in AntaresSimulator

For eachOSMGCSEscenario, mstalled capaciés of generationelectricity consumptiorvolumesand
network capacitiehave beertransposedn the modet

24The concept of nomnticipativity depicts the fact that the optimizer should not use at a given moment in
time information that it is onf revealed later on in the process one wants to mimick.

34/88



- In order to take thecapacity pathwayslefined in T1.1 scenariogto accouni transfer
capacities between noddgboth between countries and between country internal nodes) are
modelled viagrid transfer capacitfGTQ used as NTC. Equivalent impedances of links and
Kirchhoff laws are not taken into account, which tends to overestimate actual exchanges.

- Generation fromvariablerenewable sources is modelldy multiplying the installed capacity
in each area by itsorrespondingcapacityfactor profilewhich varies yeaon year

- Thermal generation is modelledising technologgpecific clusters, with technology
dependent parameters (ex. maximum power,minimum power, minimum stable power
market bid, outage probabilityetc.).

- Run-of-river and bioenergygeneration ignodelled via explicit generation tirmgeries

- Hydro-reservoir generatiors optimised weekly once the annuahergycorresponding to the
sum ofthe inflow time-serieshas been distributed per week thanksadeuristié®.

For hydro reservoir and ruof-river, generation capacities and tinseries computed by T1.1 have not
been considered relevant. In ANTARES sitiouls, this datahasbeen replaced bgne (average) time
series and generationapacitydata coming from thee-Highway2050scenario Big&markefsee [e
Highway 2050])

In additionto these standard generation technologjdise types of flexibilities haveden added irthe
initial system model: pumped storage plants (PSP) battery energy storage systems(BESS)
electrolysers dlso called poweto-gas units-P2G), electric vehicle smart chargih¢EV) and heat
pump cutoffs (DSM)

- PSP can store and generatedricity following a weekly cyclgith an efficiency ratio of 75%.

Like other hydro capacities, PSP capacities come Trerryear Network Development Plan
(TYNDR However, since reservoir volumes are not available in TYNDP data, reservoir volumes
from e-Highway205(have been used once rescaled based on generation capacities.

- BESS can store and generate electricity following & dgdlle withan efficiency ratiof 90%.

- Regarding EV, a percentage of the overall daiy corresponding to thehargingof the
electrical vehiclesan be optimally positionedithin a day by the optimisatioprocess

- DSM are modelled as last resort generatwtsch areavailable +/2 hours around the evening
load peak.

- P2G represents the energy that is pulled out the powestem as gas (H2 or CH4) in order
either to be used in other industrial proces3esr to fuel gasbased power generators (ex.
open cycle gas turbinegOCGT, combined cycle gas turbinfCCGTor even fuel cells). The
overall efficiency of this latter ienly controlled in post pocessing.Since gas storage and
transport facilities are considered large enough not to be constraining, P2G is modelled via a
COmmon reservoir.

Details ofthe flexibility moddling areavailable ifAppendixA].

Finally, @ option of AntaresSimulatorO f f SRR K &5 R & Ni&S ds&NdItdkéthe balancing
reserves that are required to ensure the security of the system into accdhig modelling consists in
fictively increasing the load as seen by the model during the unit comenitrphase of thermal

25 See[AntaresSimulator RefGuidédr details about this heuristic
26 Only smart charging is considered in these simulations. Vehicle to grid solutions are out of scope.

2T For instancen the 2050 CGAcenario, it is assumed that 175 TWh of energy shall annually leave the power
system for other industrial usages.
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generator$®. This functionalitytherefore indifferently models some kind of FCRitomated GFRR
andmanual FREMFRR i.e. all generation available in less than 30 min.

8.3 Seurity of supply assessment
Results of thee first simulatbns are shown in the table below for the 3 scenariostlo® 2 time
horizors.

Average annual results CGA2030 NCA 2030 AT 2030

Overall cost¥ (B. Eur) 101 129 75
Load (TWh) 3281 3164 3714
Generation wind (TWh) 682 594 1245
Generation solar (TWh) 247 206 437
Generation nuclear (TWh) 670 629 734
Generation waste and bioenergy (TWH 225 259 270
Generation fossil (TWh) 916 932 528
Generation from P2G \(Wh) ~0 ~0 ~0
Generation from battery (TWh) 1 2 1
Generation from PSP (TWh) 13 8 41
Generaton from DSM (TWh) ~0 ~0 ~0
P2G storage (TWh) 2 ~0 13
P2G2Rbserv.ratio® N/A N/A N/A
Spilled energy (TWh) ~0 2 20
Unsupplied energyTWh 0.8 3.7 0.7
CO2 emissions (Gt CO2 eq) 504 614 183

Tablel: Security assessmentioftial scenarios for 2030

Average anual results QGA 2050 NCA 2050 AT 2050

Overall costs (B. Eur) 35 501 31
Load (TWh) 4361 4540 4703
Generation wind (TWh) 3072 1417 3236
Generation solar (TWh) 1013 417 1053
Generation nuclear (TWh) 54 22 179
CGeneration waste and bioenergy (TWh 205 603 265
Generation fossil (TWh) 75 1492 35
Generation from P2G (TWh) 200 9 246
Generation from battery (TWh) 134 10 139
Generation from PSP (TWh) 81 29 75
Generation from DSM (TWh) ~0 19 0
P2G storage (TWY 668 1 690

28 The optimal dispatch phase on the other hand is performed on the initial load values.
2 Theseonly includefuel costsandloss of loadcurtailment costs being assumed to be zei®¢e sectiors.3.2

30 Total generation from gam-power units divided by total energy consumed by pow@igas units.

This ratio etimates the efficiency of the powen-gasto-power cyck when a methanation step follows the
electrolysis. fie maximum theoretical ratio, deduced from an efficiency of ~80% électrolysers and ~45% for
CCGT, is expected to lie below 40%
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P2G2Robserv ratio® 0.4 0 0.37
Spilled energy (TWh) 92 2 125
Unsupplied energy (MWh) ~0 20.9 ~0
CO2 emissions (Gt CO2 eq) 27 529 11

Table2: Security assessmentioftial scenarios for 2050

The use ofossil generatas, which are much more expensive than RElains the significantly higher
cost d the NCA 2050 scenariwv/ith 21 TWh of unsupplied energyhis scenario also appears much
more unbalanced than the twothers, which on the other hand may be oveapacitive.

The surprisingly high level of CO2 emissions for th&05D scenad is due to the observerhtio of
the powerto-gasto-power cyclé®, whichis above 40%C0O2 emissionsad thereforebeen corrected
to reflect the fact that not all P2G generation can actually be providedbbyesticégreere gas.

Considering th&€€GAscenarioonly, there is a clear shift from a landscape in 2030 in which generation
from fossl gasand coals majority to a new one iB050 wheregenerationfrom renewables (solar and
wind) is majority andgeneration fromgreengas, which is produced throughout the year, is used in
winter with a little support from fossil gas.

Beware that cost reults must only be used to compare scenarios and shall not be interpreted as
projectionsof actual system costs.
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Figure21: Annual generatioifabove)and load(below)stacks for all Europe in 208G Ascenario
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Figure22: Annual generation and loagtacks for all Europe in 208XBA scenario

8.4 Feedbak onscenarios

Althoughthe 3 scenarios have beémitially modelled NCA esults have been considered incompliant
with CO2 emissions objectives, whereas ATcomtes by technology appear to be very close to CGA
ones despite significant increasesMRES installed capacities. Therefdre initial CGAresults have
been chosen to feedlaskl.4. Feedback orthis scenaridvasbeen collected from WP1 members, which
is presentedin this section.

T1.1 inested inpowerto-gasout unitswhich are explicitly dedicated to using gregas generated by
powerto-gasin units (electrolysis and methanation). The technical characteristics of ptoaxgas as
defined in GENeS¥80ODare distinct from those otonventionalOCGT or CCGT. In practice, existing
CCGTs and OCGTs perfectly capable of burningreen gas; dedicated pow#o-gasout units turn

out to be an unnecessary use of CAPEX. In ANTARES simulations, technicatistiesaictepower
to-gas2 dzii dzyAla KI @S 0 S gWis ldads koFhyEGrdpean tharmial flaet that se€ind
over capacitive. Capacities in France and Germarpaiticular seem overestimated, whilaaly or
Finland rely on capacity in other coumsilndeed, all countries but Finland have a LOaED. A better
option seems talirectly locate additionathermal capacityn the country withlack of generation

Regarding reserves, theinitial results show reserve requirements are satisfied. Asrssequence,
there is no needfor specific capacity constraints in the expansion model to handle reserves.
Nevertheless, this conclusion should beeseaamined once the sizirigsue of the gas power flegt
addressed.

Italian partners working on Task 1nbticed for instance that Italian imports in 2086metimespeak
at more than 70% of the overall domestic Igaghich seems unrealistid@his may bexplained by
exchange capacities beingverestimated &ctually twice more than what iplanned in TYNDP
scenaros), though in1.1 optimisatiormodel, yearly limitson interconnectionexpansion voluméad

31 Loss Of Load Expectation
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been set. Additionally,in CGA 2050 (final year of the simulation perioof)e can noticelarge
reinforcements of more than &W, whichmainly concern internalihks®.

Though optimisation results of T1.1 are not intendeditzuratelyreflect national planned decisions
reported in TXKIDP, assumptions on grid costsosld be checkedas well as total costs of grid
expansion resulting from DYNELM@Be [dynELMODT])yhe limit on yearly interconnection expansion
rate also has an impact on the resultscbuld beadvantageouslyeplaced by a minimal level of
domesticgenerationper country.

Onshore vind investments are scarce in some countries with an important wimelgy potential,
although these countries have a high energy depsre toward the rest of Europ&K, IE, SEThe
model alssseems to strongly favour wind power over solar PV in France.

Offshore wind has been invested in only one cluster per countrgoine cases windeneration in
those clusters i%-6 times higher tharthe annual load In particular, most wind offshore investment
concentratesin NL (51GW).

Storage capacity seems to be highly correlated with countries' RES capaefit@sseemsquite
reasonableThere s howeveran inexplicablgreference of the optimization for poweotgas in France
andbatteries in Germany, although T1.1 computed similar RES capacities for these two countries.

Finally neither the currently builbuclear power plats (Flamanville in France a@dkiluotoin Firland)
nor the planned ungin the UK (Hinkley Point) are present in T1.1 results.

Due to time constraints, in paralled the automated soffinkingexercise furthedescribed in section
9 of this reportand enario improvement performed by Task Jla3first manualadaptationof the
feedback loop has been tackled BY.2 in order to create a referen@SA study addressing the above
mentioned drawbacks.

8.5 New reference simulation

In the first simulation rungnly 1 time-series of hydr@nd load data and 11 timseries of renewables
hourly capacityfactors have been usétl There was therefore no suitable correlation betwete
load andthe meteorological conditionslriving VRES generatioim order to improve onhis facet, a
dataset produced by thBlan4Re¥ EU project has been used in the second run. This dataset relies on
the PECD/3 (PanEuropean Climate Database), which has also been used in EHNMS®Irerm
Adequacy Forecast (MAE)19 and2020. The PECD pides 42 years of temperatuseRES capacity
factors (onshore and offshoreind and solarand hydro timeseries (bothrun-of-river cRoR and
inflows) which are correlated from the geographical and meteorological point of vibig. data is
available at thegeographicatesolution ofthe OSMOSH9 clustes. It is however based onraanalysis
of years1981-2016 and therefore does not account for climate chandelditionally, the Plan4Res
projectreleaseddemand datdor most of the 33 EU countries modelleddSMOSH his demandlata
provides a single profileof the nonthermo-sensitive usageand the charging of electric vehicles, in

82 Attention must be paid to the fact that intea reinforcements only take place in the second step of T1.1
process, during the downscaling to the 99 clusters.

33 These 11 scenario®f renewables powefactor as well as the hydropower time series are reufiedh the

dataset made publicly available byetlrP7 project-#lighway 2050 (see {dighway 2050]).

As a reminder, these hourly time series were based on reanalysis weather data, and express some geographical
and temporal correlationsHowever, load, VRES generation and hytinee series have been geraed
independently and present no intefariable correlations

34 https://lwww.plan4res.eu
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addition to weatherdependantprofiles for heating and aiconditioning. Whilst the nonthermo-
sensitivedatahas been reusedithout modifications in OSMOSE, the thersensitive profiles have

been reprocessed after some inconsistencies were discovered (ex. peak load in Italy being twice the
one of France for 1985). New electric vehicle charging profiles have also been drg@®@QMOSE to
better reflect theexpectednatural charging patternas found in e literature and to includéhermo-
sensitivity which may account for up to $& of the consumptiorof the vehicle in winter Air-
conditioning profiles hae been discarded du lack of information to accurately build therDetails

of the buildingof these profilesareavailable ifappendix BJRemovingncomplete yearsthe OSMOSE

data finally comprises 3¥earsof consistent data. This numbenay still not be seen ideal fan
adequacy assessment bigtalready a significant stéprward.

It is worth noting that the new winadapacityfactors appear to besmallerthan the previous ones,
hence they tendn averageo lower the annuaVRES generation, which falls in 2050 frol2@TWh
to 3853TWh.

Besideshydrois modelled usingnore time series (35 instead 0j.JAlso, hydrgparameters in 2030
and 2050 have been updated based on TYNDP2020:

- Runof-river generation capacities from TYNDP2020 for 2040 have been taken as expected in
2050. Generation capacities in 2030 have been scaled between current values and the ones
expected in 2050. Daily generation from PECD have been scaled with respect to capacities.

- Pumped storages and corresponding reservoir capacities (volumes in GWh)bbame
modelled as closed cycle with same generation capacities in 2030 and 2050 based on data
from e-Highway205Gscenario Big&markdsee[e-Highway 2050)\vhich are the same as data
from the initial CGA scenatrio

- Reservoir generation capacities took irocount the total hydro capacities from TYNDP2020
and runof-river and PSP capacities determined as described above. Annual generation and
reservoir capacities (volumes in GWh) have been taken from PEEEDPECD#Nnd scaled to
determined capacities.

In order to tacklethe remarkson the thermal fleetin the CGAscenari®, the 2030thermal fleet has

been manually adjusted to reach a level of unsupplied energy that saeoeptableln 2050, all gas

and powerto-gasout capacitieshave first been removeduclear capacities have been aligned with
their minimal values the TYNDP20 scerarithena joint optimisation of gas units and exchange
capacities has been performed to reat®LE valuebhat seemacceptable (se€igure25). It is worth
noting thatinternal grid capacities (capacities inside countries) have not been changed which has an
impact on the results of the simulations on cluster level (see chapter 8.4.5)
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Thermal fleet comparison
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Figure23: Adjustmentof the thermal fleet in the 203@nd 2050reference scenario

Investments performed in etwork transfer capacity bythe AntaresXpansionoptimisation is
summarisedn the following mapKigure24).
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Figure24: Transfer capacitincrease between 2@3and 2050

Someadditionalminor adjustments to the ANTARES model were made:

The parameters of the hydro reservoir management heuristic have been updated to ensure
the reservoir is sufficiently filled when winterdeming.
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- Charging capacities for electric vehicles have been reduced by 2/3 between 9am and 6pm to
reflect the fact that some vehicles will not be able to charge at these times.

- Flexibility of nuclear power plants has been reduced.

- The planned outage rateds been slightidecreased in March and November to red@rergy
no served ENSin these months

All these changes lead &mannual number of load sheddimmurs(LOLEhich islower than 3 hours

on averagdusualcriteria for adequacy,)but higher than Oin orderto prevent over capacity. The result

is obviously noperfect assome countriegexperience a LOLE greater than 3. However, considering the
balancing of a generation fleet is a complex and ttnasuming problem, this result seems sufficient
to analyse the contribution of the different flexibility providers

LOLD per country (in hour/year)

5|hM|m
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| 2030 = 2050
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Figure25: Averagd_ossof-load duration(LOLDin new reference scenario 2030 & 2050

8.6 Key findingand outcomes

In 2050 the demand is almost twice that of 203@lainis also more irregular due to storage demand,
in particular powetto-gas.
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Figure26: Daily averagegeneration(above) andlemand(below) for the simulated European power system in 2030
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Figure27: Daily averagegeneration (above) andemand(below) for the simulated European system in 2050

43/88



A 3 ) AN
Hide legend ;‘r‘e{;" ,/ ,/ / Hide legend
Areas iy [ Y Areas
)

Figure28: Annual energy gneration mixes by country in 2030 (left) and 2050 (right)

CGA2030 CGA2050

Average anual results Srun 2" run 15 run 2" run

Overall costs (B. Eur) 101 103 35 68
Demand(TWh) 3281 3283 4361 4400
Generation wind (TWh) 682 623 3072 2798
Generation solar (TWh) 247 255 1013 1055
Generation nuclear (TWh) 670 675 54 301
Generation hydro (TWh) 547 545 544 576
Generation waste and bioenergy (TWH 225 225 205 205
Generationgas(TWh) 501 566 275 358
Generation coal (TWh) 414 401 - -
Generation from battery (TWh) 1 1 134 138
Generation from PSP (TWh) 13 17 81 78
Generation from DSM (TWh) ~0 ~0 ~0 ~0
P2G storage (TWh) 1.7 0.05 668 668
P2G2P observatio® N/A N/A 0.4 0.7
Spilled energy (TWh) ~0 ~0 92 184
Unsupplied energy (Wh) 0.8 ~0 ~0 0.1

Table3: comparison of CGgeenario key figures before and after heuristic4ioking

As illustrated irFigure29, year-by-year results show there is a clear link between the net load (i.e. the
part of the demand no being satisfied BMRES generatigrand the amount of ENS (energy not

supplied.
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Figure29: Netload vs net load for the 35 myears of the OSMOSE dataset

In the new referencesimulation, there is ndonger adistinction betweengas power plant running on
domesticéelectro-a NI S y(iée. gasipeoduced via electrolysis and methanation within the European

power system and ones running on fossil gas. Since the obsamiolof the powerto-gasto-power

cycle is above 48, it means not all of thegwwer plant can rumn Europearst S f STONIB\§RY. The
FRRAGAZ2YIE 3Fa LINRPGAAAZ2ZYAY3A YIe 0SS FdzZ FAt{f{ SR O
FYyFSNRPOAO RAISAGA2Yy 0> G3INBSyYyé¢ Il a AYLERNIA 2N S@S
depend on the origi of these additional gas provisionirifithe only alternative source i®ssil gas,

the CO2 emissions would peak at @@ CO2 eqComparing these results with their corresponding

values in the initial scenario show that they are somehow aligned, ircpéatiif we consider that T1.1

scenarios included negative emissions factors for biomass which have not been modelled in T1.2.

2030 Emissions (in Gt CO, eq) 2050 Emissions (in Gt CO, eq)

S VR - )
o oo o o o O
N

T1.1 1st run 2nd run T11 1strun 2nd run (OCGT) 2nd run (CCGT)

B Emissions B Emissions % Negative emissions
Figure30: Comparison of CO2 emissions

8.6.1 Competition and collaboration between flexibility sources

8.6.1.1 Flexbility metrics

Building on the metrics defindd section5, the graphs belowillustratethe contribution of thevarious
flexibility providersat the annual, weekly and daily scafes a given year (year both in France and
in GermanyFlexibility needs are notably higher in 2050 compared to 2080also appeao be twice
ashigh in Germany compared to Frand@eware hat graph scales are differenth France,hiere is a
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Annual modulation in GW
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clearshift from nuclear and hydrmi2030 to poweito-gas and batteries in 2050 for FranGamparing

2030 and 2050, the shape of the annual flexibility modulations becomes much more irregular. This can

be interpreted as a shift from a scheme where annual modulations are linked to consungwtd

generation maintenance patterns to a new scheme where annual modulations are linked to RES

generation patterns which are irregular throughout the year (as in Germbng@ermany, gas remains
an important flexibility provider, but poweio-gas and htteries also play a major role in 2050 bisth

cases, interconnectors remain a valuable source of flexibility. As for curtailment, it appears in 2050 at

varioustimescaledoth in France and Germany.
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Figure31: Hexibility providersn 2030(left) and 2050(right) for year 1 in France
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Figure32: Flexibility providers in 2030 (left) and 2050 (right) for year 1 in Germany
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The FSCPBindicator for France in 2050, unsurprisingly illustratest thlectrolysers becomene of the
two main flexibility provides for all timescalesThis may partly be linked to the fact that in our
simulations electrolysers are considered as highly flexible at-s¢éort, though 1 should be noted that
this actuallydepends on the technology usédlkaline vgolymer electrolyte membrane electrolysis
PEM) Interconnectors contina to play an important roleln particular, electrolysers substitute
nuclear at the annual scale. The indicasdsoshows thegrowing roleof curtailment andbatteries at
the daily timescale.
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Figure33: FSCD indicatsfor France, yearl iR030 (left) and2050(right) (red: annual, green: weekly, blue: daily)

In Germany the situation appears mode balanced betwgas) electrolysers and curtailment.
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Figure34: FSCD indicator for Germany, year2030 (left) and2050(right) (red: annual, green: weekly, blue: daily)

35 Flexibility Solution Contribution Distributiqisee sectiorb for definition)
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Lookingmore closehat the daily scale, an inteséing cooperative effec

between flexibility providers hasgen noticed in 2050 simulations. TF 2
effect, which had not been highlighted previously to our knowled »
allows to lengthen thectivity time of electrolysers.

In the CGA 205Gcenariosduring sunny summer peaks, generation
exceeding both thelemandand the electrolyser capacitieds shown in
the righthand side figure, ther shorterterm stockbased flexibility
providers (such as batteries and PSP) can charge (1) then disch.
couple of lours later, when PV generation decreases (2). This beha
allows electrolysers to remain running outside surfoy windy) hours
(3). As such it increasetheir charge faatr and therefore their
profitability.

Thistrickle-down effect is obviously a corguence of the optimisatior
performed within AntaresSimulatgr but it could k& encouraged by 1
market designs.

Figure35: trickle-down effect

8.6.2 Impact of geographical resolution

Simplifiedsimulations in the ® run have been caied out for representation of the power systems
at country level (33 countries) and additional sensitivity has been made for more dispersed
representation, with 99 clusters.

wSadzZ Ga LRAYyG (2 GKS AYLI Ol 27F (destrs)idRatytdthg Qa O |
impact of the internal grid connections. As previously mentioned, although in thisi2 exchange

capacities between some of the countries are increased, no changes of the ingeichahpacities

(capacities inside countries) we=performed

The results show that internal grid constraints increase both spillages and ENS, again pointing to the
significant role of the grid as the flexibility levém. 2050, themitigation of internal grid constraints
impliesanincrease in P2G ushtion.

CGA 2030 CGA 2050

Average anual results 2run- | 2"run- 2% run - 2Mrun ¢

COUNTRY CLUSTER] COUNTRY CLUSTER
Overall costs (B. Eur) 103 106 68 147
Demand (TWh) 3283 3283 4400 4400
Generation wind (TWh) 623 632 2798 2844
Generation sola(TWh) 255 257 1055 1054
Generation nuclear (TWh) 675 662 301 287
Generation hydro (TWh) 545 545 576 577
Generation waste and bioenergy (TWI 225 225 205 205
Generation gas (TWh) 566 586 358 527
Generation coal (TWh) 401 393 - 0
Generation frombattery (TWh) 1 1 138 119
Generation from PSP (TWh) 17 20 78 61
Generation from DSM (TWh) ~0 ~0 ~0 3
P2G storage (TWh) 0.05 0.12 668 916
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P2G2P observatio® N/A N/A 0.7 0.7
Spilled energy (TWh) ~0 11 184 153
Unsipplied energy (Wh) ~0 0.1 0.1 5.2

Table4: comparison between country and cluskevel simulations

LOLD per country 2030 (in hour/year)
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Figure36: Average LOLD in new reference scenario 2030

It is worth notngthat in 2050grid constraints increase the need for P2G engagement. P2G provides

required flexibility when it is reduced due to grid constraints.

It lu v memk nl no pl pt ro rs se s sk uk
B Cluster simulation

Cluster simulations in the new reference scenario in 2050 show unacceptably highotelssof-
load duration LOLDconvesely to the country simulatioshowing that gd constraints significantly
reduce the system flexibilityAs an dditional sensitivityrun, a 2050 simulation without internal grid
constraints ha been carried out and results are summarized in the follgwliable The results are

similar tothe results of country simulations but there are still some differences. Wind and solar

generation is differendue to differences in capacity factors per clusters andccountry level.In
addition, presentaion of PSPsand batteries with different granularity incountry and cluster
simulationsalso present the reason fasmall differences in the results.ifférences in LAL ae

presented in the following Figure.

CGA 2050

2«run ¢ CLUSTER

Average annual results 2erun - 2erun - Without internal
COUNTRY CLUSTER . :

grid constraints
Overall costs (B. Eur) 68 147 74
Demand (TWh) 4400 4400 4400
Generation wind (TWh) 2798 2844 2844
Generation solar (TWh) 1055 1054 1054
Generation miclear (TWh) 301 287 304
Generation hydro (TWh) 576 577 577
Generation waste and bioenergy (TWH 205 205 205
Generation gas (TWh) 358 527 395
Generation coal (TWh) - 0 0
Generation from battery (TWh) 138 119 116
Generation from PSP (TWh) 78 61 59
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Generation from DSM (TWh) ~0 3 0
P2G storage (TWh) 668 916 860
P2G2P observatio® 0.7 0.7 0.6
Spilled energy (TWh) 184 153 86
Unsupplie@ energy (TWh) 0.1 5.2 0.2
Table5: identification of effects of internal grid constraints
LOLD per country 2050 (in hour/year)

9

8

7

6
as
=P

3

2

1

0 =

al at ba be bg ch cz de dk ee es fi fr gr hr hu ie it It lu v memk nl no pl pt ro rs se si sk uk

MW Coutry simulation

Figure37: LOLDxomparisonin 2050between country and cluster without internal constraints

Results oftie simulaions without internal grid constraints provide rough information about needed

B Cluster simulation without interna grid constraints

internal grid reinforcement. Reinforcement is mainly needed in FraBeemnany, Italy, Romania and
Norway, as presented in the following Figure.
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Figure38: Requirednternal reinforcemergbetween 2030 and 2050

8.6.3 Effect of sectorcoupling on prices

AntaresSimulatodoes not provide resulten market prices. Howevemarginal cost which isan
optimisation outcome corresponding roughly to the taf an additionall MW ofdemand is usually
deemed as an acceptable proxy for the market clearing price. In 2030, marginadxdaibis the usual
pattern and are minly driven by generation cos{seeFigure58 below, left handside).

In 2050the power system beingiostly powered via renewable energgurcesvhosemarket cost is

zero, one could expect the marginal cadtthe system beingften close to zeroActually, as this has

already been describé®) in such scenarios, priseare alsodriven by demandi particularthe
electrolysi3. This is illustrated ifigure58below (right handside) where two simulations have been
LISNF2NYSR 6AGK (62 RAFTFSNBYy(H St S @eichRclearlyiideatiyO2 a i a
a step in the cost curve corresponding to electrolysis, which last about half of the year.

36 hitps://iaee2021online.org/download/contribution/presemttion/1301/1301_presentation_20210602_153536.pdf
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Figure39: Marginal costduration curves in 2030 and 2050 reference simulations

8.6.4 Reserveeaquirement and procurement

In order to take reserve considerations into account in the simulations, there was a need to compute
reserveprovisioningrequirements. Note that these requirements concentrate wpwards reserve
whichis considered as the moatute aspect Downward margins are assumedrépresent a second

order problem thanks to lastesort curtailmentin case of highVRES generation or thanks to
modulation of thermal generation WRES generation is contrarily significantly.low

In order to canpute reserve requirements,ewsed MAF2018 dataset as a basis for the impact analysis

of renewables on control power (reserve that presents the sum of FCR and FRR). MAF2019 was used
only for data that are missing in MAF2018. In both cases data relatedéove values for each country

in 2025 are used.

We have also collected preliminary FCR participation coefficients from ENfB&@ear 2019 and have
calculated FCR part of the total reserve presented in MAF2018 study (FCR+FRR) assuming that FCR will
remain the same. Suspicious values (that are significantly less than max unit capacity) are replaced
with values that take into account capacity of the biggest unit in the system.

With the aim to separate 2025 reserve values into two pasart that depend on the peak load or
biggest unit in the system aradpart that depends on RES capacities, we assumed that part of reserve
needed to control the RES is 3% of installed capacities in RES. By applying this assumption, we
calculatecthe part of reserve nordependent on RES.

Based on this, we calculated the reserve values for 2030 and 2050 by scaling the RES dependent part
of reserve with RES capacities in corresponding years. This scaling is made with the same 3%
assumption which can be considered as congdrgaThese values are then increased for the part of
reserve that is RES nalependent.

With this approach, total reserve values for 2030 and 2050 that are applied in all Antares simulations
are presented in the following table:
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RESERVE (MW) insti; Current RESERVE (MW) in 205Current

Country goals achieved goals achieved
i 266 309
AT 472 1276
BA 329 1050
BE 1186 2580
BG 332 678
CH 964 1111
cz 1214 2840
DE 4726 12740
DK 1112 1742
EE 253 /18
ES 1082 5035
FI 1605 3448
FR 2514 12511
GR 1040 1576
HR 243 o0
HU 1087 2003
IE 378 e
T 3980 6329
T 697 1290
LU 59 102
LV 259 —
ME 55 3
MK 161 —
NL 719 2455
NO 1537 2673
PL 1120 7021
PT 223 853
RO 1311 3221
RS 607 245
SE 1197 1985
SI 416 665
SK 930 1764
UK 5213 8057

Table6: total reserve values for 2030 and 2050
For modeling purposes in cluster model, we assumed uniformly distribution of reserve by clusters.
wSaSNIBS @I tdzSa RSGSNXYAYSR Ay (KSH KS2RA5 NEFEONWASD ST
LyaGlrNBa (2 1SSLI 6GKS NBIjdZANBR NBEASNDS OkbrazSa | a o
cooperation in provision of reserve is assumed and with the aim to minimize the costs, system will
keep reserve at the cheapest cluster.

We believe thg for our consideration of flexibility needs, this approach is acceptable.
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The following flexibility sources are expected to provide the reserve:

- CCGT

- OCGT (P2Gen)
- COAL (in 2030)
- Batteries

- PSP

Total installed capacities in flexibility sources (without hydro)

talled capaaty [MW)

& 60,000
c
o i
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m 2030 m2050
Figure40: Total installed cpacities in flexibility sources (without hydro)

The above list does not include HPPs (RoR and reservoir) that present relevant providers of the reserve
and due to this fact, the following analyses can be considered as conservative. On the other side,
inclusion of HPPs in the sources of reserve, when all HPPs per cluster arbethadeone HPP, could

lead to overestimation of the reserve capacities.

Only batteries are considered as the sources that can provide the reserve from @.&4@en when
not initially generating)

Expost analyses of the results of the country simulations in 2030 and 2050 has been carried out for
one MC year (MC1) with two objectives:

1. To check the provision of reserve when it is provided by spinning units only
2. To check the provisioof reserve when it is provided by spinning and 13pmning unitge.g.
BESS).

The real situation likely ligsetween these two cases.
Total capacities in flexibility sources are higher in 2050 mainly due to higher capacities in P2G and
batteries.

With low level of flexibility sources in 2030 reserve provision by all capacities except hydro is rather
low and there are a lot of countries in which there isigh number of hours in which reserve is not
satisfied.
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In 2050, with more P2G capacities and mbagteries patteriesincrease from 5.5 GW in 2030 to 288
GW in 2050), reserve provision is significantly better. It should be noted that in 2030 provision of
reserve by hydro power plants and provision of reserve from the neighbouring systems will b of hi
importance

AT BA BE BG CH CZ DE DK EE ES FI FR GR HR HU IE M LT WU LV ME MK NL NO PL PT RO RS SE 51 SK UK
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Figure41: Hours where reserve provision is not satisfied in 2030
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Figure42: Hours where reserve provision is not satisfied in 2050
8.6.5 Publication oOSMOSHatasetto foster transparency anguse as a benchmark

The OSMOSé#atasetused in the second simulation run is composed of 35 years of data which are
spatiallyand meteorologically coherent:

- RESapacityfactors (onshore wind, offshore wind and solar PV)
- Load profiles (noithermosensitive heating and electric vehicles)
- Hydro timeseries (rurof-river generation and reservoir inflows)

Note thatthermo-sensitive load profiles average to 1 over the 35 ydmrsnot individually meaning
that some yeargex. year 10are more stressed than ste others.

Datais available at two geographical scales: 33 countries and 99 clu$tdéssdatasetvill be made
publicly available at the end of the project.
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9 Automated soffinking’

As mentioned earlier, the heuristic approach has the shortcoming ofgelyeavily on expertise.
Moreover, its outcomes may be very specific to the cases studied. A solution baseddinegtimnal
automated softlinking was considered a promising option to impraolve robustness of the results.

For practical and timing reass, it was deeded preferable to focus on proving that the convergence
process could be automated and accelerated, rather than taking full advantage of the feedback
gathered in the manual iteration schenreterms of data accuracyAs a result, the followg deviations

from the assumptions used in the heuristic approach described above were implemented:

- To accelerate the mastering of the CExM code by, RiEEautomated soflinking has been
based on 0OSeMOSYBee [OSsMOSYS])instead of its derivative GEN&SMOD®.
Nevertheless, this switch does not affect the equations used by the CExM under the hood, but
only their implementationsin addition, it ensures adaptability and full opsourcing of the
final code One distinctive features of GENeSWSD compard to OSeMOSYS was the power
transmission module developed by TU Benimich was expected tplay an essential role in
enabling the sharing of flexibility provisions ieten countries and market zone® SMOSE
contributed to the backporting of this moduleinto OSeMOSYS, in order to match the
performance of GENeSYS in this respect and to allow the whole OSeMOSYS community to
benefit from it.

- The automated softinking subtask focussed on the conception of the coupling algorithm
design. In particular, the mber of zones was limited to the initial GENeSAID spatial
resolutior’®, in order to allow for a more thorough sensitivity analysis by greatly speeding up
the optimisation. In addition, this saved the project from having to use DynEL{&D
[dynELMOD]}o scale the system down to 99 nodes. This reduction in complexity helped
understand in a comprehensive manner the factors with the largest influence on the results.
It was assumed that this difference in spatial scale would have effects of the same ondder a
nature as those observed in the heuristic approach between thed@mitry and 9luster
modelling.

In order to run an automated process, the signal to be sent as well as an explicit stopping criterion
have to be specified beforehand, whereas in a maraaftlinking they can be adapted at each
iteration on a cas#y-case basis.

In the WP1 approach, a system is considered underinvested if it leads to more than 3 hours of LOLE,
and conversely, overinvested if it leads to less than 2.5 hours of*t.@isEe will illustrate in the

results section of this chapter, the actual performance of the coupling is highly dependent on how
effectively this signal is summarized and fed back from the cost minimization module to the capacity
expansion moduleAfter a diret applicationthe methodology developed bHyAlimou et al 2020] two
alternative approaches were considered to improve the behaviour of the coupling in this regard. Their

87 Unless otherwise stated, the source for results and illustration presented in the present sedtitegigarty
2021]

38 [GENeSY®IOD is written in GAMS, which requiresry specific programming skills aadcommercial license,

while [0SeMOSY® fully pythonbased opensourced and well documented

39 The OSMOSE data transmitted to GENeSYS depicts Europe in 1Zomss.0

V¢KAA GRSIFIR oFyReé 2F n opefifemehtiof the yhik Sish Refeet toitie lohgeBI ISy i 2 @
uncertainties (costs of technologies, annual demand, but also fluctuations of weather dependent variables which

are depicted by a limited number of Monte Carlo years).
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advantages and drawbacks will be examined in the sections beWwehsummarise themodelling
work carried out to improve the representation of flexibility in power system planning

The main steps of theoft-linking processcommon to theethree approaches;an be summarised as
follows:

- After having set initial valuefor feedback paramter, OSeMOSYS is run, proposing a first
AYy@SaiayYSyd LI GKglre FTNBY Hamp G2 HnanpnI Ay FTAOD!

- The results, consisting in installed capacitiesalbgenerationtechnologies interconnection
and storage can be directlsanslated into Antares inputén a fairly straightforward manné.

- Next, for every decade in the investment pathway (2020, 2030, 2040 and 2050 are referred to
& &{AyTIGSR @& S| N&irhulafrsirhwation iy tuh diitEe full Weather years
datasd.

- For each Softinked year, Antares outputs hourly time series describing the behaviour of all
system components (generation, interconnection and storage).

- These outputs are then used tomputenew values for the feedback parameterfseach Soft
linkedyear®.

- The process is then repeated for a new iteration, with OSeMOSYS proposing a new investment
pathway based on the new feedback parameter valuggil the defined stopping criterion is

reached
Investment year 0SeMOSYS invesment step.
Range from 201 2050 in Syear steps.
Softlinked year Subset of investment year for which

Antares simulations are run.

Range from 2020 to 2050 in 4@ar steps
Weather year 11 Antares realisations of the same
soft-linked year (source:-elighway 2050)

Table7: Summaryof the several time periods used by the coupling

In a softlinking scheme, the feedback process has two key roles:

1. Reporting to OSeMOSYS underinvestments and overinvestments,
2. Telling OSeMOSYS how to adjust the investment pdtieinext iteration.

The first point is a general requirement for all considered options. How the second point is
implementedwill differ in each feedback technique

41 A specificapproach is requiredo obtain the number ofthermal units to be modelled in Antase as their
economic dispatch and unit commitmeate significantly influenced by the size and number of units

42 parameters calculated based on Siiked year 2020 are also applied to Investment years 2015 and 2025,
thoseon Softlinked year 2030 to Investment years 2035 etc.
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Figure43: softcoupling between Capacity Expansion Model amdiéetion Cost Model
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It is worth noting that all softinked years are optimized and assessed simultaneously, assuming
perfect vision in the investment problemlo claim ofprovenoptimality can be made for the solution
provided by soffinking a CBW with a PCM.However, proving the strict optimality of a capacity
expansion solutioseems in general a questionable goal, gitrenmodelling simplifications, the input
data uncertainties, and the limited ability to take into account sieghnical but essentialonstraints
(e.g., social or environmentalh this respect, the approach adopted puts more emphasis on a heuristic
evaluation ofthe robustness of the solution: in particular, tlability of the final solution to match
supply and demand with acceptalfiecurity of Supplievelsis validated over a full hourly resolution

for many weather yearsvhich is much more stringent than the levels exhibited by the original CEXM
solution

The most natural stopping criterion fahis feedback loop would be to cheakhether the agreed
Security of Supplgriterion has been reache@nsuring feasibilit}f. Butsince the solution proposed
by a softlinking exercise cannot guarantee to be optimtlis canlead to a system with an
unreasamably high level of reliabilityinstead, monitoring the subsequent behaviour of thatal
expenditures TOTEXwas deemed relevantputting the focus more oma TOTEXconvergence
perspectivethe softcoupling was run for 10 iterationgjithin solutions leading to LOLE below 3h, the
one with the lowest TOTE)CAPEX+OPEX¢en by the CExM was képt

9.1 Initial scenariosomplemented byVeather dependent data

The scenarios used to put the coupling under testing were based on modified TUB scenarios, with 17
zones.The "standard" budget, based aiJB OSMOSE scenario data, is used as a reference. Budgets
are allocated among regions according to their share in European annual demand.

43This criterion was used [Alimou et al. 2020{vho softlinked the CExM TIMES to the PCM Antares, on a single
node representation of the French power system, for a sigglftlinkedyear and consigring investment only
in generation.

4 n most cases, 10 iterations were sufficient to observe a significant decrease in the TOTEX variation from one
iteration to the next, indicating a stabilization tendency. In the opposite case, a few more iteratioasdded.
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Technology| Pmax Pmin Min up Min down | Market CO2
(MW) (MW) time (h) time (h) 0 AR 0 ¢emissions
(tCO2e/MWh)

Nuclea 1600 800 168 168 14 0

Coal 800 320 6 6 79 0.75

CCGT 500 150 3 3 118 0.327

OCGT 250 120 0 0 172 0.488

oil 250 120 3 3 190 0.65

Table8: Thermal generation Antares parameters @eioergy modelled as mustin)

Because of its ingrtance in relation to flexibility, a special effort has been made to define the
structure of the time slices to be uséuthe CExMAN analysis on a dedicated use ctsassess the
impact of different timeslice structuresnd number on the model outcomaows that improving the
representation of solar and wind variability indeed impacts the final installed capacity, but to different
degrees depending on the freedom given to the model. If the modeler adopts a greenfield approach
and does not limit investent rates in technologies, this impact will be a lot more significant.

Following thisanalysis, aingle structureconsisting of 16 timeslicéswas selected and apipld to all
bilateral softlinking schemesSince the CPM will provide a much more detaitkdcription of the
operational behaviar, this structure was considered an appropriate tremfébetween computational
time and accuracylhetimeslice value$or VREand load were obtained based on a set of 35 years of
hourlytime series data, deriveddm reanalysis historical weatheath. For VRES, tifi@ctor valuefor

a given timeslicés set as the average poweutput relative to installed capacitgver the group of
hourly time stepsnatching the time slice definitiaThe principldor load timeslce values is the same.

Year (y) | |

Season (Is)

DayType (Id) |

DailyTimeBracket (Ih)

Figured4: hierarchical timeslice structure

As with heuristic coupling, the use of stochastic methods adapted to the assessment of security of
supplyby the CPMequires supplementing these scenarios willonte Carlo yearsin order to model
uncertainties related to load and fatal geta¢ion (hydro and VRES)hen theautomated softlinking

was launched, only th&l scenarios from the-elighway2050 datasetvere availabldcf. sectiorB.5).

For reasons of internal consistency, the choice was made to use &iseisin this section without

trying to update them once the new MoatCarlo datasets would be available

4516 timeslices , resulting from the ,combinatioh4 seasons (Summer, Autumn, Winter, Spring), ttdag
and 4 dailytime-brackets (Night, Morning, Afternoon, Evening)
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9.2 Automated iterative soflinking ¢ Referencdeedback loo@pproach
As previously mentioned, this firapproachis built upon the methodology developed by Alimou et al.,
with the following key features

- The feedbackoopisdesignedaround an ad hocconstraintpresent in the CExindimposing
that the sum of installed cazities weighted by their capacity credftsnust exceed peak
timeslice demand multiplied by a reserve margiNGE F SNNBR (2 | & &4/ 9Ea !
- Thisconstraintisa proxy for systenadequacy, correcting for the fact thadue to averaging,
peak cemandover timeslices make significantly lowethan the actual hourlpeak demand
- Capacity creditare updated after each iteration on the basis of Antares outputs
- Conversely, the reserve margin, which is obviously a key parameter, is fixed foritieeuntt.

¢
(0p))

NB: in Alimou et al., the methotimgy is limited to one target year. In the OSMOSE context, it was
adaptedin a straightforward wayo take into account a mulyear investment path

In Figure4b5, total system costs oveiterations for a singleode German power system, and for
different reserve margin, are displayed. The colour and shape of the corresponding dots reflect the
status of a given iteration on the investment path, in terms of Security of Supply (green being th
GalNBSGE O2f 2dzND Y

- In accordance with the main findia@f the studyby [Alimou et al. 202Q]a generationmix
provided by a CExMfrequently leads to unacceptable LOLE levels due to insufficient
operational detailgiteration 1) This is true even farery high reserve margin levels

- Situationleading to more than 3 has of LOLE (red and, for sonm#tSinked years, pink and
orange dots) mostiytend to be adjusted as desired, i.awvestment is increased in the
subsequent iteration

Situationdeading toless than 3 hours of LBper node(yellow, green and, for somefs-linked years,
pink and orange dots) should be adjusted by reducing investment ingk&teration. However, the
exact opposite isappeninginvestment is systematically increased, utite optimizercannot respect
the maximum annual capacity investment constréitriangles).

46 Capacity credits are intended to express how each generation technology contributes to meet hourly peak
demand.See [Alimou et al. 2020] for details.

4In[Alimou et al. 2020fhe reserve margiims set to 1.28 throughout the softlinking process

48 Maximumannual capacity investment constrairgflect political and industriatonsiderationsvith an impact
on the deployment rate of technologies, sucltlas ability of industry to develop onshore wind and solar capacity
fast enough
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Figure45: Evolution of OSeMOSY S tatgstem costs over iterations,
for a singlenode German power systeamd for differentreserve nargin

Thisfeedback technique fails to differentiate under and cugrested situations, always generating
positive feedback as iterations progrekset us explain this behaviour from a theoretical perspective.
The lefthand sideof the CExM Adequacy Conaint (demand multiplied by a reserve margis held
constant over iterations. A change in investment tliequiresa change in capacity credits. Signalling
overinvestment would hencénvolvean overall increase in capacity credit values when LOLE drops
below 3 hours. We can see kigure46 that on the contrary, dropping LOLE levels lead to an overall
collapse in capacity credit values, which will cause investment to increase in an alreadyvegsezd

system.
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Figure46: Evolution of 0SeMOSYS tatgstem costs over iterations for dispatchable technologies

There is clearly a gap between what we intuitively expect from capacity cegditsvhatwe actually
get. Capacity creditas definedaboveexpresgo what extenteach generation technology contributes
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to meetinghourly peak demanéh a given situationWhereaghe feedbackinformation we ardooking

for to properly guidethe CExM is the degree to which a technology could be used ta peadk net

load ifneeded®, which may notably differ from the observed participatisihile these two notions
are equivalent for VRE:they are not for dispatchable generation.

Because of the fuhamental issues described abouhe reference feedback teclmue was not
considered suitable for use in the OSMOSE prpga no attempt was made to adapt this technique
to a multitnode context.However,the general idea behind thieedback technique is of significant
value. After extensive exploration, a newetiback technique was derived, which is presented in the
next section.

9.3 Automated iterative softinking; Reserve margin based feedback

In the CEXxM Adequacy Constraitihe reserve margin parameter expressthe degree to which a
generation mix sized on tinséices deviates from being able to guarantee adequi@hbis proxy has no
direct link to power system physical quantities, and a reserve margin value derived for a given system
has no reason to be appropriate for another. Therefdreeems to be a very gpopriate tool to sgnal

under- and overinvestment.

Set default
capacity credits

0SeMOSYS

x10
iterations

LOLE,, <25  LOLE,, €[253] LOLE,, >3

3

Update capacity credits

Antares for storage, hydro,
interconnectors and VRE

Figure47: Evolution of 0SeMOSYS tatgstem costs over iterations for dispatchable technologies

There are many potential ways of implementing the details of this adjustmantiple. Extensive

testing showed that, to ensure a preferable strategy for reserve margin adjustment was to first obtain

an adequate solution (LOLE <3h) and then reduce investibatmain idea of the present technique

is therefore to link reserve mamgito LOLE level: it defines the relative adjustmienbe madeon the

reserve margin used at last iteraticshepending orthe LOLE computed by the PCM. This monotonically
AVONBIAAY3 FdzyOldArzy Aa NBFSNNBR (2 draaundéhedha SNDS
target level (to conform tesome fixedpoint theorem logic). N analytical solution could be derivéar

49 For instanceits abilityto be used as a baalkp, in case of a sudden drop in RES generatiom dispatchable
unit contingency.
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the Reserve Adjustment functiothe proposed strategiesire the result ofexperimentaltrade-offs
between robustness and speed.
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Figure48: Possible designs of the Reserve Adjustment function, depending on the speed/robustness compromise

In multi-node situations, the reserve margin adjustment defined abm@auiresan additional rule: a

region's reserve margin camly be reduced if, for the same sdiitked year, none of its neighbouring
regions have a LOLE level above\8hhout the incluson of thisrule, the location of new generation

investment may switcltover iterations, between neighbouring regions, failitagbring LOLE levels
below 3 hours in both regions simultaneously

Finally, esides the logic of adjusting the reserve margomequestiorsregardingthe capacity credg

were still pending: The switch to multhode systems entails defining capacity dite for
interconnectors tosignal to the CExNheir flexibility value. Each link is assigned a pair of capacity
credit values, based on the mean flow during the 100 hours of highest net load in each of the two
connected regions. Note that this may leadatmegative value.

Initial (and default) values were derived in a way to ensure that thdy measurethe ability of each
assetto be online when it is really needetVith this in mind,The CExMomputes an investment
pathway without any reserve margimgstraint, which is then submitted to the PCM with a 33% load
increase In thePCM residual capacity may be sufficient to ensure adequacy at the start of the model
period, but this process will lead to high levels of LOLE at the end of it, and will vervige asset
behaviour under tense conditions.

As for capacity credits update, extensive research was conducted on both thersigieGerman
system and the mukimode system, and ultimately showed that updating capacity credit values over
iterations pravides limited value to the proce¥sthe comparison of TOTEX trajectories presented in
Figure49shows that successively updating capacity credits leads to more instability, particularly in the
first few iterations,while the cheapest adequate systems proposed have TOTEX cheaper by 0.1% at
most. Surprisingly, updating the reserve margin provides the CExM with sufficient leverage to signal
under and oveilinvestment and adjust the investment path in the next iteration.

50 Provided that initial capacity credit values are set to refisges' ability to be online when it is really needed
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Figure49: Evolution of total system costs over-itération runs for th&7-node European system
with (solid) or withoutcapacitycreditupdates(dashed linesjinitial reserve margin size of 1.28

The view provided byigure49 is too geographically aggregated to stubgw investmentsare
adjustedover iterations. Figure50 provides more detailed insight into the evolution of LOLE, and
explains why ingstment may decrease despisemenodesexhibited aLOLE greater than 3 hours in

the previous iteration: in the vast majority of combinations of regions andIsdfed years, LOLE is
below 3 hours. With decreasing investment as iterations go by, theréesrer situations with Oh of
LOLE and more situations with LOLEIRin the]0,3] hours interval. This suggestsit the softlinking
process is successfully reducing investment in -iwvegsted regios. However, it struggles to keep all
LOLE values belo3 hours, and the process seems rather unstable. It should be noted that LOLE in
excess of 3 hours remains at reasonable low levels.
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Figure50: Evolution of LOLdistributionover iterations in the 17node systenfor the wholeinvestment path
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9.4 Automated iterative softinkingg Flexibility contribution based feedback

By considering onlghe ability of a technologto contribute to peak net load, capacity credits overlook
the value this technology may haverfother purposesgspeciallyflexibility. However the value
brought by &flexibility sourcevaries significantly with the consideréichescale. Bing able to express
this information in the softinking frameworkshouldhelp us find adequate investment plans at lower
TOTEX. This intuition led to the flexibility contribution bafssdiback technique, to which this section
is devoted.

The flexibility contribution based feedback technique follows a similar general structure to that of the
CEXxM Adequacyo@straint used previously

- Aflexibility tamget isdefined for each time scale rfaual, weekly and dailyachregion and
eachinvestment yearThe flexibility targemust be met by a sum of installed flexibility solution
capacity, weighted by a parameter expressing the ability of each solution to provide flexibility
forthattimescée6 6 Tt SEAOABIAGE o6l fFyOAYyIED

- For eachtime scale the ability of each solution to provide flexibilifg represented by a
flexibility proxy,whose value is determined based on Antares outpdise design of the
flexibility proxies is largely influenced khe flexibility metrics derived in sectidn

The information carried by flexibility proxiebouldplay a rolesimilarto that of capacity credits in the
CExM Adequacyo@straint. Therefore, we face the same dilemma: sholddilbility proxies express
the degree of flexibility of a flexibility source in the current situation, or the degree of flexibility it could
provide if needed?he review of flexibility metricsuggestedhat the information necessary for the
second optiorcould be expressed with reasonable ease for timescadaging from minutes to hours

51 To simplify the validation fothe feedback technique's behaviour, flexibility constraints were treated as a
replacement for the CExM Adequacy Constraint

NB: CExM and flexibility constraingge not intrinsically mutually exclusivethe validity of a solution is
exogenously confirmethased on Antares outputsvhich in turn modify the CExM parameters for the next
iteration. Therefore, the concatenated problem is not necessarily more constrained than the original one.
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but would be much moreomplicated to assess over longer time scales. The first option was therefore
selected.

For obvious reasons of consistency in the context of tlagegt, the decision was made to base the
flexibility proxies on the FSCD tool which evaluates a flexibility source's modulation relative to the total
modulation of the flexibility mix:

- Afirstnecessanadaptationwasrelated tothe fact that the CExNMequires a single value per
timescale A quantile of each distributiowas therefore taken, after having checked that the
impact of quantile choicen the softlinking behaviour was limited

- The second adaptatioworth mentioningwas related to the nature of he FSCDSince it
assessesgachflexibility sourcés contribution to total system modulation, a higf8CD value
may simply be due to a high installed capacity order not to reward technologies only
because they were already present in the mix, the dbation to flexibility of each technology
must benormalized by its relatie capacity share in the system

Another design decision had to be made regarding the way flexibility targets were to be defined.
Neither VRES nor load varies over iterations. Tloeeed net load based flexibility target could not be
expected to reflect the evolution of the flexibility requirement over iterations. Flexibility targets were
hence treated in a similar way to the reserve margin, increased or decreased from one itévatien

next depending on LOLE levels.

This LOLHBependent update raises the question that lexfdoad may have more to do with one
timescale than another. To express this idea, LOLE is first characterised on the annual, weekly and daily
timescales providng a quantitative indication of the timescales that are challenging to manage from

an adequacy perspective.

An adjustment budget is then defined based on LOLE levels, just as was done for the reserve margin in
Sectiorf.3. Several adjustment functions, described in Figure 5.11, were implemented, giving different
soft-linking behaviours. The adjustment budget derived using these functions can then be shared
among the annual, weekly and daily timescales according ® pheviously defined LOLE
characterisation.
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Figure53: Three examples difexibility target adjustment budget functions

The values derived for the flexibility proxies can vary significantly from one iteration to the next, and
asflexibility targets are also updated to signal undand overinvestment, this can send conflicting
signals to the CExM,gpardizing the process convergenteorder to ensure stabilitypwer extremes

in adjustment budget functions were used to upddiexibility targets. For flexibility proxies, inertia
was introduced in the updating process
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Figure54: Evolution ototal system costs over dteration runs forthe singlenode German system,
dza A y FentiekfISxibidity taget adjustment budgefunction

Thanks to these modiing refinementsthe behaviour of the flexibility contribution based feedback
techniquehavebeen validated on a singleode sgtem. The next crucial observation to make is that
it has proposed cheaperdaquate investment pathways than the reserve margin based feedback
technique, albeit not by much (0.8%). This is true for all three flexibility target adjustment functions.

Due to time constraints, the flexibility contribution based feedback method waspplied to multi

node case studiedAs withfor the reserve margin based feedback method, we can expect a struggle to
ensure our adequacy criterion is respected in every region and evenjirdatl year. However, the
results would likely be better tharof the reserve margin as flexibility contributionanbe expected

to provide a better indication of the value of interconnection than capacity credits.

9.5 Key findings
Capacity Expansion Models tend to underestimate the value of flexibility and CO2 emissiom®re
accurate representation of RES variabilityas a significanimpact on the final investment plan

As Capacity Expansion Models cannot use hourly time series of load and renewable generation due to
size and tractability issues, they typically useeslices designed to capture variations in load and
variable renewable energy generation. A typical nibdg setup may use 24 timeslices reflecting
seasonal, intraveek and intraday variations, thus offering a limited representation of variability and
flexibility needs.

Within WP1, RTE used the opsource modelling framework OSeMOSYS on a dedicated use case to
assess the impact of different timeslice structures and number on the model outcome. Results show
that improving the representation of solar andind variability indeed impacts the final installed
capacity, but to different degrees depending on the freedom given to the model. If the modeler adopts
a greenfield approach and does not limit investment rates in technologies, this impact will be a lot
more significant.
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Industrial capacity and infrastructure development rate is a critical parameter to be considered in
such models

The same study also explored the impact of the political and industrial capacity considerations on the
Capacity Expansion Meboutcomes, e.g. the ability of industry to develop onshore wind and solar
capacity fast enough. Results show that industrial capacity constraints significantly impact the model
outcomes. This conclusion highlights two points:
T The extent to which our ality to meet our CO2 emission reduction targets hold on the
industries' ability to rolout new infrastructure fast enough,
T The importance of taking this limiting factor into account in planning

The power grid plays an essential role in enabling the shgriof flexibility provisions between
countries and market zones. It is therefore essential to model it in an accuratnnerin studies
dealing with flexibility.

One of the mostdistinctive features of GENeSYSMO&bmparedto OSeMOSYS was the power
transmision module developed by TU Berlin. OSMOSE contributéx teackporting ofthis module
into OSeMOSY & orderto match theperformance oflGENeSYi§ this respectind to allow the whole
0SeMOSYS community to benefit from it.

Coupling Capacity Expansidflodels with shorterterm production cost models allows to better
account for flexibility in investment plans while complying with security of supply targets

One way to solve the issue of poor flexibility representation in capacity expansion modelsiple c
them with shorterterm production cost models, obtaining an investment strategy built upon a
detailed consideration of operational costs.

RTE pursued this idea by coupling the capacity expansion model OSeMOSYS (see above) with the
production cost modl AntaresSimulator (opesource tool) through a kiirectional soft linking. The
critical point in such a soft linking framework is the way information is fed back from the production
cost model to the capacity expansion model to signal unded overinvestment and instruct how

the investment pathway should be adjusted in the next iteration.

RTE tested different feedback techniques on a mdtie and a singlaode case study, setting up a
securityof-supply constraint of LOLE <3 hours region per yeamifgcon good practice target in
Europe):

- The reference feedback technique therefore fails to fulfil its two roles: it is unable to signal
both under and overinvestment to OSeMOSYS. Increased investment does not necessarily
reduce LOLE levels, the seconttris therefore not fulfilled either.

- The technigue based on reserve margin feedback allowed the proposition oftdong
investment pathways on a large, muaftbde system considering not only investment in
generation, but also storage and interconnection.

- The technique based on a flexibility contribution metrics produced better results, i.e. cheaper
adequate solutions compliant with security constraint, however limaéthe time of writing
to apromising proofof-concept study ora singlenode system
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Uni-directional link 2nd feedback technique = 3rd feedback technique
0SeMOSYS TOTEX

(B€) 166,33 182.4 180,88
Antares 2020 3598,45 3 1,18
LOLE (hly) 2050 1963,91 2,45 0,73
100 — —_— —
£ — C -
X 80
£
- T0
0
56
c
T 50
c
o 40
w30 — —
g ; —
]
a8
=]
0SeMOSYs Antares 0SeMOsYS Antare 0SeMOSYS Antares
Nuclear B Hydro Wind ®Solar ECCGT WOCGT WOil ®Loss-of-load
Emissions 2020 152,58 123,34 129,73 126,59 145,80 133,14
(Mtry) 2050 1,56 16,50 1.87 53,07 1,39 49,25

Figure55- Comparison of a selection of OSeMOSYS and Antares outputs, fafigectonal soft link and for the best
adequate solutions proposed by the second and third feedback technique

- These results underline just how crucrais to simulate the detailed operation of a system
proposed by a capacity expansion model, as LOLE can reach a few thousand hours per year
when no security constraint is set in the model. This can therefore be successfully corrected

by the proposed soflinking techniques, leading to a 10% increase in TOTEX and notable
changes to the generation mix.

10 Powerto-gas variant
The objective of this variamtf the reference simulatiorsto evaluate the impact on results of a power

system inwhichallgaspond LJ I yia ¢2dzZ R 6S FdzSff SR gA0GK &3aINBS
methanation within the European power system.

10.1 Initial scenario

Starting from the reference scenario describedéction8, anadditionaldt H D S T FcanSuai&y O@ £

has been included to the model in order to limit thanual power generad by gas power plant to

40% of theannualenergy stored via electrolyséfsHowever, tce AntaresSimulatoonly performs

weekly optimisatios, additional information is required to efficiently model seasonal storage

patterns. One solution is tasethe heuristic whichdistributesthe annualhydro reservoir energy.

Another option, more in line with storage management thegiy to useshadow price values. &h
YIEyYylF3aSYSyld YSUK2R A& olFaSR 2y GKS FTOGGNROodziAzy 2°7F
corresponds to the expected future gain from the use of this stock. Thus, at each time step t, the
optimisation will choose between:

- Using a part of thenergy stock in t, which will be valued on the market at Price(t) if Price(t) is
higher than the use value, since the current earning is greater than the future one.
- Conserving gas: if the use value is higher than Price(t).

The use value depends in theary the day of the year and the level of the reservoir:
- When the storage is almost empty, the remaining energy will be placed only on hours with
very high prices,
- When the storage is full, the energy will be used more often, which will result in theygner
being wsed on hours with lower prices.

52 This constraint is actually apgtl on averageover the 35 years ashe size of gas storages enables supply
between years.
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In the absence of means faalculatinguse valuessuited to our problem, theuse values were
calculated by assuming a linear relationskifth the reservoirlevel. Successive iterations on the
directing coefficieh and the yintercept of the line allowed to reachn average final filling level
equivalent to the initial filling level. This process does alibw to differentiate the usevalues
according to the day of the year, contrary to the calculations usua#ig imsthe energy world which
arebased ordynamic stochastic optimization.

Results with the P2G efficiency constraint see a reductigouer generationfrom gas unitgrom 358
to 203 TWh. P2G storage on the other hand slightly increases from 668 t&\G85whilst unsupplied
energy jumps to 80 TWh. Spilled energy remains at 184 @khit appears to be located in 13
O2dzy U NA S& ¢ K Ackargefastor & Qréadielatvalydibdisie Figure56). However even
though all the spilled energy could be converted into power via the pdorgrasto-power cycle, the
system would still lackround 6 TWh oénergydue to the 60% losses assumed for this process
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Figure56: Duration curves oflearge factor of electrolysers fail years andsome countries

10.2 Investment reoptimization

Considering the level of unsupplied energy, the objectitbasefore to rebalance the system. Since
LOLE leveis the reference simulation are deemed acceptablgit isassumedhat the thermal flest
does not require adjustmest The missing part is green gas to feed these thermal udits.
simultaneous optimisation of electrolyser aMRES capacitiesould then be the correct approach
Unfortunately, the modellingof the P2Gefficient constraintdoes not work with our tools and a two
step approach is use instedfirst investing in poweto-gas units, then in VRES)
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The first investment step is meant to capture as much spilled energy as possiblerégsing the
electrolyser capacities in country exhibiting spilled energy. This is performedamsargsXpansiot,

an expansion planning tool built on top @éintaresSimulatar Results of the electrolyser capacity
expansion arshown onFigure57. Interestingly, most countrieexperence an increase in electrolysis
capacities, but UK and IT.

Electrolyser capacity
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Figure57: Comparison of electrolyser capacities in reference scenario and after inve§B8@A21050)

Taking these new capacities into account, spillage in simulation results falls from 184 to 35 TWh and
P2G storage increases from 684 to 804 TWh (+120). Unsupplied energy is further reduced from 80 to
37 TWh (43), what more or less corresponds to thaitt@hal stored energy multiplied by the efficiency
constraint(40%).

The second step consists in increasing RES capacities (wind onshore and sblaraRdnstant
percentage throughout Europ® reduce the amount of unsupplied energlf appears that &%
increase is sufficient from the security of supply point of viB&G storage greatly increases (+37%
compared to the reference simulation) and gas generation retrieves the same level as in the reference
simulation. This requires a significant usag®8M though compared to the reference simulation.

CGA2050
Average anual results Refaence simulation | P2G efficiency variant
Overall costs (B. Eur) 68 63
Demand(TWh) 4400 4400
Generation wind (TWh) 2798 2918
Generation solar (TWh) 1055 1107
Gereration nuclear (TWh) 301 306
Generationgas(TWh) 358 358
Generation from battery (TWh) 138 126
Generation from PSP (TWh) 78 65
Generation from DSM (TWh) ~0 27
P2G storage (TWh) 668 918

53 https://github.com/rte-antaresrpackage/antaresXpansion
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P2G2P observatio® 0.7 0.4
Spilled energy (TWh) 184 72
Unsupplied energy (MWh) 142 951 120 848

Table9: comparison of mix key figures for the reference simulation and the P2G efficaiaoyt

10.2.1 Effect of sectocoupling on prices

Lookingback at narginal prices, the electrolysis step vanisirethis variantas there is no longer a
fixed priceto arbitrate over We can however consider that the electrolysis sets the price for 3/4 of
the year §eeFigureb8, in which, ér sakeof comparisoncurves corresponding to a fixed electrolysis
priccofnne 00f dzS0 | ydheenmaddele o NBRUO KI @S

Marginal price 2050
400

.
=4

1000 2000 3000 4000 5000 6000 7000 8000

Figureb58: comparison of prices in the variant and the reference simulations

10.3 Key findings

Ensuring that the power system will be able to fully run in 2005 on domestic green gas pitodace
electrolysis requires to increase both the electrolysis capacity andREeS installed capacity from the
initial scenario. Such a joint optimisation is out of reach of current models, but-#hep?heuristic we
performed tend to indicate that it add significantly increase electricity prices during scarcity periods.
This would also require inteannual gas storage capaciti€dther means to produce or import green
gas do exist, but their impact on prices has not been investigated in this variant.

Note however that m order to efficiently reflect prices, a voluntsed modelling of noelectric
vectors is insufficient. \&ors (methane, hydrogen or evdreat) should be modelled in detail, taking
into account the price sensitivity of each to its owengand. This would also require modelling inter
annual storage capacities and alternative means of producing or importing each vector.
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11 Uncertainty variant

In order to analyse the impact of reserve procurement on results, a second variant of the reference
smulation has been runAs already explained i88.6.4 it must be recalled that the modelling of
reserves in the T1.2 simulations both covers FCR and FRR via a singl€hislkeserve provision is
aimed at oping with uncertainties arising once the unit commitment has bieerd.

11.1 Reserve provisioning adjustment

The first modification performed is to better adapt the flat reserve requirements to the actual RES
generation and corresponding deviations. It iséad unnecessary to provide reserve for solar PV
generation during unlit hours. On the other hand, PV generation, which is more distributed than wind
by nature, is therefore less observable and consequently more subject to forecast errors. Reserve
provisioring corresponding to PV generation shall therefore been greater than wind power one.
Keeping the same value for the reserve requirement, it has been redistributed in order to place the
reserve related to PV during the sunny hours. This mathematicallyaisesethe percentage of the PV
installed capacity that correspond to reserve procurement from 3%-6845 At the European level,

the reserve requirements move from a constant hourly value of 37 GW in 2030 to a more crenelated
shape with lows at 31 GW andghis at 42 GW. In 2050 these values become 62 GW for lows and 109
GW for highs (to compare with the initial 89 GW constant value).

Rerunning the reference simulations with these new reserve requirements does not noticeably alter
general results. This ikeély explained by the overall reserve requirements remaining the same. The
two metrics introduced ir§8.6.4have been recomputed to highlight differences. Note that in order to
take into account in these metri¢bat reserve would be provided by neighbouring countries, metrics
have been computed at the European levels, assuming transmission capacities will not be limiting.

The first metrics computes the average number of hours for which the reserve requirecarist
be fulfilled by spinning units only (thermal and reservoir). Note that in 2050 this is completed with cut
off of electrolysers which are deemed to be highly flexible.

The second metrics computes the average number of hours for which the resguniesments cannot
be fulfilled considering all flexibility sources available (i.e. adding support from PSP and batteries). Note
that these two latter can provide upwards margin via direct generation coéuif storage/charging.

These metrics are suppteented by the average annual number of loss of load hours (LOLE) at the
European level.

2030 Reference | New reserve
Metricsl (h) 1440 135,4
Metrics1(%) 2% 2%
Metrics2 (h) 101,8 88,7
Metrics2(%) 1% 1%
LOLE (h) 5,7 5,7
2050 Reference | New reserve
Metrics1 (h) 362,3 341,5
Metrics1(%) 4% 4%
Metrics2 (h) 17,3 14,7
Metrics2(%) 0,2% 0,2%
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|LOLE (h) 26,2 30,5

Metricsl and Metrics2 improve both in 2030 and 2050 with the new reserve provisioning. This
observation is somehow expected as the new resestiapes require more margin when there is
usually more generation available and lesser demand. On the other hand, the new reserve
requirements increase the LOLE by 15%, which may be explained via a worst optimisation of the
thermal or hydro generation plan.

11.2 Assessment of reserve provisioning

The nextstep of this variant i$o evaluate theability of the provision of reservéo cope withforecast
errors whichcanlead suboptimal decisions thermal unit commitment This validation is similar to
the analyss performed in WP2Deliverable 2.4 though it is morgheoreticalas it does not include
intraday adjustmerd of both the forecast and the generation. Neither does it model individual
behaviours of the different actors (benevolent monopoly optimisation).

In order to perform this validation, it was required to obtain forecast data for load, wind generation

and PV generation. This has been performed by adding errors to the actual data using the principle
defined by UDHdeliverable 2.1]Jand used in WP2.0fecast data have been additionally smoothed

based on 2020 ENTSOE transparency reference data (see figures below), then rescaled so their RMSE
is adjusted to 2030 and 2050 horizons.

Thanks to WP2, a module for generating forecast error times seriesitfdramd solar generation, and

for load) was available. However this module was designed by WP2 for market studies focused on
Central Western Europe around 2035. Adaptations were necessary to use it for the 33 countries
belonging to the geographical scopéWP1 over the whole 202R050 horizoncharacterizedby a

strong increase in the share of VRES in all the considered countries. A methodology was therefore set
up, for load, and for onshoreind and PV generatiotp match the general behaviour observedthe

realised and daxahead forecast data published on the ENTSOE transparency web site:

- Recalibration of the error times series to match a target RMSE,
- Recalibration of the temporal autocorrelation.

Next, rules for assessing the evolution of each coudtly W avedredderived, especially for countries
that currently have little installed VRES capaaitylow thermesensitive part in their load. It should
be noted that a thorough analysis of ENTSOE data led us to the conclusion that the -towatmtry
correlation for the dayahead forecast errors are currently too loww be accounted forin the
methodology. For similar reason, inteariable correlations for a given country (i.e. correlations
between load and wind, load and solar and wind and solarcisterrors) were neglecte®etails of
the building of these forecast time series are available in [appendix B].

Figure59to Figure64 present the graphical comparison of ENTSOE forecast data and WRatetmu
data for 2020 and France, showing how the proposed methodology is able to reproduce the general
behaviour of forecast time series.

54 Root mean square of erroanindicatorusually usedo measurethe accuracy of a forecast.
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Figure59: ENTSOE transparency day ahead load forecast time géniaace in year 2020
redised data (bold) vs daghead forecast (solid)
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Figure60: simulation of day ahead load forecast time segeSrance in year 2020
realised data (bold) vs daahead forecast in WP2 (dotted) vs adapted-dagad forecast in WPolid)
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Figure61: ENTSOE transparency day ahead solar generation forecast timecdenaexe in year 2020
realised data (bold) vs daahead forecast (solid)
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Figure62: simulation of day ahead solgeneration forecast time serigg~rance in year 2020
realised data (bold) vs daahead forecast in WP2 (dotted) vs adapted-dagad forecast in WP1 (solid)
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Figure63: ENTSOE transparency day ahead wind generation forecastéiiesg France in year 2020
realised data (bold) vs daahead forecast (solid)
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Figure64: simulation of day ahead wind generation forecast time seyi€sance in year 2020
realised data (bold) vs daghead forecast in WP2 (tted) vs adapted daphead forecast in WP(kolid)

In the following,data previously usedn referencesimulatiors arenow considered asneasureddata

(i.e. error free) whereasthe newly producedforecast dataare considered as thie estimatiors. The

term of the forecast dataequires to be adjusted to the term of the reserve provisionag.fninimum

time notice for the modifications of thermal unit generation programie only source opublicly
availableforecast dataaccessibld¢o adjust our forecasmodelsbeingday-ahead datathe produced
forecast dataare equivalent to data available around 6pm the day before (what means from 6 to 30
hours before term)Note alsothat due to the computational complexity of producing suitable forecast
data, only D mcyears offorecastdata have been computed and used in the following simulations.

As already briefly mentioned section8.2, AntaresSimulatoperforms a twostep optimisation. The
FANBGO aidSLD2 RED b B K yaitiaeRtifyikighwhidh thermal units are required to be
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running In this step, demand can be increased by a fictive vi@ee sectior8.6.4). The objective is
ideally to start more thermal unit than requideén order to increas¢he upwards marginslhe second
stepconsists irthe actual optimisatiorwith respect to the additionalinit-commitment constraints of
the first step result@and using the original value for demand

In this variant, we performed a firgtntaresSimulatosimulationbased orthe forecast dataThis first

AAYdzZ I GA2Y 6Aff (KSNBT2thRsults8e ubkl 1 SMHANEBh hduBthel & & F 2
number of running thermal urdtin a second simulatioNB F SNNB R { 2 ubirgthedabtdll f ¢ = |
data. ¢ KS AGNBIlIt¢ aavdzZ FdAzy O2yaSldzSy i foral thednial dSa |
generatorshad been performed on the forecast datamd can no longer be changed in rtiale

operation This can be seen asrather conservative approachrsie thermal generators in 2050 are

expected to be highly flexibleuBadditional constraints (g.congestions on the gas grid) could heavily

restrict intraday modifications of their generation programsS a dzf & FTNRBY (G(KS GNBI f
then comparel to the results of aeferencesimulatono Rdzo 6 SR Fa ayS¢g NBASNBS¢
section)in which the unit commitment phase had been performed on the actual data. The objective is
therefore to assess the impact of uncertainties on results and in pagiavhich reserves means are

able to take over thermal generators amthether the provisioneédmount of reservare able to cope

with forecast errors.

In 2030, overall resultsfthe a NB I £ ¢ aAYdzZ F GA2y | NB OSNB aAYAf Il NJ
only one additional hour with unsupplied energy (over the 10ymars). This takes place in year 6 in

UK. The forecast wind generation is overestimated by 15 GW whereas the demand forecast is
underestimated byp GW. As a consequence, gas generation iSIbd 6 & mMm D2 Ay GKS &N
O2YLI NBR (2 GKS aySg NBaSNWS¢ 2ySod ¢KAa fFO01 27
PSP (GW) and DSM (2 GW). In the end, there remains around 1 GW of ENS.

CKAA aAy3atS RATFSNBYIOS @\li@ SEFa SINKBS &0 NBA Y dzf 1 yAR2 v &
the reserve provisionindor this time horizon.Note however that the impact of forced generator

outages, which is also meant to be supported by the reserve is not evaluated in this simulation since
the unit commitment phase already includes planned and forced outages.

Results are more contrasted 2050 ag. OLE at the European level is doulidlem 245 upto 50.5). All
new ENS hours being locat&d3 countriesonly (UK, NL, JEAIl hours WithENSA Y (i K @sevef S &
aAYdzZ FGA2y fa2 SELSNASYOS 9b{ Ay (KS GNBIfé& &AY

" ::I-Eal::l _

ENS (new reserves)

FigureB5Y 9b{ AYONBI &S Ay Hnpn Ay GKS aNBlIté aAYdZ I GAZ2Y &

Allnew hourswvith9 b { Ay G KS & NBdichlly assodiaredaiith itnpoayit farebelst errors
Fortunately, not allsignificantforecast errordinkto anincreasen ENSas shown on figure below. This
figure shows the distribution of differences in the dead®6 S 6 SSy (G KS GaNBIf ¢ I yR

SSnet-load = demand; RES generation
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simulation in UK. This forecast error on #ead, shallbe understoodas an aggregated view on all
forecast errors.

30k
20k
10k
—10k
—20k
—30k '
[ Errors on net-load Errors on net-load (when ENS increases)

Figure66: Errors on netoad in UK for all hours and hours wainiexperience an increase in ENS

Errors m the netload imply a suboptimalgeneraton mixA y G KS G NBFf & &AYdz | GA2:
Gy Sg NBrk I e unit commitment step has been performed on effree data The gap

induced by forecast erronsill be bridged by reserve means. In particulas generation is highem

averagel Y [ed€S adA Y dzftHerinal §eyferators are one of the primary reserve meldpsvever,

if the forecast nefload ismuch lower than the actual valu¢ghere may benot be enough thermal

generators available in théreak simulation. Thidackng gas generation has theio be replacedby
othersreservameans[ 22 1Ay 3 |0 RAFFSNBYyOSa Ay GUKS 3ISYSNI GA:
GNBI f &€ &AYdz | i hdmiichkKeServeJaearis Actudity dordridieishown on th&igure

67, thesereserve meansre primarily exchangeselectrolysis cubff or PSP

- Lefthand side on average, the introduction of forecast errors hasspecificimpacton the
dispatch Gas generation may decrease or increase as well as exchanges and electrolysis.
- Righthand side: the negativevalue for gas generation hitiphts that gas generation was
NE |j dzA NBnBw rasgrvel KESA ¥dzf | G A2y ¢ A (wad nstarfedlapBrNing 2 NS O
in the simulations with error forecast. New ENS hours occur when imports and electrolysis fail
to substitute gas.
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Figure67.5 A FFSNBy O0Sa 06SiipsSSy GKS aNBFIfté¢ yR (GKS aySs NEF
when ENS does nohange(left) andwhenENS increase (right).
It is indeed possible to visualise the impaah the generation stack for UK. In the blue dotted box on
the figure below, the gas generatiqred)A y G KS G NBI f &€ & A YdzZAlY( AKYS GNRSHK
NEASNIBSe arayvydzZ A2y of STFGod ¢KAa 101 2F 3Ika 3IS
ENS (blackpecause exchanges are already used at the maximum capacity
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Figure68: Compaison of generation $t 01 & 065G 6SSy (KS aySé6 NBaASNUSUKyetrQ)Fi0 | YR

In the figure below is further possible to see (in the blue box)dbrapensation of the gas generation
by exchangefgrey)or (in the green box) by the reduction of tleéectrolysis (purple).
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Figure6Y / 2 YLI NAaz2y 2F 3ISySNIdGAazy &aidlO0l1a 0SisSSy GKS aySé NJ
(UK, year 1)

Hexibility metrics introduced in sectidBrreur! Source du renvoi introuvablecan also be applied to
ISYSNI GA2Y RAFTFSNBYyOSa 0Si(4&S S\ YiiHokldh éb Milsiratedhe | Yy R { K
modulation pattern of the various reserve providers at all timescales. In the following graplsatihe

line corresponds to the difference in gas generation between the two simulations.

Figure70 below shows these metrics at the European leéwe2050Q It strengthens the major role of
electrolysers and@lsotells that BESS onplay a role at the weeklymescale whilst curtailment dos
not appear to play a significantle.

Figure70: modulation of reserve means used to compensifferences irgasgeneration
60S0i6SSy (KS aNBlI 6¢& ByYR@EUKRGBAEySs NBEaSND
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