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Management Summary

I'n I'ight of recent gl obal devel opmemitvsgthakld@nmnoovpi endgs deenceirsgiyv et
from setting ambitious targets to debdlviemdatng meuwtlr aleistuy ,t s
tuneéestiytsda sbui ld a resilient energy syRteeBttrtadtegwi tflost an Re s
Uni on (COM/ 2015/ 080 final) has framed (rEusridp eeannc eC cansmias scioor
2020)In this context, Europe is deepening mar kebtoridnetregr at
i nterconnections uldrRegulhat ircenv { (BEeW) FgZEGR2 /ICHMITIhBEIPomwe2 E2O0)
pl d€OM/ 2022/ 230 final), launched in response to Russiafs

this i mpl emenwhaitlied narlasjpoemd @ ur sui nd Ealriompataen mCeoumtmi slsii toym 20 2

To transl ate t hegersiedwdg teanmhaanetfsd £ citntfat ur e needex,0 mpleitlid i avleso
ness of ainddafhfeorydabi |l ity tfloe Ewmoemenam sGri ds Package (COM/
| egi sl ative propoeks aRe giud Briaivoipseea nt lCeo mink MTshieo m cZ2rfpa)nyi ng pr
(COM/ 2025/ 1006) aims to enabl e t he-otuitmeolfy ,a enfiefdieclieeanatt,g #aln ¢
infrastrucoswmpe@ osy s ngwpt hoef rhayndpf o gshrlu-scgée renewable integ
el ectri(fEiuc @atpieam Co mmi slsni adno i 2n0g2 5sho), it elevates sector cou
concrete planning and delivery psreicouriittyy foobrj eEcutriovpeesd.s c | i r

Europe already -psheaebiishedoml wehi ng processes for EBhectri
j oiTedtear Networ k DeVT¥NDPIOn2eon ¢ n Biciveed p e Ewr opean Network
mi ssion Syst eBa@Nelpa ndhse fBour opean Net wdrylstefm Dpamamios si d
tri ENTEEP(rovi debiandnionng ref erbasedfoamstwvakkhol der submittec
tomp infrastru@tlwame .o prdreasteo rag &BE NcToSpA deswwéUahte eodni Imy | at i on of
supply and infrastr uatnldnteh ed i Esurruoppte aonn Rsecseonuarrcieo sA teq-uacy As
get seppomgbor di naEedopeam i nfrastructure devkRdog@dnean tamas e
joint scenarios, ENTSOG and ENTSO E develop their respect
and Cost BenefduppPortr pitslteest t b &t CoRfmdPr olj rettetr woaflt ( P Mskg-e s t

| ectpromlessentrast, coordinated planning for hydrogen infr:
economy scales up, and is therefore |l ess mat-hordeém itmevest
ment coordiamatisomess testing

Against this backdrop, the study focuses on i mplementatic
climate Bmbdi ¢f omesesses how di ffer ende sdeegeriead sl yo fb est ewceteonr hc
nat ur alndg &d daf fiecitt gystem operati on, robustness, and inf
ergy system. To support infrastructur e-ransdo|lpuctliiocny edneecrigsyi c

modelwingh physically det airl endy dnredgvaor ,dln g andl s irog sstdyepnar i o
puts aligned with Eur,mmpeé&annpl jadill iy tNd Rmernoacr e sosse s

A centr al moti vation of t hecoaunpalliynsgi spa nsp pteoc tcitlvVvasr iif nyt ehgorwa tai
into the emMengycompt ement established European planning
such as the EuropedaniT&iNDBRse iParcib@y de aher fuci agpuarmoepfeearne n cnef r
structureupl dningpngonts, this study extends the perspecti ve
action betwereat hrydnd@gesnel sgtstieeist mt hi gh tempor al and sp:
embedding hydrogen infrastroouptendidgoamycwi t hslkeeihéeéhaanc
rate system
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Scenario

@ EU climate targets are met

/ Final energy sectors \ / Supply side \ H Variation of Supply
2

Cross sector plausible energy Model endogenous expansion —"( ﬂ +25% on renewable &

source mix through conversion limited by TYNDP 2026 draft .Iul* | electrolysis expansion

to hydrogen -based processes data inputs T |: limit

and electrification THR

Hydrogen transport capacities U] I +50 % ship-based

Ambitious transformation based on GlEvalidated &U hydrogen imports
Qpeed in all sectors / Qz Infrastructure Map / possible
FiguwuOeerview of ktelye es ceemdamtidositrh of which EU climate targ
Building oooupi sngeptospective, the study validates whet'
can be delivered by Europeds infrastruactanrsegoritn imd & mtsitael.
ral ngasvoerlkesc,t ri andy sgoirdge facilities dnudutrestsenleionsope

condi.Meohsesdol ogi cal lryesotlhuitsi-d g snékesenrhg ygthi mi zati on wi th phys
wor k si mul atyinamami c( fmowied i n g nfadru rdaynddrgopgbelne ma nsdi mul ati ons f or
moving beyond simplified-prospgr eearsti ssttiemmrcsy arh egikrse |l yT heex r e s
hel ps identify where sect odancdouwphleirneg idneflriavserrsu cstyusrtee nc ovnasltt
for investment and i mplementati on

Taken together, the analysis transl atesr &€luevwprtdss yevtoe mi inm
The folil mevi gy nmessages summarize the findings:

Key Messages

Climate neutrality in Europe by 2060 ahbhhngh
objectives, sectoral targets, infrastructu
i cal to close the gap between ambition and

The modeling of ambitious sectoral tseaegstha
gets requires substanti al incapdbesti hchbiby
this ri sirnegqudaenneasnqdual | y ambi ti ous expansi o
across Europeqgorascgi watl éd agl anning fonfelstt
I'n the ConMeé€dgdpaeriemewabl e eneragrye arndas téerhieo
paci ti es sTurbamistniiesds iboyn SyrsSi@ean dOtpaEfYi RBr2stc € n ¢
With thisapesbkibobthite 3@o.f esi dual emi ssions
ing an ambition gap between current expan
quired for climate nenuotdread sitiliyg® ITioglkt otslkee t m
i mpordalsi mndetuetgrasskersd fouempbying the continued

natur al gas -asf welkhter adsetpd rogengeantti voef emi sst em
atelcl i mate fnédet malidt yor | mparntralofgacsleismatnda
cantly reduced by additional hy &uogweiet hp i epx
regsgsiomcreased hydrogen i mports by ship, or

I'n Hheérogen Ambi {sé&kgBdemaerstidseczerolcmapami t g
newabl e emxoptamstiri@nlisnbye®@Seampared with the
the TYYNORB deaht colThesti arel axed modelaidnagt «
270 TWh of additional hywhri €edheam| @asaiglaabif li ir-

Management Summar y 9



Key

Messages

operate on hydrootgheeri inmaes ueteraadd roffues si | gas |
negative emission technol ogies

I n both scenarios climate neutrality in Eu
pat hwanyds i nfr aBumage urescl ose to constrain
at odacned t he transition wild.l f &ihler iefll d agepion
obj ecrtdgaersdi ng theeaewpwabs eodypdir ggenasupel ly
di naitrefdr astructure planniarge asangstsa mrivadessdthmecr ti.
Security of supply and climate neutrality
pling technol ogies wilBmopéaghebascgmni i tyna
linked pillars of the future energy systen

The model ed traslsowi tomatad hawlaiymat e neutr al
ation ofaméelecutiesity. While efficiency i
arge share soefctemiss ssiuocnhs ,as hi gh temper at
ong distance transport and firm powén géan
hpasemalsecul eademawde applicsat] @08 2FBWiunn t2
whiamhpr oxy7®t®@Wi s met bydbepdndgerg, on. t he
l ectrolysis forms mdlee cagiigealIt rdiocm\keyrbted wree
rgy to Whidcbgean baepplsieadbhiéenomeddelsisrhgosy t h a
reelry depl oyment and operation cl oselAxrfosls
untries anal y®edf Bwrepe¢ hant 85al hydroge
kes place during periods of nrgatt i dfy dirlees
nerated when surplus electricity is avai
t he s &laree atgigmep,t adasot her  kceoyu psleicntgo rtde @ mmr
sentmaailntfasienciunrg t y, odp eruypwpid gyd 0080 A olald hdOE
hydavovgiehabct etngyeeshe Hydr o§ean Anmilwipt iamn s
vely switchnatthueridrlo fdugesd s ofgreohepatr | 'y 600 T Wer
ed for powken BebBeration

e depl oyment coofuptlhensge tseecchtnoorl ogi es i n tt
monstr @ttecttrhatityaaed] mohetyd @ewiqdié refdf it c
orability adndakfiinrgm boa pa cddmdgpomems soled e f

n
I
I
t
o]
E
e
t
c
t
9
A
e
A
S
u
T
d
s
resilient climate. neutr al energy system

™ —*+® >Tun —Tn n 0o 9 O

The hydrogen system is a key fslodwifloiolnitthye a
systoeflrhe Eur opeant rhayndsrpoogretn i rifnr acsotnrj watcu ri eo n
storages is able to fulfill this role.

The comparison of the Core Scenario and th
ing electrolyzer deployment sdemaedamestbel
system hheér osgenen n the Hydrogen Ambition S
bilitydowpdh onss batterilgcshamgiebgdi escithbegr
systoéem ar o%nldowB®r than in the Core Scenar.i
trolyzers in combistoi @age wii ndr dale DTghHeins ade
how expanded el ectrolyzer capacityt Isgyrde noggyt
temo provide flexibility to the energy sys
The hydrogtmersglsyt eennabl es ener gyt it de beal eschti
andydrogendanaoragegistshnrsough a dedicat eidnhyd
tured ect raoadyptertshei r operation to whereevadu fi
newabl e generati ohmy drsoqesmidtadrlaege wahh doer bs

Management Summar y

10



Key

Messages

and releases hydrogemhwheéiryddeomamdftiranitsipgdt
supply and demand r egfiloenxsi,b ielnistuyr icnagn tbhea tp rt
Hi gh r ed awldwtniamr oful at i tomsh es hlowdr ogen transg
rently planned in tlieOoOBBdyef hasrwiitehurcal Ms

faci,l iptriiemsari |y idhsChat hatapgabbeeafovand negs ¢
gi onal and bal ancitnog ntaaipnatcaiitny sryesqtuei mm esdtt aobwi.
climate neutrality.

Hydrogen storage f-acili tCiaé¢dtedrene atitmemesi on
still underestimated in current policy pla

Because hydrogen production followsihduwust
mandemains comparatovaedy cadpadiytbywl asaceege
mat ches. tthoeweavnearl,ysi s of the Hydrogan éAwméent
driver of storage needs isuthtipeakadsg mmploadl
The operation of hydrogrencf e aktdo rpedgeshp r p wa
ments during periods of | ow renewable outryg
essary nabsonbytemporary pr ddiuctailleem s wr plru
i nlgi gdlemand episvspeci allyifed pypydveogehants
The modeling shows that this need emerges
requirements reach around 100 TWh, wher ea
about 12 TWh. This mismatch highlidhltar dgée
pansion of hydrogberyosndr ageayosrpbansct uitle
el ectrolysis capacities and renewabl e ener
EUbvi de expansion target ,e whiadH Bfpuwr2tdmedre |d nmpe
show a ¢t owdampade myn@68@0O0 TWh, depemckinmg ia
Meeting this demand will regunatubatogalge
the construction of new hydroGberegitonaigeyd
infrastructiuden t@efdicdrsahg Europe as the regi
needs, reflecting its concentrated industr
position as a key consumption hubSuwhgthamt it
i cal stor agwiepcapiami t yeso demand centers he
hothrydrogen util iptzamiten simgnpdwermantl y incre

Il ncreased European hydrogen ambiticopnsesahme
transdapacities in thMhhowewer, sybeemower gri
nomi c hydrogen producti on.

The comparison of the Core Scenari o with
hi gher potentials for renewabl e energy exfg
hydrogen availability within EurppeitiAss al(
t o %i gher uitn Itilzeat Hypydr ogen Ambition Scena.
At the saemectiimeity NDQg hé¢ yipelweddicf@ us meatat
capaicm thyyhcer ogen Ambi ti on Scena8dnear.d dnhpiasr e dn
under hi gher hydrogen ambition, pat ashifft
el ectrons to mol ecul es, reducing pressure
share of cross regional balancingtem be me
Stihlel ,i mportance odnreheéeeli agt sitc egpmiud loppd
simul athiméewveal system wi d@éeacgorm gde sitsi acnro ti fs utbh
I'n the Comwéthcemrmarsdawpyldoryonpeenrnt i n t he Hydr og,
the results 1indi% aotfe ttohdaaty Gasr oturnadn s4ndi s si on

Management Summar y
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Me

Wi
NT

ssages
th an adWiitinoomeedse20in total I.i nTeh & elnagw ehr
Csn the Hydi oemarndo aapesrsdlbineefehectric

—_ —h —
> - 3

— OO0 T ® —H
o ™o — =T

Q T TT TTT o T Qa
O S5 5 O 5 o " O ™

frastructure costs,teapepbat!l ynfeesbpdct
action of total ogpéerghesystami gebysmodes
e European hydrogen network play a cruci

e modeling restuWwesnr202@landda20b0, i nvkes
ectricity,azmcdumydrfog¥%rnoefs st otthaaln Bdymd jearr icte
nditures sterhofrr drmef welb e@dsatbs p odvred dpfipsam

renewabelseTitsinseygi cal for a system that r
w operating dostarlarnesmg wséshlom® st s60lkeiqlulait @ inft v
vel oped hydrogen networ k a%cofisithlkeisg@mpar
wnvestimenhydtrrogresymdrrtastdelétvere substanti a
ogen nettweagrlkates Eur opepot aietniedvlia b kcieonsg n lgor v
gions with industri abyarddnbgr msesr dée mandns

undergroundelsitwEmperseedaad. di n t he p obbweers
wet anhs pr ofviirdmngapacity during peri odswhc
dustry siutbsdrmabli ead emiaslse mnt o gatulter ont he:
frastructure a |sotw erneggtsheetnti enmyv ¢ & tedoe i p p it
r ostsorssec

T T
=<

(¢
QD

Th
ga
i b
du
pl
ti
b |
ti
re
re
dr
pa
re
Si
ag
ac
I o

drogeansipmfrtrastructure and storage must
uction anddmome ufmpeée xioml e operation of
of natural gas i s technodrmarsgyyaltleyn. r eq

(2]
o o

model ing shows that hydrogen storage w
system. While seasonal patterns such a
storage operation is increasibglkeyhygtk
on but, more i mportantly, by peftkrpawiv
s during periods of | ow renewable out
bet ween injection asaaswdn,hdrrepvadc iwi g
seasonal cycles Iinked to heatingQdeamt
ely, %roofumd IS5hours require active hydr
ches approxi mat elwi th0 7t h&Whh chu risn d2i 0s5tOr A sk
sul t, hydrogen stor amer & afcriamd e eésp emu itint
awal t, ameqduiiroinsg greater operational f
tarhd tighter pressure management to main
newdbieen conditions.

nce these operational di fferences compar
es wil |l play a significant role in the f
count s ofocl udemg their physical operatioao
catdit onaccurately assess their true .val ue

i
t
s

Q< ® O O T »m o
S5 S5 o

significant amount of hydreddnrcddamadd od
e combination of domestic production an
ergy system and increases security of su

the Core Scenario, domestic electrolysi
2050, constrai nedsebty hyhet heex poNND.P N2 Gni

emand is met through ship and pipeline &b
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the capaciti esTVYiNnDdPi c2a0t2e6d. difmaftshed@ma nstr at e
tiveness of domestic hydrogen production a
i mport corridors for secufltinng hEuHype @gemy
hi gher renewable potentizad scamalciatdydiitn ome.
produce hydrogen domestically, enabling t
reducing theatetabhngdecenéngy However, ev
of domestic production, memhgdt ® gea@amaieman € (
ergynsumpEEeE@nctToriss confirms that a bal ance

strategically | ocated storage, and diver s|
supply as hydrogen becomes a central ener
can absorb fluctuations in renewable avail
and demand, and safeguard industri al proce
Reliable planning requires integrated mod
spati al roeas ob vatltiendn Eur opean planning proce

The study i rthegrgyt ele maimeganlmo ggl sysaem model
simul ati ons ,nfaotru rhayl ceedadgsetnr i ci t y o nCoampEaurreod e
cesses that aggregate system netehliss oirntaggd
tivensi dehrei pmhysi calotharsacopepetli ati asal evic
storages can reliably ful fil transport anc
ogi es such zerss eil retcerreadtys twii nt cht tihréfnrcaosrt prourcat
ticedbasnfrastructure data and combining i
tial for a future planning framewor k. onl y
align electricity and hydrogen i nvsdsuméan@as
gic hydrogen storage siting, targeted el ec
robust hydrogen transport network.

Whil e recent policy initiat Hveevsels tcroeonrgdti hnear
frastructure planning must take the detail
realistic i mplementation per sspleygti ogatnprfall
and el etttiociacgyount. Their early and syste
that infrastructure planning, scenari o dev
grounded in physi calcofnesdgialinltist ya,n do g enrveetsitc
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1 I ntroducti on

Atruly interconnected anint elgiread i @umpe da fheeh § thnpdge n net wo
system i s the foundati on sapptéhrds EUGSadeirna keneasge ur i ty
pendent Europe. To achiewdjedépuweadhneggeiempo@ tamdle of sect

ergy infrastructure net wai Kk thied etvearbglyshns y b © é.ipeost | i ght
and grids that is up to date, fully intercon-
nected, and thafoedabl es Ealt epe ,alafeady kehabiishedoml a

homegrown energy to flownihgepryocels@esefcdrr ellYectricity
to every corned of our Ustpwdeocempasgionqtt Ten Year Ne
Devel opment BlcemafEMEOI®Y and
oDan JRBrgensen, Commi ssi oneENTB®&A hkEen ereggy eacntd vkeo UuTsY-NDPs o f |
i ngn fPhepokuerdopean Gr,i dxe cPalctkSa®tehe Eur opean Resource Adequ
2025, eBsuss (ERAA) for el ecGds clbwiiyben and EN
Simulation of Gas Supply and |
Buil ding on tshed ipnrtshpee cEurvoepé @am Scenari odwliioch nlaelup atogrd
Grids HaCOkWH Re0 25 /010 @m)dament pladEywr opean i nfrastramcd uegres Wreev e
strengGuhepeds energytihmfsr & dsriuadlyicaubplpet y aldmio.e sl nt hceoond rr dais-t ,

explores how sector comat i nmga tbgeldaanenei nn gh yfdorro gheyndr ogen i nfr a
urghs, and electricity can emdéragicreg syguiedned omaisnl-y by bro
ness, address flexibility rhlydrogerendcsqgnamy lgagdidres ithe gr o

vest ment needs for the .energy sector across Europe
The study places particul arT leealproaasiitesr ad,re ghREBBo,we n EUal
role of hydrogteom ¢ omhplasmentct@®@Ms2022/,380afegwal jor Energy
i ngl anning frameworks and stegt tCiOave .20 20NWRO 9y dr ogen Str a
(COM/ 2020/8®d dom@ll §mentary in
Fol |l otwvhih g at edResfidi emt Ener dy klénitchre Eur ope@CrOMARYDRBd b 6B 4 n
publ i she@OM 20055 Q8 Eufriopeael )naemphasi ze hydrogends vital C
gr aduwalrlkys tadwdrldesi mae great i csmrofmg Europeds energy securit
the European s¢émergepnemayyk esset o- a cl eaner Asnethey roydtoeim. of
ri¢cgmpet i tenveerngeys sef fagrcdi matcey genhnfr asprogtesistesi s i ncreasin
act.iTeoms agenda was further psourptpaonrtt etdo bsyy stthebieaEtdir oigreflnrya -i n c |
Strategy for Energy System dint egmmwrbé dnpnlaasnendiendg .i nT Ri0Os2 0appr
(COM/ 2020/ 299), which definalsl cwsEwerimypdaetagffauli bnomssector
0the coordinated planning axtdr empetrtagn otnhe fo v éirealeln-ener gy
ergy systamakbolbss multiple energy carri -
ers, infrastructures and cohhiumpdti waNdiEpcantoer tsto hdbe el nne rpgayr -s y
allel, the EU wupdated its ffridmswacrloufpdrr dcronssyglyionstgesgtreant i n
energy infrastructure throulgyhdndaeen,evn astedr alk Nof d&sa,R & anudc teulr e
ulation (EU) 2022/ 869, whi cihntao masr didogdsitarl e nagntdh et ne evipmotr eant -1y
connecti®oears mettiwon al energysnetemr Beal ymi s baseedciosnt iansgs un
prove cohesion and reinforcel solfirdareintoly kismid e MR® 2 6
cooperation across the Uni ocdqraft thheagsgamet, ai msthe verify
physi cal cépea Wdiiififfeyr eenfttrouct ur e
The recent |Ewr ppdlainsh eRlackagemeet supply requirements. unl i
(COM/ 2025 /InT0 @slgesi sl ati ve prpepasaénéongy swhsttehmust wdi @pt i mi
revi se HREdNgul ati on. The accdmmpanyitmg sprre-search combines o
posal (COM/ 2025/ 086G ) eait ime ddsrnedryquiveietthe gi ctr essaktobngport
ficient and interoperabl e dteael o ptmMermdynwdgdfamna red sicltire ctal s
EUi de energy infrcaptbletoféosspal émrelevant infrastructur
porteilnegct ri fi satl enrehawghbl e
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To achieve these objectives, the study incorporates
e xi shy chrgoignefnr astructuaesesoé¢ects and

whet her i od mrasrptt amasrur med tu al

transport reqdepanierndingeem-hi | e

bitions of EU MeaembairniStatealsi ameald

wi EluG $ i maatreget s

As demonstrated in previous energy system anal yses

i Kigle 2025; Ausfelder ,et al 2025; GroC et al 2024
hydrogends ability to couple sectors significantly en-
hances future energy systems and boosts overall flexi-
bility. The dynamic growth of renewabl e energy
sources is driving new requirements for both storage
and infrastructure, whitth-results in more unpred

bl e production and consumption patterns. Conse-
guently, hydrogen infrastructure may need to func-
tion more dynamically and flexibly than current
natural gas networks, encouraging innovative strate-
gies for operation and maintaining grid stability. Ad-
di nhably, it is clear that a balanced mix of domestic
generation, strategically positioned storage, and di -
versified i mportthseccwtoéstsyup-vital for

playnd system resilience.

This studyds unique vainme stems from its thorough
tegrati ome®»dl bt igdhn enoaredy ngy st em

with physically deltact ridcist ynéul ay4i ons

dr ogemdaturahfgastructuuroes at t he

pean §dodi &e tplaanniimgpapr ocesses and

system,stwhdicehs of t en wuscer si mplified model s

postnal oysnssi st encymecthheocck sme rt ghe ss

i nt esrynsatbeprh i mi wiat b @iych ama ki -

dat i omy drooagnegnatsr a n snped rwtoarsk s ,
wellelastricabsastsWmeapgproach

enabdresevildesedal uahbwnand

where sector coaugpmpmegiietiechnol ogi

ciency, ,drnteheieiulriitty odf esumpgl vy,

an operationaleperepeshlivehed at

European planning frameworks.
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2 Mode&hai n

Toassess the i mportance oOliolsiesati@r EGOdpelainn @ss@ssment b
the future emnkirgystsydny eanfamldi eémporal resolution.
integmateld thati nddheat s5r e

ener gy &fyrsotnenfi nal ener gyFidgageows tabn overview of the m
physically detai liehdy dirloo-wi @at wius asttiudygys At the beginnin
gepi pelainmMe == | etcrtanscmotsys d®ergy déemaddl ed using one secto
The unigue fappuooiasc bift st haibe maiithy (Smind for industry, TR
to consistently representrbBAMhIf osre prdovat e dheorugsetfol ds,

and ftlhwliydhami ows iimf rgaasst r k@t vices). These models repres
tuas wel |l as the eltercatnrsi-mati dnoaptathlwaws Nowimtemchiaghirep aff
mi ssnetnwor ks. The foll owiTegrbeertiiladn UNENUsBISF andSt amp et ia

scritthes met hodol ogy woed (Houtrfliyy eésidgiyuti on. Final ene
i ntroducemrst it &le qrueesseaadoecnh ated by energy cardfiocerr se xaannd- ap
dressed by this modelingpapptwmghklir.ature process heat s

drogen, or hydrogen use in shi
Starti ngmeantihtond ctlhoegy el i ng apMore detailed information on t
proach covers theffom senéomryowiysedem n Annex 1.

specific final energy demand to transport infrastruc-
tudband therefore captacrosssBytosheogepéi gy dynsdteeggm amoede ISi mt
al | rel evant c.&rarniseprosr ta nadn dstesctdoorrddgieghe It fDarspat ch and Expans

infrasisutctremaéed as an i nt egircan alpfla8&)fxmi@onoph e mat avcroenr-gy s u
sition and should be refl ecftiegu riahttaitio nmrecelEism asteetmdie plif @fmi- e d
ning procieslse smacael s t hat i nhBurmpeem.Uni on ( EUIJMemmer St
The anal ysi seEuardooppeeasns peptahvetripéss Nor way,anSvhidn iztke éd g n d
where thecBunotpéeas are reprecmn\Vardi ccwosn-ener diy do aglemmer s s u
sistently, and the focus i stroipaimstyysgeaesn arnd eacarcsii dbenrsed awhi |
ther than on i ndi.Thiiduelnarhd tedswadsly s pémnsost s. clome ufmpralonene
for eachs detmamfdi xedt ¢i mgput i n

Model-exogenous energy sources FFE
and non-European imports
consentec

ConGas
R

Electricity
consentec % Infrastructure Model

Industry

HE

Transport

Hydrogen

(9]
ConGa%Eﬂ Infrastructure Model

Private Households

Natural Gas

)
ConGa&g Infrastructure Model

Trade and Services

DO ®®
$J010.} UoledO| [einjonJiseljul
Buipn|oul uonezifeuolfay

|

FE o i = S ] b\
[ @ é ﬂﬂ] M Regionally resolved
hourly time series

Final Energy Consumption Energy System . o Infrastructure
Mogel Reglonallzatlon Models

Figlr eOveofrhewmodel chain used in this study.
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mo d ellh.e dema@itlo Mheeevery hour aared performed to determine the
region, which is part Toof t hegriogp,t itmh e audti iolni patoicerssaoaf di ffe
provi che ctelsesnaerrygy tstug pdtyi,l i zgtriia@dn expansi on, while ensuring
and expadisfifogppemdt atcbnol ogi tises, pressure | imits and oper
sua@als ther mal powelr atgilnleaewa ® | @neds pect ed. Thil se de mashbsleesss nee nd e tod
eneyrs@ur eReEFA s( wehlyldraosgen pr o dwocrtki opner f or mance under differe
arepti mFaewk&Sepamatdel shgurll yti ons, including the identific
gener at i owi tphr ohfiighesr eg,i onal thesolhtteiramcti on between transp
which are thendvpgcisfforreneavgdhd chroorsdser f 1l ows.
electricity prodbetewmpanbkhoadditi on,
di fferent stormlmygdkr dgere sstsaurchy eapsgbdiyhemimgegrated, modalg-c h.
el ectr-scal ar pandeftriicclses wi t hnigi @ r venc tt direa | final coet g co
rectional chmodelT®d ( V2a®) di fefreerregnyanspor s reétivao misduedio n -
energy sactoersoupliagetienhantod aitgeedgd ed val ue of Byegt oer ngot
|l uded i n Otnlkee i Mmpadealt.ant sec tfoarb icsoeudp lainndg compr ¢ hé ssasst-edye s u
echnolebgydsr owlyi ch sebestmecseyshbe role of hydrogen infras
o0 produce hydrogesnhendl ebuesnicmd egéd dtnakmd cofufpil ¢ingncy i n th
ty and the hAddiotgipomrasladoytsorsy stMom eover, the approach tak:
ypesnefgy scamrbheri mpooted ftmakms advantage of practical i
uropean countries. Gas I nfrastrGljEtualee lElul dgpres .(
were encouraged to give detail

The results from the ener gyparytsg eanf molde |hy d mchaidcaygsti em,or
time series of the differenmatgiemrerand ongnccrteotreagel amd f or
sector coupliagntbobnblyogeewdlulti @masn,detail ed feedback on p
are then raetgiNBhla8viezleldi s regsbnaktture.
i zed dathbay itsheusiedf r asftatrhet ure model s
el ectricity granddhet hhey dneadtguerna | gas
wor.WWt hin these models, the network topol ogies
are explicitly represented, and the regionalized supply
and demand data i s mapped to network nodes. For
each hour, physically consistent | oad flow calcul ations
Why sector coupling need
model i ng
This is particularly rel
Many studies on future E growing electrificati-bor
on simplified spati al re der infrastructure needs
slices, or aggregated tr do not only emerge at an
proaches are useful for but often from reginundalar
trends, but they can onl and operational <constrai
coupling interacts with wor ks .-yeéarf uwldis glhut i on apg
i n practice. i mproves the assessment
requira@amantisnfrastructur e
The model chain applied
address exactly this cha Fomat wrassl and hydrogen ne
the consistent combinat:. the explicit representat
spati al resoluti on, hour | i paensd compressors provi
coupling of sectoraem dptn ture than approaches bas
zation and infrastructur fl ows. This helps to bet
detail ed networ k maddluirra ture can support sector
and hydrogen. This makes di ti onal i nvest ments mayy
only where energy I s nee pl i fied maoyd eulnidnegr e st i mat e
whet her it can ber edansg constraints.
i stic operating conditio

Mo d el Chain 19



Scenari o Desighn




3 Scenari o Design

Scenarios descri
assumptions for
s

of the energy

be intermal byt hcoslicenatiedsd, Ssttlfeseppansi
possibleefegttiurmriecidcgvgtodsneirsipf amed and
ystem. Th&yosas eboradier§ 0r &dea Solfs el ectric
but analytical tools desibpgeedbedtoveenp hl0oIr emosdes 1 edh coun
behavior under clearly deftf niedrsc ams be aé xicchsanged acros
l'icy cormdiitsi svaidgh@ar i oshe high |l evel of integration
e used to assess how disyseemnanddegaklesss dafhehsmbodel t
ogen availability and setfe@rmrencespi hnguppllfyeand dema
e robustness, infrastructure needs, and feasi -
ity odfmeatclal m&Eue opean Bete rsdcye meeysH amseatrlei mat e protec
m. scenalrhieorseE wmr®pean gr e(e@H®)use ¢
reduction targets are i mpl emen
This section first outl i nessttrhais@tedsdien oA n)nsecegennRaurrii on gp acroan-s i
metzatii on within the model cWwhth.|l bhgtbhenmpcbivmdes policy
an oveofvitehwe key characteristics of the two sce-
naraonal yzed: The Core3d39@enario (see Section
and the Hydrogen (Asnehe tSeoont iS@@ ndalbe Scenari o
3)2 more detailed description of the underlying
par amettiran i s pro2ided in AmMhexCore Scenario represents a
ence case that reflects today?®o
for infrastructur e Tdhev eloapment
31 ScendesoSme sponding trajectories are der.i
2026 draft data and are implen
The scenario design buil ds ourmdis,i ndemtrwaniedg r@erpa etsiemal co
tation of the European enermiyt tsiysdg ,em,nwesteme mtg gaee, and
hydr omgathnyrasl and es$ectoisiityidyjcwevepur pbsee of the Core Sc
sistent ffWarmewornk. sbfoadewaorok,reaplicate or validate the |
range of technologies is motdled mgdel Vver,| ulditngt 0 emewwvass whet
bl e andptohvgemalr ati on, st or aaggee do petxipoannss,i on pat hways are su
and sector coupling technolfouwlileys dlhiamatle nikeuwtifdlerEmntopean
energy Bactoersoupling techanodtogn esowsplcihn@sbet ween el ectr
el ectrolyzers are model ed tmatcwmalecdgagd hies poxwelri siytsl-y t ake
tem with the hydrogen systegn ven expansion | i mithse, the mo
cost opti mal depl oyment and op
r many technologies, capagiidey wreipll ®oymeeatti ragp dt lde scl i mat e
tch are determined endogenmomnustl ryaibryt $.he model ,
sed on system requirements and cost opti mal op-
ati #&or selected technol ogA ekseyiddnssttrraoinmgt rierd et-he Cor e S
nce for i nfr adamorsuc tnwrte b lymarnes-ingn of variable renewabl e
wabl e electricity generatUmpmer bladrgred ¢ btgrtaoreacgteo,r i es i n t
ydr ogen ainmdp cerltesdgt apad gisti ys e xTpYaMDP 2026 udpr atfoi cdhat e model c
ion is constraimedbly hupgesmndegardesus|l y expadtievRESjeapac
oBhese bounds are derived f ofount utrhee alnYnNuDaRfw Redx@pbaannsdir esnosl a r
raft data and therefore redfHcewm®mi géawbesei thgpgtamebtbmpase
mpl etmati on trajectories basedi oal nexpamnsaiopl masi ma
and strategies, rather than technical maxi mum poten-
tials Thal r eeaxdyst i ng Europeanexy-ower
plicieprgsented in the scenario
ogy specific characteristics a

®© 9 T ®» © O
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Historic and future yearly expansion and of wind and solar energy in Europe

in GW/a
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vehicles drives a dtrrammsgorddysttae mds i aabirloiatdy t o scal e dome
emi ssions. However, Ltihguiod gaondggrredn pmpdruagheimrh, i n combi n
fuels in both national and tiindrerwiatth otntad laivimiatte @omi mmaout - p
shipping means that a resi dfuiadi ¢ retvehy orf élggremagisywpmlayn pfeo r-
sists through 2050. and, consequently, persistent
fossil fuel use in .the energy
I n the induetsmpiidle sadbtsdrant i al efficiency
and fuel switeshbhmamM sxeiacnug ers@Bma@ahni ng positive emiosmsi ons ¢
hard t oA ashmatld share of thee nesmityegh eognast irvees ud misssi ons i n t
from the use of hydrocarbonlsandlwasde dhuamae,e mrase €t moest whi
waste, while the | arger shagteemtfermemf firmpr pvedelsand emanage
| ated emi ssions t hTlahti < ains op &lbtee me/ro,i dreidst or i c al LULUCF e mi
ularly the case for cement minfdi d ame fplrwodtucdtiioomns whemeatin
COo is released directly dutrhe gf wctadrce nmad tr ®mtoigkil es @B alea- o n
terwiatBin the prodibesenemiasstedwmlaLdhd@F Reagall egiiolnati ve
arise from inherent chemicaflr amewdri lonfsoranamitheiredoU@&Rd r e

cannot be mitigated tAlrtooughsdatedr sebstseatoonwi de target s
houghd ¢ pylewwe n tca rodfcarpt ur e oaanadgecounting rules to ensure that
(CEStechmwoildoegeigeusc e t hese emin®sinensemi ssions in this secto
sincaept ure rates tahliesawoets icdo-m@lrdtoen si nks i (BSoitlkcheanedtf al e
ual industri al emi ssions i nEwére wiotdlel a mlgi triecwd tlsamdg use n
2050 paring net emissions with the

gets reveals an oonmbiMC2@n gap i
The transformation sector red.erpeDesyddnei ptrroaoressfsarnnga toifon e

crude oi l into fossil fuel sacruacshd aall Ikkeomessugnpee,c bthhress,e B ; anc
similar products. As the usstrroifctdhesteo pirmad crt eennetleaebll eec -e n e
clines significantly over ttimeleyxpibass ewealll It i anigit ehmg dsH o n s
from this sectBmi saslisoon sd efcrroempesaeg i mports in the Core Scenar
culture and wasre maoag@eunhe nehdiessi ons that cannot be fully
00t heFsgd4reThese &ameé sasdummed UtGdar bon removal s

remain relatively stable compared to other sectors

and contribute teomitshsei oness.i d3Iadertalt adddi ti onal compensatio

tel ose the rOmaei npmyodae.s neg:
Because a significant shar eatoifvea ramisd¥ oirorag i genner ated thro

measur esntrheel iaevsai | adbarl thgry ofprlomw hes. These include bioene
drogaennd el ectrtitiecanemgy suppulrye saynsdt esth or age (BECCS) and d
becomes increasingly criticadptfwre decdrdtonri adeg( DAC@S), b
enercg@yysumpeconor s. Ri si ng elteccthrniodiotgyi cchd-l y scal abl e optio
mand must be met whil e si mudetndaneaudloyn adcworwvailmg The EUGS
the decarbonizati onWhofl eponvueMa geqemartti oft.r at egy outl ines i
cl ear adaovwewodnyt ri but-esar dsemrcah -l bivese technol ogies, envisionin

nol ogy within the exist{ing eaaropcefd s erdreua rDIACICISy amidx 50 Mt
addi tional me asanm etshearpatte qgiluo c@dBECCS Eluy 02@m0 Commi ssi on
matneeutr allTiht ¥ ai mTalpude sxpansBeoywomd DACCS and BECCS, ot her
newabl e enedpgayr tsiocuulceersl y wi pdoadhtesdh! ars bi ochar carbon re
dal ongside the phase out ofwéasbeti hgel andnoteéenmhadsed r e

power plants and the increaasledo usentorfi uteent d ueflfsset ti ng
such as ,hywhiogkenwi |l be di sthseadhibhhéurtbarbon sink effe
det ai | iSanBection mo v a l CertificatiomsRkEradme wdhrels

voluntary certification systen
I n the Core Scenari o, invesrtreamavals miitrst foduaciemge wadmmon ¢
energy expansion, electrol ysawsntciarmpa@ c(dHEwma meenats hCyodnrno gsesn o n
i mports follow the capacityHdwea\ erc,t owh eetisli sretd mi e medabymett

transmi ssion systetmheperafttoglsi iTBIOs )t 0 ncount toward EU en
2026 TYNDP scen@@rieosSa8tmpwon gattsa remains under policy disc
more infrmhebBenconstraintsomefsarmtiltdormihregq regul atory deci
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Anot her potential option i nvomperss da @D rubstey godf t iivnet eesmmias-si on
ti omnardbon fcore dmetest i ng EU e milsasrigoen yr eddeutce-r mi enredd &wa itiheel Ire c®
tion targets. Under the 204f0r asatrrgledtt afrrasgneee vediirpde,c rttHee sE W e ¢
may use high quality internaftfiontailvemnebonarcd efde dsi winl-i tvy
der Article 6 of the %adcfi s PAgmeeomenftutiore upevt ol Gpments i n
t hreet r educ(tBuorno pgecaanl Co mmi s smaornk e2t0 2céoan)di t i ons, avihd ciht r e ma
I n practice, this allows t hpatElJway wirlalw wint icmatde Ity delni-v e
erated outside the EU, provgateidon hegstmeet strict in-
tegritysoachtaesiavoiding double counting
and ensuring additiomeslef mi tCgrad e e ntSloy f afryt urhe cost deve
intern@aai momlicsr erdeisttsr i ct ed tam dt DA CX®B4 0 acso sMe | d | iamatteheneut r
tarspentd does not alter the damdsst,i owidnl yplnat var edeci si ve ro
of the EUds 2050 climate nepltoyrdaendty tthear getspecti ve i nfrast
theiindn bditstdhappi ng these opti ons:e

't is likely that a mix of diifdleramdat emenpte nc@adti pqurayge hel
proaches wil/l be required fmpoi nthe Edhaxrogneam Ubnbsbnefdecti ve
meet its emission reductiont dlkairmggetsncdrhteasieltaipgigdi og ®n acco
proaches are not model ed i nudetalido wddrmp et ¢ hewistt uidryf b h ims
I nstead, the modelingthe ametwoe kb a snicd ufders tomé ysecond scena
afore mentioned carbon removals in the LULUCF sec-

tor taencdhnolcagboal opmo-Gaple - The Hydrogen Ambition Scenario
cifically BEd&GCS wvaenldl DeAsCCiShe pl e ea thdiovl i e n al hydrogen suppl
mat e neutTrhael ufsueelosf. cl i matetmnaltd yaldefcuelase ttherambirtei oredg

|l i ke green synfuel si1sdarddgrodtehicorored hammpen sy iroai sing the |
sifluel s provides a net ¢ ompeonns arteonreyw aebfd fxep @etmseieshingnecter eulpy zer
these fuels are produced t hamd ghydrhegery nitrhesr tss oline \Cdbmed t h
and hydrogen and therefore TYNR®R2O6gdnaftih &€ asidelmari o achi e
tional greenhouse gas emi sshydrsogvéhre nawaimballsitleidty wi t hi n t
Climate neutral fuels can eaddietri dreali mpydrrt eglehh miéeod g rhiemar i
EUroproduced domestically, mpovweti aretds,t haihi chufdarcie®emer ate o
hydrogen is available for thfeatusglbehasoe)s® icooompari son of

power generation emissions for
I n the Core Scenario, the agnbowr ioigli.gepn itshec |HysderSipegen Ambi
t hrough tche roasteet o 1 afsuenes | nag i o, the increasdiedeadye of hy
compensation provided by BELECWeranple DRICKES,i msaisubstanti al
l ustrated on FEihgdréeMphetli iwifdepofer generation emi sssiMitns, wh
matreeut r adr € uierhpported i nto tCGQeqEU,pewRiy®®sr abyr esul t, fewer

only a small share is producetdi dm meeddcrad d yardaiendeoded t o
t hlei mirteemcewabl exepaesgMsn a resulons in the energy sector.
cl i Amaetuet r ad o ftuiedwse t o play a significant
role in the eesmercdgyldwgasma fousgohs in poger generation
fired poweThpbsanesessitates ”’[”ﬂ'tecozfengug’ém”eéiEEéJET%
operation of parallel infrastFriEeeg? e ™ME HEt h hydrogen
(see Scandnnatural 6gas (seéSectgmyn

120
However, the deployment of i ma e neutragd |(fuels
alone is not sufficient to mBet iimat e utrality tar-
getAd.di tno®gpati ve emissions ar®7 r e 1ilred t
fully aleanmd athinggt i OMi t ghahpe. 401 M
mo d e Ifirnagme wo r k ,s utphpet shee daurgeh a 201 B 5
combination of DACCS and BEC(Q,S. 2040 2050
Which compensation wil!/l ul thinyabtr eCoymplre | ssre dofd epme ndiso
on sever al factors. While thoedOusedofos5onternati onal cer -
tificates is mainly |limited by regulatory requirements,
t heet i | iozfatciloinmat e neutral fuels and
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However, since the transformation pathways in the fi-

nal energy consumption sectors remain unchanged
compared with the Core Scenario, a total of 474 Mt
CQeq. per year persists in 2050. This means that al so
in the Hydrogen Ambition Scenario a gap to reaching
climate neutrality in 2050 remains which must be

compensated.

I n both scenarios climate neutrality in Europe by 2050
can be achowewgedr using different pathways.

Beyotnhde pambwe) sach esscee naardi-o s,

di t ieopnparlo @ mhed | mat armpeud.irtalle ty

For exanrplgeher hydruangepnoot s vi a

pi pelciomé s r edu¢ eortt theer ncecerdpens a -

ti on meHowe\vaera,i lqaklin¢arte eusn -

Il i kel y t o thbeu lcslugfsfe ctihemnatliampg

the ambitious expanseigeryaf renewabl e

pill aralacrtosasn p v hwalyisgpomi ng
policy objectives, sectoral targets, infrastructure plan-
ning and investment security remains critical to cl ose
the gap between ambition and i mpl ementation.
TYNDP Gap Filling Method
I n jt hi@WtiNBR enpar o okeys SENT SO I n contmade laiptpre®dach appl
ENTSEO t he Nat iSoemar iToehns study uses an integrated
bottom up data submitted mo d e lail nl go weso nfipoern soapttii éamrusc h
hol ders. However, whenfi b CCS based negadtiov e ee minscd
ener@ysumpti omati o nt hsecTehea rectly 1 rattih@hiompatienit ar g
exceeds the | egally bind as fixed constmoaienftirsagwe w
cli mate policy targets, and can be met by applyi
To ensure alignment with avail able compensation o
met hodol ogy is applif®fidna mo d e | is able to achieve
ergy consumpti on uati ons wherds ucdnatsr d iianfti
energy edwauwlsd omt her wi se
This gap filling process ance with climate target
sion ener@pr icraarriileyr ssol i
and | ignite) andi armfedeal The gap filliing jnieiditdzele
er glemahdom across most s nari®scurrently being re
scenario is then refefSce the ongoing TYNDP 2026 p
nari owvhich is required to dated methodol ogy consul
energy efficiency and re wor k
well as the 2050 cl i mate
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5 Hydrogen System

The European Unionds cl i mygdeodenadseippllwast ks tendgesti on

fundamental transformati &dydpodngedorpd aentrser gy sy s -

tem by TA0OSOraquiangs of measures

and ambi hi whgdhogen emerges as a

key ener gy scartroiuegr iargd el BIne Fti nEaer Bggman d

The scenariilol agttdreyted i ng

role of Ihwydeofebhure ener FYynal Sdnee gy r ecfoenrssuinieodtthlee fdne

andhowsiempor toanchey dirofgea- nal edemggedctors indusndy, tra

strua@taurkeey edfeenetndr coupbuinilgdi €gssequently, for exampl
hydr oagsefna e d sotfoaertn er gy use in th

The following sections outldeet drhe idd vried pev & bd tdam enmadl a ftrehn.—-

drogen within t8eceindlBgy sysrnteyn.demandi 20bdt er mi nFefdE usi ng

scribes the transformahi on odcthdekeTflsen arld depller mego-speci fi c

sumptsieccnt or s, including thetewanlsdtopanmhretioonl t he target yeal
hydr ogen de mé&npdr.e sSeencttsi otnhe ®hi eme aemelr gde ef fi ci ency 1 mpr o\
hydrogenwhalhamneenand and suptprliyf iucnatiilon, f uel switching, a

2050. Seedxamhrhee supply optiamlse and | ow c arTbhoen stpeecehdn oolfo g i
thr ough i mports and domesticthymndsfogemapiromduics i b@i ng ambi ti
Secthi.ddhscussebtthgdrogen stalrlagdecdtdoaveieng cenadii 9c dsmse @ n
a temporbétwdémand anadvhs ephp$Sect3i on

i's especi al Ityhfel mpxo btl @ntutfidrn zati on of

hydr oge-nendy mploawersch i s di Btgésledws the resulting devel o

i Bectbhi.Brectbh.@bddr esses the relrgyof onikKae )i obur ope until 20
future hydarnosgoeorr t  ifrnofrr ashter u tllaryeed (a) by energyOeerailér a
total final energy consumpti on
(a) FEC per Energy Carrier (b) FEC per Sector
in TWh | EU27+3 in TWh | EU27+3
Methanol Biomass gas. Hydrocarbons Transformation Buildings
I Ammonia [ District Heating Il fl. Hydrocarbons Il ndustry Il nt. Transport Intra-EU
Hydrogen [l Coals Il Transport I nt. Transport ExtraEU

Electricity [l Others

16,000 - 16,000 -
14,000 14,000 -
12,000 o 12,000 -
10,000 -| ] o 10,000 - I
8,000 | 8,000
6,000 = 6,000 - I I
4,000 - | 4,000 -
2,000 - — | 2,000 -
/M EEEEWEN
2019 2025 2030 2035 2040 2045 2050 % 019 2025 2030 2035 2040 2045 2050

FigeFenal ener gy( kcoGns t impt E&JR7+3 per ener gy casrtracekr d(eama nad
for the weather year 2012
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Hydr oMaenket Design p a-Eur ompneaar kceltear i ng regi me f or
not currently foreseen.

I n compatrhes obburt@mpean el ectr Dortpmpganhbdegaamp up phase, intr
mar ktente, future hydrogen marlpttraesiogmlad wdansontp ay déttzhret case o f
finadaéctiydpdT he EU hygwdd og&®sn demany and ®teemmbearksihes tteso bal anc
carbonizati( ®nr glatk)age024/ 1788t eavamilmetbeatmeanagmr essure and
Regul 6EUDnN20) H/r imsi8&uhned @af i onf |l ow within the.Siywdrep@d@hknenet wo

t hfeut hyer ogenKm@r & mé mtcd: ud flexibilities in the hydrogen
regul ated i nfrastrucurbuwen-anfde meotnpoarrike lleeettoa s a8l gapenat wogk
dl i ndgo peer at or rules as well mag gd oin§ wae T SODmas Eenct ar ot af £ e
ti on and mar kleddiitnittodngeelbleyt onageeeds wit hin t hel nhyhdoruorgleyn bsayl
gated acectnewaml| e fbuellsogafcadoamrci gignr egi meesda parotr afgeam-1 i ne
(RFNB®Ond -t @awbon hgeffiogmencri tengafl exibilitymnmabketbams expose
whé her hygduaolgiefni es acsr oalemve maltd reld user s af eodrarl easnpco mhsgi- bt lhee i r
car bon Il i veri es .dardg eorf fitfmmtkesrdvaallasn ci ng

gi mebi ft storage requirements
Whil e these regul ations f ormu dpth @ viylsetnem sg wmetea tthosleanntd e e s

sure an orderly wuptake of tfhedchydndgwent dnldirdaredkainnetijgei n oper
design of balancingl pagi mgsadtainananarrkaentgi ns within safe pa
t er valmsoipre n. I n contrast to the electricity mar -

kedwher emilntut e cl earing and [ mpbhi aatieossetfbe-modeling

ment periods abandhotwhet@aasamar ket ,

which operates on a daily bMddaaldiihnreg hry e g io means dsdy sotrfeylr our | y

drogen market is not yet subdqepgdger oplaathead mond wmpt iIEdJns r i s
wi de cl earing interval. to build storagedsadchphansti wmet i on

vol traichh roengirehy t o manage i nt:
Current rdegwll ootpamegn tnsat i onal ppakestt hat would in reality be
schemes increasingliynfradayatwat A sn.uo@esnversely, daily mode
ancicmgmcepts over daily set ttlheemennete dr efgo rmeisn tkrnaodiaty e rf d feocri é,i |

frarhreat wraslrknedt n Ger mampampf ethi s study chaoas8&8 houadvhptdl ut i
t hreegul atory au)t hhoaed t ped BAlete®h]d ects both regulatory uncer
ti nuous hydrogen bal ancing rsgasltietm € 3g.0ml2iI02 8r enel uti on pr e
war d, in which 15 minute medas/ursd masmittc bhu padse gdeasy € g edes and
i naocont i nuo upsr obcaelsasn c iwihg | e wtelad hfeirnam-i ven fl uctuztri ons th
cially relevant bal ancing iwmda@avhvadle il ®awvneghaswpraceFifoed TSO
daily epkeaamrdesgt hus repl acedwby hanf eamé- bl ock. I n other wo
work of hourdwynasfaltexizmel@ist, yi mposi ng hour by hourzati oss bo
andearedl me system BndentizAdAr2 izjpgt future mar ket design may
Similarly, Denmarkds Ener ginaegt prepotstees iantmoalckedy signal s
without defined bal ancing pemratoiden ared yplngnninsg.ead on
| i-pack fl exi Biilmet ys yasntde nr ebaall ance i ndi -
cat bEser.ginet) At the same time, an 8 hour <ca
ciently granular investment si
These approaches reflect thel @ddgrsdoloypér ahikomaciteresonaemi cal
of hydrogen dnmmofrrea sftireuxcitbulree dledm verscsystem value beyond d
tricity but | esdamd ttheannemaedruosd larsder capacity mitigate
accommohdyadireogen prodactabhefbréemeen product dBwint ot dreanlayidn

newaéel ectprriocdiutcyt i omal Ascs mghhof specul ative assumptions abo
the Euhgpeatgreann s porits seyxspeecniveedr gence or instantaneous i nte
to evolve gradually, with Tswaabmiasi ®nh®&ystmond Olpiem@g-appr o
tors (TSOs) playing a centrradpmedenti aat iman ndfaiininthrgadagy -hyd
tem stability through -operasuimpmardt Ludrfedisblaemdsiltiineg and s
pack management. Whil el somea@d i gmdnemea mavindh compati bl e wi't

tricity and gas mar ket ti metfiramesand tamd i ev plaviedg raegul at



Met h abnhaes e d h y dr o gen pro dt Resource Process Colour By-product

B Nawralgas Steam Methane Reforming + cc5 (g Blue Minar fraction of CO; emissions
I n addition to hydrogen @t P . e
met hdbrmased hydrogen produ FigubeBlue and turquoise hy
avail able. Two exampl es
turquoi se hydr ogiegl e e s Turquoise hydrogen is cu
technology readiness | ev
Blue hydrogen is produce plants beingl BEper@EBBbNaL
gas, where themiresiudns ng l argest pyrolysis demons
and stored using carbon yearly product0®h ofaphayd]
technology. This process (Hycamite 2024)
house gas emissions comp
drogen production method Bl ue hydrogen has been p
with | ow cG@pbEAr20OBaphkEer
Turquoise hydrogen, on t advanceddGdarmaay bl ue hyc
through methane pyrolysi project has been discont
hydrogen and solid cantio hydrogen pipeline and as
rectly into the atmosphe were shelved in 2024 due
gi es are-t_hermal pl asma | otgerm of ftake commit mean
decomposition. ket design questions.
Both blue and turquoi se A larger deployment of t
Low Carboni HydhegEuanr opea lead to changing infrast
meet specific emissions pared to the depl oyment
tensity of both productd:i gen production. Mainly |

on the upstream emi ssi on
bi ogas. I n the case of b
tensitymosefdefheed by t
the deployed CG® mmeahredl

need for a methane or b i
ofl be hydr ogen t hienfnreaesdt r

primarily operate during peak
hydr ogen tde md nsgd tgwna tfa ncda natdl dy-
54 Hydr o8eonr ages ing yet another | ayer of tempo
and demand
The transition to a climate neutr al European energy
system requires hydrogen stDbhrage ttypdedsalafncleydreggemadt or ag
and tempor al mi smatches bettwee nmodielpil yg:an@awer-n storages,

mand. While hydrogern heorddwunmgdndnnst or ages.
er gy sreecmaoirnss r el @driivved ny |satragbe ley

by continuous idldoucsatlr ihayld rdoegb@annelr n st orages | i ke salt cave
production closely follows urckerfdruaunudtdgayg ptrofade todc hno
renewabl e electrbbhglk gbhaeelagamlbyn val ued for high cycling

renewabl e electricity @genermddionmctoermlfaltex iwbitlhi thyow Exi st
ri.celsn addition, theombsettepuEpospeanormhbydr ogges Alhso,
|l ect the production patterqasl tofcdwver ex por tri omgk coawnwer ns ¢
ries, as imported hydrogenablse tgedl dgi &tV &0 aq@ht athd &l .r)e -
ewabl e generation. Storage facilities allow these

fluctuations to be bufferedMbyt shfi TEUmMgp ehyd rpagteen tfirmlm und
hours of high pr dduw tpiromrd utcdsithomrua ge odapacity i s associated
and high demand, thereby enmatramlgy adesdladtl ed aqas rfeilel-ds an
able systemnopdratHyamogen Aumbfietrison These formations accou
Scenaraloigning hydrogen prosdshateoof wtotdagde-undergndund n
sumption éweroneersi ti cal, as khyeroggmarided as suitable candi
al so uséd ried gpaosver pplaantss. tToheéehyedlr ogen storage, given the
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Hydrogen consumption
(GWh/km2)

< 1.00
I 1.01-2.00
B 2.01-4.00
B 4.01-8.00
I 8.01-16
B > 1601

Hydrogen imports from outside the EU27+3
(TWh)

== Shipping ,é\,
=) Pipeline —
Hydrogen transport within the EU27+3
(TWh)

<10
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. Installed electroysis capacity per country
(GwW)

FigutbeEuropean hydrogen transport in the Core Scenario f¢

Due to the assumpti omset em- hWidtrtoigre nt h enpaagdumpti onlksy dfo+t he
tibBhsed on the TYNDPI 2086 dgatfrtanmdsapgoart corridors from sou
umes of hydrogen entheasetdne Islyesrieann vReaenisrhspl a and France a

i mpodptrsi marily into the Netherploandhntandl@erimamswpplying Ce
O0because domestic productionopaphei tbenmi edudtsgesda Htoerp-ass t hr ¢
native import routes are cohesmheqtrinddcbiyobhhens8emudhreon Eur

design. This concentrated iqQdn oiwmpoaetHoas hGEuwernl dtreatldayadli gh u
north western entry points,tiwhn chf ithhdaue npidpelvieneryidmmpor t
gen fl ows toward sout hern Etuo oipmpdrhtata agieg miofti cant share

abned with current iGifweanst rtulceg ulrenglranmiintg.s howr rdabtel ynot e
this mismatch, the assumptioumed pghtr dieewgamd oiatiinmdaldle acce:
i mp@rott enagandaltshe assiorcg aitrefdr &4 aicNkonratlh  Af ri can hydrogen exp
structure required for injection into the hydrogen net -

worikn the TYNDP 23026 dr bt c dGa tve ovailtdhees hryelacdbgen demand acro
re evaluated against the plrampe,andal exgewittah i tomes iff feri ng
ongoing hydrogen infrastrucgruocuaateidei opnonetngd.i vi dual count

Hydrogen NTC utilization in 2050 Electricity NTC utilization in 2050

Number of hours in utilization range Number of hours in utilization range
10,0007 m core Scenario 1M Hydrogen Ambition 10,000 5 @

8,000 - 8,000 -

6,000 - 6,000 - @
4,000 - 4,000 -

2,000 - 2,000 -

0 0
utilization utilization utilization utilization utilization utilization
>80% >90% 100% >80% >90% 100%
FigareUtilization of hydrogen (left) and electricity (ric
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Across all y%aof,theohwndr 6eyndmegen fl ows reflect realist
work consists of repurposedf madturwadt grass @o mpxtl ri aierst. s acr os
This stable share indicates that repurposing remains a
central strategy throughoutb5@z2hedytdrramie hivornr kpeSiimd!|l aTHeon
spati al struct u+tbea sfedl Il owgs cg da mrkii char
i mport @ntrwipdi i ndustri al Tdheemadnedt |lacdélkt eeeninsd el ect r i c al net
and progressively strengtheqiimygl atnitenrss opmesdntoadd in the f
within Central Europe. carried out for the Core Scena
Figadd |l ustrates the fully dawslicmpdd yEwrad p dark elkle s iff egaenc e
drogen network in 2050. Thesttropotl orgyy fceoanpirhb isleidtiygm@adned sy st
proximately 51,500 km of piohdwsnedshed redd ihmoalrd dye shfyodrr ogen d
around 3,000 relevant nodes204thescwermotdless «aTehpar sosueraMte tihlel ws
transmiseegelonentry and exit tpheé ntem@maaoer avlhi eholhyti on of tota
dr ogenrecitsedi njnt o or withdrawn ofnr amrtolses rEatr-ope, capturing
work. They encompass industtrriiadl deemmardd sandesagddiyt-i onal de
dr ogfeinred power plant s, undéigrdumpdwerbpagbmmand Tbtattuate
facilities, 1import -hemrdemailbdet veaese wed p p ra@BWicdhaotsiest g mE B o
terconnection points. summer periods and ob&@kGWaitn ar
|l ate winter. While demand r ema
Figaehe ghl i ghts the high spatliealdurrd shal wtpird m go fa ntdh es u mmer
devel oped topology. Supply peozlk tihmuwes,v adieswd md eacen-refl ecti
ters and storage sites ar e cixtpilorcalt | bpd aed pfrreddre craee d oma p h e mn t
than aggregated at regionalodsvefl .|l dwmdusrnewal| €|l gesrnemrast i o
and pswetor demand i n Cent rtaH e rEaufrmorpee @aresivditss -of a steady
bly connected through a denswe rblaaikdtodnem spteaukc teuvreen,t s t hat
whil e storage nodes are di sdydthamegdiradisomngc.oanaj or
transport corridors and near demand hubs. This de-
tailed nodal representati onAlelnshuo ersl st hragt wdirek modaed e dcases
the modeling framewor k. Howeve
Node Types Node Types
® DSO @ Storage
@ Industry ® Electrolysis
» Power Plant @ Border
m— H; Pipeline @ Import
@ Terminal
m— H: Pipeline \\
¢ & )
N (5
4 1
£ o
: >
FigutPe Average hydrogen pipeline utilization in 2040 and ¢
and peripheral corrifdors in the Core Scenari o.
SNo I6Cabgtia offshore pipeline is currently planned. The con-
nection shown for 2050 reflects modelling assumptions and does
not indicate a planned or proposed interconnection.
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interpretability, o+tlleynatnlhe Thees udnmrualf deéamampdeakur ve thus r
hour are presented in detaidt aklse tihn du htoruiralr elpases elndsd co
the most stressed operatingpevadipge Dk @verthee itydlw ®neqyi pe
gen system. Infrastructure @drmedsiPhd N @Ppadk sgvd ®tMs det er
adequacy are primaril yudrsi viengdyp Srutc haedktdtedeade requirenmn
rather than by average conddd i p@sas Maki d@gl thér ded&kKce for
hour the most relevant referiepfe case.
The inset map highlights t hkehe psitmuall atdiisn rri ewdiedimoan dodhho urh e
supply and demand dduermanngd t hien mak4 GmuanrFeé gk aewn liunstr ating t|
hour. The bubbles indicate itrh@tprdesrsanrde ilsewdlro,ngfllyow r at e
concentrated in Central Euro@reos whtehhe EWlamr@eeamduygdrdd@dn n
clusters a-idrrplopwerioagnetns dr i venalpi dlhdi cates that the system
withdrawal levels. In contrfajsfed htydd ®wwiedals UPiPhiyt #rd@ri-ng
nates from a combination ofcgpdesitdef. |PS WSV dri ePMai n compar
and imports. Production in Spajg @nd PP E MPETdSrrid
via Southern I taly ContribuéeenttroalovlfdraéﬂeSé’r?&é%a{&uo?r’rﬁd)ptlﬁle rr
whil e maritimbdém@d’dbws"naltng'rﬁéport axes, reflecting the
However, the visualization also shows_ ,that. imports
) . ) routes in distributin peak vo

alone are insufficient to cover eak d$emand 'Iocadleglr'zones
Underground storage facilitqreesssttﬁreeroer%oo yeaqoerr%wcesalsr_mdeci
. . . are obseryvy J {u g{estln .t hat
sive role in securing supply. during I%I’S_ oqu , pI‘OQIId-
ing substantial wi talbdrla weel ttvh'oecfnumless tt%cainsctally adequate f
system mand .
Advant ages of detail ed i Whet her hydrogen can act

on the physical behavi or
I'n most energy system st pressure levels, pipelin
and electricity grids ar ation and the interactio
l'inearized modeling appr across connected corrido
ear approxi mations for n dogen system spanning | o
DC power flow for ew eecqture borders, bottlenecks may
tions for gas networks, from overall transport d
plexity and allow for en ing and | ocation of fl ow
frastr(lFatawmenof er IAHG i éeti
they apply | ess granul ar A similar argument appli
regions repr e s e&EMNITESH Gh WE JE El ectrolyzers can provid

sorbing renewabl e gener a
Det ai |l ed infrastructure he|p|ng t o reduce transm
additional insight not o time, their contribution
more realistically, but they are |l ocated and how
me nt of structur al flexi Coup|ed mode|ing i s t her
coupling. This isnpamutiuc whether electrolyzers ac
systems, where the syste where additional transpo
not only on installed ca drogen network, and how
ing, location and networ triboutseysttem resilience i
mand, storage and conver

A fbbawedyedwul $i mul ati on
Hydrogen infrastructure fore reveals constraints
based on aggregated tran more aggregated approach
gions. alistic assessment of tr

ence and infrastructure
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FigabeHourly hydrogen dem&redairn o2@4v@ ispatheal Cadriestributio
ma x i muenmand hour .
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FigldeSi mulated pressure | evels, flow rates and pipel i-che-
mand hour in tHe Core Scenario.
“No I6€Cmabgtia of fshore pipeline is currently planned. The con-
nection shown for 2050 reflects modelling assumptions and does
not indicate a planned or proposed interconnection.
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The flow rate distribution Taokndn rtnmsg ethhaetr ,h ytdhreo gseinmul at i on
transport is concentrated atlloatg tdihes thydrto darc kibothnwor k i n 2
corridors. High flow vol umemaxicreduenmapnrdi ngoruirl ywiijitph oQetn -sy st e
tredrope and along major impeeksroWhebe-lbamagisgrédtomisgioccu
with the spatial concentratMa&in0fofC Qlefmath@r §5.detnt g8 fqwr alpl p
the i Fsg®@Pefln total, 110 cdmpruétopragdagvelocity levels c
tions are activated in thisSlpktlatfid gl Ton@GhNiohaliloy robus
maintain pressure levels and'%®h%ufflendiyt9§ cYyalhiidate the ad
transport capacity along thaendmaq%paoca'ctkyboqwoenfc'oqqriadto'r%n. ide

Peripheral branches exhibitaq%lwyr 1 ow rates, reflecting
their regirbopbhatidn funct-ion rather than | on
. I E ! A ! Thla?odele h o Iyg hydr,ogen dema
di stance bulk transport. The |l ow pat.t é.he.efore
) _ tthe coursei ®fs \ngdlé(horm-_
mirrors the structural hlerarcha/ o f 56143 net wor k, wdth

) ) o ) ) pare t o 0, over all emand
cl early i decnap aciiatby etrhangsmthri%'ﬁte?sa%'?idexhibit more pronou
| owleoaded distribution SengQltshydrogen consumption fluct

Pipeline velocities remain %rqm'lmaﬁg‘eélgyeﬂwa%lu egn@grcﬂé)svum-
tional ranges during the perﬂekr h%%r'oqﬁ e"%/rhq rdeﬁlcen%%aquaeks v
are visible along selected %%Q:k'%wlateecw['lnotnesr' particu-

l arl'y where | arge withdrawal vol umes COInCIde wi t h

| omdlg stance transport arl—boa\/\sevTJ‘re, arpcpueaQté)r{ f\)de reflech a
of excessive velocity are oq)%setrrv'eadI bl'%ﬁes qenraqrbdatceosmq hrhefd
the network is dimensioned ({quehsesquqqaclienqafddqu-llidmgcptrgyhydrog
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n system that is structurradnge .mbkldeawvalt ead rwsalso gietci-es ar
rs. Peak events become i ncaoreraisdargsd ycorenewtainng fiompamt- en
astructure di mensioning, wist HdreywallefdlInes tmarxd muPer i pher a
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oss the European hydrogethV GqetWwdd &r-d @masiphhy@ondieti ons. W
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pressure distribution i&Md cra® @i Isq a®h)fte€ Byist & nC QPR €SS
tion within tlhiemidted. nRrdelt @WBHeeiScsalre coll apse or widesp
els remain sufficiently hGQhM al bhg taeUImnas nc dmfcik-m t ha
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ng the ddsmomtamtt namspmortdagegen demand expected in 2050
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No

lI6€Cebygtia of fshore pipeline is currently planned. The con-

nection shown for 2050 reflects modelling assumptions and does

not

indicate a planned or proposed interconnection.

Hydrogen System 48
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The average utilization of fhlyaxiolgielni tpy pell @ merst 3-vno RiOMer t h
and 2050 iFsi gsdhddewe ‘tr Bsul t s itnrddmcsagcerta corri dor s.
heterogeneous | oad distribution across the networKk
rather than 4wnidfeorsmr®yst. emtlinipiozratainan y, average utilizati
|l evel s vary considerably begmweteend caog ra ddirrsegc tr erhd asuri engof
di fferences in regional demaorwdoad mpiopél sheuseégmest andan r
net work positioning. relevant under alternative net
during peak events. Mor eover,
I n 2040, higher wutilizati onstarl @@®mdlyotctolnerrendk atmay ar edyc e
the emerging corridors in Cemdaciafli Euc orprei camrds awiotnlgout i mp
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I

i nking major demand centertsramdpaormpoaxesndnd fI| ex-i bl e di
points. At the same time, at $&iegmivieiaaoan tmesnfsa trolenei ondgy ptee mp h -
eral connections operates at | ower | oad factors, re-
flecting their role in regional distribution rather than
| omlg stance bulk transport.

By 2050, this pattern becomes more pronounced.

Hi gghoad segments are clearly concentrated al ong

core Central European transit corridors and along ma-
j or BSoorutthh axes, fboarcnkibnognedi sti nct

routes within the European hydrogen system. Peri ph-

er al connections continue to show | ower average utili-
zation, underlining their function as distribution and
No IsCabgtia of fshore pipeline is currently planned. The con-
nection shown for 2050 reflects modelling assumptions and does

not indicate a planned or proposed interconnection.
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6 Natur a$y Gtaesm
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ty during the energy tr ®&AsiNatowr ajha rGlEhe v I§stys It ye m

whiHydrogen supply 148l hot yet sufficient.
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will be repurposed for hyoewamgenmaoeid@eng @&snpesn itogpl ay a
infrastructure will remaingteclheniduai hy Ehagmdsthoavsiotl i on
meeting transport requiremenEdcnepeddangase Nion Europe.
security. of supply there is stil lInat thrighh d¢eenafnidnd
enerc@ysumpecoonssemmi ng mainly
This section exmariuwresli ttghéem rtohe iofdustry ankdnbiunted$womgp)] sec
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sectors andatbheabsgaswbr genpace hWiatth ntghe ongoing transf
ti &Gre.ct6i.o2zhen anal ymaesuhaiw-ghbdee mand deicnr ebaostehs suencttiomrWonl y 39
frastructure performs as pacfhat of at bgas et 0 BdBuieh it e chent n n -
purposed for hydrogen. The cempdli®the etvrad m&ft egmati adbncases i
whet her t hatmue siydsyalsn can c¢dmtdiumue vy sprcchc easssegd ass manuf act
to meet transport requirements and ensure security
of supply by examining preslisuraddietviedrs ,t d | tolwe pfaitn &lr nsner g
storage dynamics, and syst egne dtedhrasy,i omatumnrdaelr gaesaki s utiliz
conditions. to produce electricity and di s
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Even though not a focus ing sustainability crite
met hane i s one pillar of fuel supplier obligation
energy security strategy heating and power .
(comM/ 2022/ 230 final), th
ducing 35 billion cubic Nati onal i mpl ement ati ons
about 350 TWh, of bi omet!t GHG savings and feedstoc
amounts to a sevenfol d(E the EU Bioeconomy Strate
ropean Commi ssAoao 2uld adge)r and circular use of biom
Net herl ands B. V. tahnids Gaasr hi gegtal ue applications suc
technically -2@ababl suffh bi-mased materials, with
bl e biomass feedstocks t ring later in the value
(4TWh) by 20demarfd®i®1by resowefdéeci ency objective
primarily from manure, a
guent i al cropping. I f bi omethane remains on
omet hane could account t
Mar ket momentum for biom thane demand in the Core
over the | ast years. I n Power EU targets can be m
mately 5TWk)m df50bidameuh a remaining methane demand
its naturald, gwsttdemard 1 met hanlken case of using t
erating acroé&EuRbpeannBr ti al accCuridierhg utsce Net her
ti onpPpf these, more than Gas fortPRlI smht emet hane p
gas grid. Spot mar ket s, ceed methane demand t hre
become increasingly dyna
bi omet hane from waste an Al t hough actual bi omet ha
pliance with RED I 11 and mately be shaped by evol
(GHG quota systems. Price ments, economic factors
grades have risen, refle outlined in Section 4, c
tives and gr owklnigg uiinftieerde gap wi l I require a strah
(LNGand€oBnpos essed Nat)ur al its own uncertainties re
ef fectiveness. I n this c
However, current growth grated with the establis
comply with themt@3ImnetTw could offer a possible o
met hane in 2030. When co mate targets and energy
umes from the National E
(NECPs), estimated bi ome
amounts bHBlcmnlagcdoun% iofg
thane demand in the Core
Anal ogously to the sectoralutdielmdm@dcspabednaegraai vegasgmi ssi «
utilization in power plantstaecommesresatwe tfhornt hteh(e eas SEmEiea t
i nenewabl e electricity genetriad)d onaddttl onhn &2ma&abDIl oampunt s
47BWh of natur al gas still wuecegr oddupewkerlruel andsogean vi a s
the Core Scenari o. CCS. Althmhgeathbhedle mgas shown in
Figamei spl ayed as & esgpateirvee val
| n Hyhder o gretni tScemari o, the i noa eacmldi niampaoamd fdomesti ¢ supp
availability of |1 ocal sthhyedr omgeat ptrioe uemii 99ni ore dtuareget s, t he
necessniattyuroafborg@s ectri ci ty |proaofdiouscstislp nanhdet i s umpedtl tyane
Theref omé y 4n6atTuWwha sotfgthis! i zed i n
t her mal poiwer2 A Ganttes the asdNamed slt ogagge continues to pl ay
devel opment of priced$obkaei | symrtthaenti cs tmelihlainzi ng rol e in th
met hanéeéhandost devetboapsneednt Hioge®shdws t he hourly injectio
negative ,emixxdiusns el y f ossivlolmerehsanteogiest her with the res.t
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Scenari o
in 2030. A clear seasonal cycle can be observed: stor -
age |l evels are gradually built up during the summer
mont hs and drawn down sharply in winter, when heat -
ing demand rises across | arge parts of Europe.
The magnitude of winter withdrawals significantly ex-
ceeds average hourly flows, indicating that storage
requirements are determined primarily by peak de-
mand rather than by annual energy volumes al one.
Hi gh fill |l evel s before the winter season therefore act
as a strategic reserve, buffering seasonal demand i n-
creases as -twerlnh sausp pslhyorrti sks. Despite the
di versification of supply sources and the expansion of
alternative i mport routes, the pronounced winter
drawdown in the moded croenstuilnt-s underl ines th
ued structural i mportance of wunderground natur al gas
storage in 2030. I n this respect, natur al gas storage
remains more strongly shaped by broad seasonal bal -
ancing requirements than hydrogen storage, which is
more closely lIinkétdexobi hetproéworsi on of
an evolving hydrogen supply and demand structure.
This seasonal pattern becomes | ess pronounced in
| ater pebusdesmgas declines and in-
creasingly shifts towaeds$edesi dual and peak
applications, reducing the overall reliance on | arge
seasonal storage cycl es
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FigireCihogder natur al gas transport volumes in 2030, hig

Europe (Core Scenario).

Natural Gas System 54



188,000 km

178,000 km

176,000 km

FigapeDevel opment of the

assessment
cally or

No dedicated
mi ne the economi
t hreatur aletguas k i n
ing framewor k
wor k downsi zing or
remaimathngr alopgao®gy
residual infrastructure
been all ocated to
of this step is to
' ines for
straints-odsuppelcwrrityks wi

test

2040 or
d ;meas umrcatle tpgearsftoopnolaogy, wi
consol i dpdad ometama@ar ky sd esv e IR@ag herm t,
corresponds
af tlelre s20 2C¢ treat wsreglmeqds graedieseo r k

Eur opean

The pwydpotgheen aed evioir ke
wh ettihemr
hydrogestragomnp adp rntigs €9 eapg@rsoxi matel y
thanothd

natur al gAds transmissic

wasr emaidniicn g dn d tod rdalb edhees smos tdesm.
t exrhalli xail 4 yv ermpit fi imad
2068@nspgbet mbdsek -can

t
tsh &te tolfe con
still be fu
t hout conducting a
glhaenni

to the
configuration fo
armeael wiitdh.drlawa2 0 D® mpti lpee -n
188, 000
nodes.

x~ o = -

36, 000 relevant

Node Types

@ Dso
@ Industry

@ Power Plant

wm CH4 Pipeiine

Node Types

® NG
@ Storage

@ Border
@® Import

Production

e CH4 Pipeline ‘
g N

7y

FigadBeEuropean natur al
ope)y ad mmrn g dtSiGo n s,

gas
system
cr okssr der

“Il'n this analysis, al | met hane
for hydrogen is assumeldttecntrierhai n
Natural Gas System

transmission
industrial
i nterconnamnptoiran ppainrttss a(nldC)g,as

network in 2030 ¢
sites (I ND), ther mal
production facil:.

infdesommi ssi eni hgt orsdnsesmanepunpgo®édmet h
¢onoipeeraed ononl y

repurposing effects a

55



These transwvmliIsseminry and exNevpbthebesnsncl bdgher demand co
di stribution syy)temnonpet abowi iDBIOe i n Centr al Europe, Nor
dustrial sites (I ND), ther mRaramoaeveand]|tamd sURiTtPP) , Kiumgd o m,
derground gas storag®do,r deNGpdeulmitniadrs ,arcd oisrsdustri al acti
interconnection points (1C), import points and gas
produéwicohities (GPR). On the supply side, the inset
mestic production in the North
6.22 Natur aNetGasr k Si mul atisonucturally relevant source i
ni ficant pipeline i mports ente
Thmodel ed nfad wr ldye mgad 2030 oavred sout hern corri dosr sc,onmthriil be-
the cour se, obfa stehda popre atleficeh ute additional infl ows, partic
scr i bSeedc tbinolrs s hé&wig8iDlen con- Southern Europe. Overall, i mpo
trast to hydrogen, the annuxalli phtolfy llear gerstglo&rgd yofd odmep p |
nated by seasonal effects. domadtidemamdduatcremsesend.ri but e
significantly during winterThmndpmat i alefd ereftii ginga tadhiealrc odna-g h
tinued use of natur al gas fouppmslpywcien h2®3 0 nigs acirwerss iEfui- e d
rope. Peak valuesatercwedt erp®@iOntGaN, iwi th i mports and domes
whil e summer demand dr ops toowempirnxipadle!| demdm®Md condi ti on
250 GW. The pronounced seasonal amplitude clearly
di stingunasthersalf iteeam from t héevewoakl ,nather 20@BPas curve refl
i ndusamnrdy p-dwewven hydrogen desnmyasndenprsot-i | | strongly driven b
files. quirements. Peak winter events
mum required transport and sto
Al'l hourly network usage cawsredemwleirree stima |l adretdi nwneatthet r uct
model ing framework. For clardaltiyondd daetincstear diighlilgadtearly
the spatial di stribution of supply and demand during
t he maxdiemanmd hour. I n this Theakmuhauwi ondeesul-tesmaiod hbder m
mand is distributed broadlyi mc2aw3ds shBiwgp ¢ ed U ¢ utchter iateisrud t -
strong linkage to residentijadg apmrde courmericé\ad | heaftlig.r at e

@® Demand
@® Supply

® 16w

216w
43 GwW

I Industry
Il Other
I Thermal Power Plants

GW
1,000 1

800 -

600 -

February 06

400

200

0

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

Fig8beHourly natural gas demand in 2030 and spati al didst-r
mand hour in the Core Scenari o.

Natural Gas System 56



February 06

10+ 10+

m/s

FigB8deSi mul at ed
iSmen darei €Cor e

mand hour

acr oss

very high

t

he Eu

di stribution
I I i mi

technic
hi gh al
in Cent
routes,
syst

o
3

The
con
nec
sou
cen
a t
ma i
tra
spr
ove
t he
reg

o —— v S« —~ o

- ® O 5 O —«+ —~+ —~+ 0O
L O »w ~+ ~+ o®o T T o

o =
S o —aT ®® =~ 05 5 —
w o

Pipel
backhb
north
Centr
ities
do not
exhibit
their r
functio

- 5 =
©® ® O

Overall

a
(0]
r

u

w
r

n

n

r
a

g

e
e
n

e
[

ng th
al Eu
confi
nder

rat e
ati on

r

seas

e
r
r

p

t he No

i mpo
in Ce
of 16

pres

t capa

r
n
3
s

pressure |l evels, flowatran®lst gamsk pdpreil nglet-

opean natur alogawr neTwerKystbempr dteaithse stru
onal demand imaxwimumrseadhaenlr estsrueses condit
ndi cates stable system operation within

t

d

S .

Pressure Thaemacteleathy nr dempas at nvad§o c

main backdohigh& 0GqYrdoeis®f spaGF BRIy §i2 @ Co m-

opedsanmd hat o aghdmed ntod t/H030, overall demand
ming the robus®h%e@8d o hg pgEraisinadg sbsejcopme s
eak heating cbhBingWgl e winter peaks remai

al

r
t
t

u
C

ctivati

system

ance

t

r

to dist

vel oci

sectio

produc

Eur opea

mai n

| ower

t

— 0o — = e -

<8}

t
n
t
n

wi t
ndi cat e

egional
n.

t he

S

f

203N0atur alet gvas k
Wi

compressor depl oymBhhd ahr @M&iyhs t GHgadPhingal Iy wi

handl in
tion an

wi despread

Natur al Gas

g
d

peak

System

I
di

mand duri ng tdreemamalx ihmwm r eac he

stribution prhowismastteloyn g @0 r @W,t i umdt ant i a
ong establ ikdred a@ama@easpan actourod lediodr assl \cman+- |
h Sea produmaiimnn alegd @ nt, 0 emisniemal amasel i n
entry pointstrama deael imag oirn dieénatnidng dema
al Eodbpeoniithuitlhdisngpeandiinggdiespt ry.
ampi esased s$bati ons

stabilityl MG d2hbalr eP lsQfrit & gRMGEsipt-hat

y across tthie®heltWors%50 the W9 dleenger domi

e
t

n of compre%%% hqantlrhng.lemand
o C 0 né)eak rg)er|ods d
n

ad duwriamdg WI

tion remai
l'y serves
(up fuel rather than
i es il marde as&n &l b detardnies rga mej g me, the s
s, particul@eneg e dmencorlki RYGh | abhxelhyte
on and soud%®lrinng mMp@PRAT GG tled 3eQp30be-t he
consumptlonw%er'bagasGHOW%E\‘/qaranQ/eFfeoack deman

sport requ

buted demand
ua

hin aecsceapntdasoLfe p'erf a? i Bh'a§ urr}ﬁ,]vgen load pr
more pronour‘hced demand Qeaks
systemic stress. Periphet al Ssegments
eratlonal .challen%es shi ft . fro
ow rates and velocities, con |_dsvtent] wi t h
. . sona}l voILhmes t o wdarrj ehna nl dol ai dn gc
i stribution ro e rather than transf|t. . |
diti ons and ensuring surficien

mul ation results demonstrate that the _
is technicallhg ¢ta5&h dighlights the spati

nter demand@nNdvnhd§Banqg oy fcioHE Flgned gmaoxuirmu b e

bottlenecks or chrTh§nug phaksiut e2Y3Gpswi th ren

57



GW
600 4 I Industry
Il Other
500 - I Thermal Power Plants
400 A
300 -
200 A
100 A February 06
0
Jan Feb Mar Apr May Jun Jul Aug Sep oct Nov Dec

FigBeeHourly natural gas demand in 2050 and spati al didst-r
mand hour iSnenédirei €Cor e

Centr al Europe, Northern | ttahan iamd2 &0t samd Wersgermart s
Europe. On the supply side,atdooemgarcatpirwdaluxtliowm licmad | eve
the North Sea continues to tchentire diudweal cmanpd reaneng & syst e
by pipeline imporltns 2adibdde s NGt g nd |l owsser v e mar gi ns during p
tipocoduatcticosdotr ar wrd G®tal sup-
pl.owever, the reduced demaBRdPekiBfesvelbggektesnhhpcrease a
t hrrat ur aletowas k in 2050 operh@dkewibut sygmain within accep
stantial reserve margins forambeas. oNO thestyemirc bpteéeseneck
sure drops are observed. The s
Overall, the 2050 demand cufrouree rednfeictm tahaty,stewen nafter
which natural gas plays a deedmentng tyethydridderstamd edjéaspi
cally relevant role. Peak wd&amaend,evtemd sr emaitninng ot Wreal
termine the minimum requiretdedrrcikd®PIner §aNichii 10§y uanrderoper
ity, but the reduced annualmgheimane ddddFmdlesstdaress condit
ss ructural shift toward hydrogen and electrification as
primary energy carriers. The average utilization of t he
net work in 2030 akhidge®&Dni s sh
The simulation resdiémand orodthPO maktiimuimati on |l evels vary
in 2050 arFd gBMBewn liunstrati ngvotr ke rdgiictati ng an uneven | oa
ing pressure levels, flow rtatan sWsdemepd)gjesdo iaan soecimg metss
across the European naturalfl @aml Giegtwioht &t CHMmplad@gs, parti
to 2030, overall flow intens970§akty, a@e@,:?méq%tq%,kq%ra%crecagtes
reflecting the substanti al %I%t'ln%ed're(ﬁ t(ﬂl?%l fgla%Wd%anen

mand in -tehhen ltormgqsi ti on pathv\}jayt'Olipesrpelgt'eonS I mport ent.ry
ma n center.s. A t h same ti me
| ower absolute demand | evel s he  pressure distr u
. . . net wor k operartaenﬁbeelcoampam:lldty T
tion indicates stabltehesyd;eem orPeratlon wi t i
i ) t's to structural reserve n
fined technical Il i mi ts durlneg he winter zi)eak hour ..
natur al gas system in 203

Flow rates remain concentr altle®i"®&d b gaRRe @ plak klb@hal i zed a
corridors linking remaining9paRhiucdliloh lairBialsed jaipdrdo not
entry points and demand cen%®N&IMS Cf’1 Ct0rSaS| Egf O0Ppfe. Over al
However, the magnitude of fqaotwterlrg qulnqqtlscaq]tq%tvycb kerthal

nected operating under wid

Natural Gas System 58



condi t

ther across

i on

S . By

2050, averagreediudtliiemtiimnowercalelasreat drual-

most parts of tvalei Inetmroeker wiomgicdreentt rwanmn i t

declining natural gas demankWladkbdre rnowtnesd.ti on path-
way. Most pipeline segments operate at | ow | oad | ev-
el s, while higher wutilization continues to concentrate
along specific backbone corridors. These corridors
maintain directional falioonw structures between rem

ing supply sources and regional demand clusters. Re-
gional bottlenecks persist in isolated sections, but
they remain | ocal i ziendt oancdo ndtoi -not devel op

nemamti de congestion patterns. The comparison be-

tween 2030 and 2050 thus indicates a gradual

February 06

10+

m/s

FigBBeverage

ized bottl enecks

natur al gas pipeline utilizhasedn limna08&dnaean

(Core Scenari o).

o Ve L —

= Normal CF N ~— Normal

—— High 3 b — High
y A ‘5\

A

f ‘: / ‘ ):‘-' q ‘ \ /, Wk
“’3’&’;, DA P
SRR S A

A" /‘,

>
EL A

~TAX

\

i "/

ks
b TR R ~. Yy
\\//’2
&
FigBdever age natural gas pipeline utilizhased limna2080naanm
ized bottlenecks (Core Scenari o).
Natural Gas System 5 @

g



Structur al
system

gas

The
2030
shift

a

nd
i n

compari son

2050

(0]

transformati o

f nat ur a

hi ghlights

system operatio

characterized by broadly
demand, primarily driven
becomes significantly | o)
short peak periods.

As a result, the spatial
changes considerably. Wh
dors remain essenti al fo
sources and demand cent e
eral branches oper at east ia
| evel s. This pattern poi
mor e c efrorciudsoerd net wor k st
transport is increasingl
number of backbone route
wor k become structutalmley
This shift creates poten
ur al gas system. I n regi
and | imited connection t
net wor k may become weak.|
cally chall enging to tmkai
could |l ead to the emerge
systems (o0island gridsod)
tions are no | onger suf f
fl ows or nearby supply s
Natur al Gas System

A

vV a
pa

t
S
Cc

set s,

t

€
e
I

t he

on

- 0O S O =S

= I = )
—o = == =

ng
om an
rted
ons f
Ssi on
st s,

| umes
kely t
runit
gul at
ed as
at , e
m decr
er s
I

erall,

ity

ory
set
ven

may i
theref
garding c
and t

s ame
t and
y and

of
and

economi c
natur al
or

infrastruct
whi |l-lkea & ehd orugvherud e

t h

decr
o | e
of

eas

S OO0 S o9 OoOw

t h

()

e natur al

nge

but
g this

al
tra

net wor k c

ferm

secur

t

cont i
access
bet ween

S
u

®

@

ad

t

d
e
S
S
G
r
s
e

g
S
n
0

[

eak d
o req
o sto
nt ai n
and a
de man

i me, p
nue t
t

ma i

upply
neven

pe
gas
cost

rspec
vol um
struc
ur e i

ase. As a r
to increa
ransported
just ment s,
commi s snipd mie
the physic
, the econo
rease. The
e depend st
t alnl omdatliea
treat ment

results ind
as networ k
O a structu
sition wil/
nsol i deantoirokre
ty of suppl

60






7 EIl ect ®yisctietny

I n an energy system char power |bzaeste db wroRtersel M NDRIat a r ¢

sector coupling, energy ecaghnifeirccanal § Whieghoemi G nual de
progressively.Tihnitse rdceoenleodph-6 sle obser v.Edrhisot ari pawley i n
ment makes 1t essential fwoaec) itthiccalacygelaesrsagad dnt € con
design of the future el eabrie€doryd ©ygheannual addition

in succeslsn vtehiyssagtsudy, the in
This section taklkese Burcopesant tdw&smdci fi @02b6ndthét TYNDR ar
tricity system in theln@or e [Blcieemdarao.exSparnsioonn | i mits, rep

|l yzes the transformation ofyetl ercaaliicgdttiy® Busrpabjleg clteoamivyi mfgart h
f ocus on t hevcelxagptainleewah!| ef enwirgry on t he acthas$e ultiimitzatti @n
sour(Reesand the resulting chamngézaitmogener a-

tion and demSedt7/pe2h s eusses the

role of thermal power plantBi,ghbdgbwsghheegathedrR&®atr i i ¢
bution to security of suppliyn utnhd®c € dnia e tth bHsyhdar roegse no f&nebai rtii -o n
abl e r enSewatBiléBoscuses on el eocarlim 208&, -a t otrealn eona bll 43 % nEGW
bilitiescaondl eegtbechnol ogi gisesi@nsssteaslsliendg iinn tthheSc ECbzr Ve 8
howl ectrol ysticsrsapdemand csi d8ol ar energy and wihl endr gy a
measusruepsport system bal anci B8dgb anfd timd etgataali omdpuwai dy , 2026
of r eneSwadtFiedancl udes with &heanabkysai taealE8rapadcoublesd,ofyi e
ofcongestion and expansi on doevmearn d3sQ Oo® 5@ ees teel ne cftrroint -sol ar p

ity grid. and %39 rom wi.0od puwek@Bmgeie
expansi on tlHeYiNtDsP f@rO@fta rdeat a
uti liinz e2d0 3vdh er e ma reyx hcacuusntt rtihees i

71 Electricity Supply stalledgl tafpmlsliyt, whinlog .otTher s
wards 2040 and 2050, the insta

Achieving the European cl i mahe Gamaaeti © ra@pamnedamaci ti es i

fundament al transformati on tolHeYtNNDeP Rurddepteaa.ns esbotul dchnot be

ity system, primarily drivemr eéotyed haes |aragaentsrcadiec teixprano f ,
si owR&fSin particular w$nd dndigol aorf meawedro.nal targets. Ra
showrdiigBt e ramp up of wi nddeapnedn dseonlcaer on t he | evel of don
across sectors such as industr
Installed Capacities of Renewable Energies transpords Wiotulmtlrower el ectrif
In GW | BU27+3 may t her erfeodruec efdacdeo mest i ¢ de mal
Wind Onshore Offsite Solar [l Hydropower acceleratedvRESMp up of
Il Wind Offshore [l Rooftop Solar Biomass
3,470 . . ~
3,500 - 2o I'n addition, Europef6s energy s
3,000 - 2797 W 2,836I nected, both through the el ect
2500 1 2,497 l gressively expanding hydrogen
5 000 2,016. cross border connections enabl
’ 1014 1,253 newabheragqmyd make it economicall
1,500 { 1439 gra 908 . .
. 738 some countries to partially re
1v°°°‘383 565 454 electricity anBogrekaeasadydeagen
257 q .
500 | a5 625 691 758 705 814 mo d e | may depl oy pleersns tctapda cuintdys
386 t hEYNR® 26 dr dfotwedaastr gener gy sys
2 2 2040 2045 2 2040 2 . .
030 2035 2040 0_5 050 040 050__ tem model i ng cannwadr [cd gcrodnrsei da |
Core Scenario Hydrogen Ambition . . y
ations that influence national
tailed security of supply asse
FigBBelnstall eReQemwadiltei €9 ¢ pri ortihtei eeo,del outcomes shoul d

RE)$Sn Europe. replacing or questioning natio

Electricity System 6 2



they offer a noooneploepme mmiyagreyd M 050 i n S bkhaeal€otehe Hydrogen Am
wi de perspective on economi®adnagried,fielientri nivteystdnemdand i
pat hways within a highly intregread=®ad Elueweleanofenckomgegbni c h
system under the assumpti ontsotddPlpbi ®Wh el eartsidad tpyr oduce
11 78BWh of gr eemy hX@ag Migteinonal

I n comptairnwent memft ehewmalhl e eXxectricity demand arises fron
pansion i $etnmrawed ed YNDRe tion of syntheticoTmepdamef aemlds
2026 dr,aftthe akydr o eein Armbd tavb-nch remains comparatively mo
| osk or an increased expansi onosofatwianrdo uanndd 2s5001 aTrwh combi ned
power %y T2hbe rFeisgudEBesdi oat e tcleastsedsy ron hydrogen as an intet
part of the additionally pecimattdead dhydkrmpagqesn ohemanditiis not
i zed. I nstalled capacitiesl metacadd , ,2,t8Beé a&dMii tni a0 alnact r
3,470 GW in 2050, corresponglemgprnoduatciremsies rdprliels&mt ed
and 12 %, respectively, comphiredagmr dd&aeh Calrleodx ef-or a mor
narAo el ectricity demand fromobbhetfhienplowenet gy Xseonver si
tors remains unchanged betweemnendheareot sgiemalrliyysco | ocat e
the additional expansion oft hresniewapilsecae shypessu ibdtgyaani s pr i -
marily driven by the furt heirntremphadodteett ionf difboodsy igphr L-c e s s
gas based power generati on porthe hheareiwragholudti ddinaeest r anspor t 1
ot her clhowon alternatives, aworkkeloim ashrebpetrispeetrdi ve of the
pansion of electrolyzer capmaddly, a@&mdbiln ngarhtiighwelrarn efver s
el s of domestic hydrogen prmdaddeltiimmgq, the relevant system

tricity demand associated with
opower capacities and giemecambiomatrieonaiwi tltartgled ysynt he
abl e over timeiwh bothcsetalpemenigméesdi at e hydrogen itself
are of the totalaselwa mtdr iamidt y producti on
r coooniternue .Boomapandse fRergagldemn-g t he vREme natuwicen si de,
icity generation shows a X718 Tg\ht roefre € welladsetj rniacsi htl®dg eC-ma & s
increasingly diverted t onarpipd i2®a&iteicoonusn tthhnagt feohre 6080 f & 1 - €
It toswedlRcasiliiygh temperaturei hpgafhpenamabning share of
seesbi omasgda hbeoibluesresdtit mgs mately one third (1,333 TWh) i

power plants, comprising gener
erall, the higher capacitard mUdclvRR&ES fl @aidl ittoi easn. iBy 205
easing share of renewabl esRES imeerneagexltect8h chtygf t ot a
mand, as reflected in theexdeaediOiOg iTBWh , b alhah ee ed leecwm i ci |
i g@s6len this balance, negafroe vhAkuvesl depwee plants decl
ectricity consumption, whtihe Hydrddger Ambiuteison nfd ermdrei o
ectricity generation. Formerae hprsa mud rad edl, ywiatrh rcemewabl
mption and generation aretiremaswsredgt 6, bOObaWanaed t herr
every howWn darmde rceqisampt ideenc rseiadsei,ng t o 778 TWh, resul ti
e |l argest demand stems-frofm 8hefofnatioteamlerglyectricity p
mp tsieccnt or s i ndustagsf ormasipont
ncludin@gnidef i démigeseg d oof Poibalance the volatile genera
te households andasheetl éralseaactyr iseictyrdemand, el ectric f
id MThesesectriimi tyheddimamdagendrecthnol ogi es play an incre
nsumpecoonr s FisgGsrheo WreSc.tli onnn the power system. According
veri neel ectdreincaihtdyom t he finaleregnyersghyi fted by eleetriicmé] exi
consumpetctmrcy  a seamso u n d reaching nearly 340 TWh of el e
390 DWh moor e 50h0aOn JdWh ven by tthhee system ienl e2chDtbrixa Bhkesey opt
groweéelhegctri faippdtiicilan ialfnls secipopcbude | arge scale battery st
Sector coupling technol ogi est pmagye ,deelaec tardidd tv emiadl es wi t
stimulus to electricity denmaindi,r evdttihoredleach aregnamgl,s sdd ew enle
ing the most prominent contadeémearotr.i rAst led eicrtd wd.tyrzieal and
capacities are progressively deployed across Europe
(as desSreichx.p3nitmeir el ectr iAlittoygectohne-r, the transfoermati on
sumptriiodng /fiT Wh i n 20838®Wh oi nll t or i s mainly shaped through a

o
—

o0 v ou onu T
O c w0 T~
)

ooQ@<~—~0~ =0 oo oo Q
O - ® " TS5 c — —mo - <

Electricity System 63



Electricity Balance
In TWh | EU27+3 | Consumption ¢) and Generation (+)

I Renewables Il Load Il Powerto-Heat Il Powerto-SynFuel
Il Thermal Power Plants’  Electrolysis Powerto-Methane [l Electric Storages
8,000 -
P
6,000 -
4,000 -
2’000 1 -
O |
-2,000 -
'4,000 1 —
-852 -
-6,000 - — -1,229 | Lz | -1,585
[ ] o
-8,000 -
2030 2035 2040 2045 2050 2040 2050
Core Scenario Hydrogen Ambition

FigB8beEl ectricity balance of the EU27+3 for the Core S&er
nari o.

of VRES, which account f or almstaledCapaceed & Therrgal PswerePlares of t he
total electricity producti onNnGVWFUS’E3 acing producti on
from thermal power pl-Bhted esyf mgieay oI f r lMign@ea S  Other

powplt ant s. Gas I Nuclear [/ Hard Coal

550 238 505

500 4 82 481 461

450 - 105 425
72 Ther mal Power Pl ant $00- 166

350 - 218

300 { 274 232
Al though thermal power plantsg.a ou 245 f a ac n -
ing share of electricity gen®dr- t h 193 cru-
cial component of the energyiggs_ r
role shifts from providing cagg bply
toward covering peak duenmand dou- - i .
ber of operFatgiBnigeh diwsirtshe instal P8% 209 2040 2045 2050
capacities of thermalSceower_plants in the Core
narOwerall, tdher el pemi8t iGN iMmi gB7lenstal |l ed capacities o
20304 26W i n ARIOSBOr.ding to natduwmwald pdransh,e Core Scenari
hard coal and 1| i gmiutte mlsamtre @ord phased
pl ants. RTE 202torresp#wndfngheot 62al n

capacities.
Regarding nucl ear power, the installed capacity first

increas@Wtionl2835, as some VWhiulhe rindgmsy eglagp amdrs reach the
as Great Britain are constrtucdiithgweemampl alng ses A\ pelbati es
2035, total nucl ear capaci threaglywpkeanbhsesr pawver Pdbmetscf th

are decommi ssioned, eandceaf rugptomo frietatcehd nmgl darhtes wi t h combin
their operational i feti mes( ©@HWdeanse rpdatuidte sopfihtoea € i pabft ohutt ec
clear phase out policies, sadcdi taisondaloseap anpi yeinendg &ene d @l wi
in Belgium and Spain. I n coernguwrsde ,t lodg heec wcroiutnyt raofpsg unap | vy

such as France, expand theimammuer ewirt ltiarp atchT@hys s@anedty- o s et
ing that there wiltanbntapagad bpelbaentss gmarf psiodgckeosesielctga
installed across Europe. | ns yYrt50e t it eme tehman en,i ngr nluy dr ogen
clear plants in BWafbasedcommdr dtoed 52s combi ned heat and

can simultaneously generate di

Electricity System 64



el ectWhHicdh yaf t hsisse ufsueedl itny pmehien f act or i n thheee gwelgtiiomalli ca

planssa result of the optimiizans owermaadr e di gt sichstsegli ovm t hi

in more det&ib in Section such atcltaetss to the gas and hydr
ensured

Electricity Generation of Thermal Power Plants
In TWh | EU27+3 | Core Scenario

H,-ready Il Oil B Lignite Other 73 Fl exi biin itthe seEner gy S\
Gas I Nuclear [ Hard Coal
As a r ebadlhgotfr i cidtryi vdsalmebmnsd

1,400 4 1,333 L ) : .
147 1175 trification and incrgeeamsdama-ly v
1,200 - ’ . . . T
’ 105 1,082 988 tion domwRBES®Seed ectric bfel-exi bi ||
10004 443 251 138 189 877 c 0 mian gkceoymp omeén g dhwse y s taenrd
800 - 171 214 are gaimpiomgoareace ti me. | n gener
600 | 100 flexibahibéegrouped into two m
200 | R 800 The f|rst_c_ategory_comprls.es_f
621 557 operate similarly tiocooemvsda mtgi o
200 1 el ectri ciatcyerdteammanndhour s and f e
2030 2035 2040 2045 2050 tricity back |n.to Thessyishelmud
| arsgceal e el ectrical storages,
with and without natural inflo
FigBBeElectricity productioa smar t charging strategies (uni
in the EU27+3 for the Core tional chargisg)de amach ajememd i
the i stryta)md tEeretni athyugdc t

Fig8Behows the electricity R reQ dLﬁceol"I fromsthoerage in the cl
t her mal p oiwe rt hpd aCa rgel rSecaemyaliuar?l

2030 I | &rh to electrlc st mmenges as
’ nuclear powemorgel drhtas aatfs'[oru);1 pr Pdessed icrnhder s nwirteh
hal 4%)6 b electrlcblytyhplrmalJcedweewable generatlon (anal ogou
plants, with an i ncr eTahsiisng tsehrayr)e a{)ﬁ/c?rdechre &4 Sin hours w
amoumtis7%of.ltdnteal e'eCtrAt't%e%%?%??to'non'However, only pote
the same time, both the shav(’eereantdal}gne |arPtSoO|éJctceount to gua
amount of el ectri ci tdye- produ,[cleodn blyosgsaess pACacer
creases, however with a shift from conventional gas

pl ant sr eaagpomvpt ami $ oggaber _

plants show a reductioomin 'W‘Ft%vedlfab?"’}fgl'fégre é?ccézgr%eﬂblgt'ﬁsr s

approxil@®dtoe lhy i(ENZFBDAI SBL

t d80Bi n 2a0n3d0 fti ma®i2g 20hi c h Ba‘te“es Electrolysis

demonstrates their changing MbRugedpigace; b e MPevprgihgal
Unidirectional Charging [l Powerto-Synfuel

Overalclonttimaied i newalelaadtyi on MifBidirectional Charging Powerto-Methane

powplt adéspite t hex @amsfit dowiunsd DemandSide Management

and gelnaer ation highlights t I’bvgooﬁendur ing 1 m-

portamndcderanal plpamtdsn particul ar,
HOo eady tpHatrcteegreebl e of ®iper ati ngl on 148
thaydr oogreant ur ale mgas e sesne-nt i als00t|o 145 373
sureetlat ri cictayn nueetihvarnidn g per i - =10
ods of | mRE&uftipcuiteyn telv eav ai | abIO% 145 .
flexibilandg eolpadtomiscAd yswdlo,r age 247 -
t hese ppllaayntas kseaf epueedinngt y 157

it1bi | 152 461 A
of suppelnyhaamrcdrnegs itlbhifehnec ee ner gy 500
system | — T —

| mportant factors for the Iocglgizgggtiz(%y of, t hese newly
buiHOot readyl|l poawesr are both the gas/

gen grids and tlhre ceﬂcbe:rtrtlmlutyl lgir -
both grids bethmaitigs were Tcloibfied Seal lief capacities
the regi onaMhiiz &t itdhre wealsedthrelEéJl 'y 3gfroirdthe Core Scenari

S
|

Electricity System 65



>

second category are

® n

, as sector coupling

her energy carriers that
cific demand requi rsemd mtrise
pling

nables the shifting of

3
©

leé ectr olaybzsewrstr glams
ctricity to produce
uster in ther mal

—_ 5 —
® QO O

substitute
system

partially
ions at t.he

OO O ® Y D®O ”mWoO Y —ToTT —TQa H
o T
c O

T Qo
—+ >

Fi gB8@éd | ustthreatienssa pad d ieddi eecst roifscc hemAes f i r st
f 1 exyi btielcihtniod otgh ee sEflU& 7i+Bst al Aedount for
was Feg@8é®gewamltmmssty 500
with alpgpregi ng nveatsi dblase damd 323
off nigns rHho2We&/de r | nsheb& padirte es
number of
install edt teaepaltangi nqcocaeamseismgygdpenw behi
facGWri nhr &é
batt éuyl syseamtjs| &t welp opirgiamdraill y
arfe adhiingg as fwrhesde caiser peah s aoabport,
hourcormre anaecd maang ipdgv €setnasttiraad -n t
i ncrceocausnet ebdii rMiowg tpaaliviedrdamogaaddi vi ng
new projegctissianeg [camohmpirrsogf vl redsédlt e r mihnoeu sthhger e

capacitysodl d abragtet er i es
expanded by the model

TYNDP &®Za That st atus quo
| ower obsunadsb . derdi-ved

batterusesedwas
el ed regions, the
96GW i n by03ad most
205Maor newly installed
tgoower ratio
or discharge time of 4
Pumpedgetsosae a slight
pacity as

Required capaci tg i eamvapga&ns

neutrality
Achieving climate neutr a
pacity expahbBeorsaeagyg€ewm

pared to
plied in
Il n this

widely cited st
this analysis a
shpdgi mgsexpansi
strained byQttheld@B¥Y&RBP ect
which reflect assessment
erators and are commonly
benchmar k for infrastruc
At the same ti me, many Kk
aligned with other studi
to the expansion of wind
sumptions on final energ
are of comparabl e magnit

Electricity System

options are
technol oBii ckisr eywthilboaE|nlgpatvedi ¢l €ve@edan a

e
i es, which |link different
yzers interlinking
rovide flexibility to

e opt iHoDiweeek.sr, t hese

ess flexible than

g

t

renewafbl al |
power ptliaonnt asl
ctrilami tyi scowapyl,i nsge ctteocrh nd B#wgf es
c orne/etnit 0 ala lecnediregadtrregacsd le getodmb ee

|l evelvehicles awietslmpgtadée@adpaghinlgi -

secGdrGWoiurmp | LWW3H0 htel@nb @d&d doil-teica m i ¢

wealeir glye swaawir ti ¢tehr abregfji enegg . saterkae a v & 0 +

el ectrildnitdi rasmdt ihyrmdalogemgr. giTrhe yalclammws
t he

tstyes t vearh iacs| @ hteda rhaidar d i wiatth omi gh

generally

t e cehineod torgii eist yarkea d Kk nikseitdmitltohre!l wr i a

bnautstt Broibhs i ypesasbysmmatceagnc bar gi

t hat

unidharegi b @%ahdr

WNepgreadeacdwklkry ntoliiel x mbblect ric
pr odiedeosffelae xielritlaiitnyeand@helsaafe vehicl es
enetrgypracviodes «claas g iem g t2ddBH0i ,keix|-i t
e | eccatnr ibce veeghuiuaplipeksdr evd + h
hydrtoigeesngdocifair gh w2 h % b € ubg pda e -
t @k ayregnientda.e s é nch ars e
bidi -

can |

t o

ti@sdnt egr am@mdkoé&rmtempedati on

gl ance,
t he
GW of

from the

& WV 2V &rnaddhee)r efoo rneo t

Pronounced di fferences a

expansion, with 2.8 TW i
to 1.7 TW in the Core Sc
drogen Ambition Scenaroitc
di ffereemesigeheasor elsydrt o g
production pathways. Ago
around 1,700 TWh of hydr
trolysis within the EU i
whereas this anal p6i d0 me
producthi 6ime Core Scenar.
Hydr ogen Ambi tlitomaScemarb
t he700 TWh in the CE Sce
amount of hydrogen for t
Consequently, Agora deri
drogen i mport requiremem

highlights that this stu
system assumptions wi-t @a
tic domestic hydr ogedierpir
frameYNDR2R26 dr.aft dat a
66

ol ectric
Il &r gceagtancs it d rees
uni dir

GW o

upg

represen

alt waysare n

of



vehiauaishablkadadrogianmoanns ,at h o m®alled Storage Capacities of Electric Flexibilities

andt worlk addihteiigp npr obadi | i t!yTWh[EU27+3]|Core Scenario
fined as thkbati &evVehobolde pr e 2pattkriesdll Pu@ped Storage  Bidirectional Charging
char yocgitdawthual | 'y ¢ shceontsed v g- 3.8
t i vaesl syu inéd2 0%. Mor e omiemi, mur e 3.3
anoha x i mu mo $cthaatreg eni twdtiomtst r ai n 37 24 21
bat toepreyr gdnn ® ns3e@b amd %, respec.- e
tively,.srr(avretraclhlargingheteﬁbegizés arﬂl'6 10

; : 11 0.4
model ed in a rathey despeteatilh mm'ne
comparatively higbuiggestieded c/dselcios e 07 0.9 fn
first glance. Moretdinﬁ\tz;i)ialraenOthzggoing({%sact20400f2045 2050

metrization on the cfalneiebifloiutmyd pot enti a
Ganz and Hel mer ; Kern and Klﬂ;igglaet)ezfﬂgtoalled

Storage Cap

) ] ) t he Goernear i o.
I n addietma@id,de management all ows to

adapt the demand f reornt stehcey i By OS0! Yicaf ge thpartot vdi tdi av'te f

tory increasing production istolh@agles cWwiptale ied pyuUipreldushydr o st

of renewable electricity andrirpdtues do7PHAMNEt ER@RADI €5

ot her hour st haolntba gneesdh et | ed e@ui papietch bi direcaddnal fohahgi

paci tdye nfaeardde manageGadmtrhe 21TWhf storaglkRoraplaeitameer , t

EU27+3 countries consttabbhimthéef fettexebility pot
applprasei dasdryi bed €tbarghsegall

With regeaectdoudmpl ing technologhpaci el eethreAenkeoggh ohight ed

l'yzers accloamgestoal t @éi c-apamaidiede manageméet i ritneraprsdtmd d¢

creabi ol GW 208d0rd& o3 h@nNGW | ar twayst or age vcoal puantei st ydnptohlev e d
205MowedHe datechnodoagmpersi §-ng t & GWhdarceompar at i vearwytehsemael -1 an
dustri al heal e hiterage n@&oono-ds f onet shown her e.

veel ectirnitcoistttyreiact, wi th installed capaci -

ties frrick &6 gGW 20BD8 ti@W 21060. | n sumeaacgt,ri c f | eixndridadiires!l yp
addi,t iPatwBynf uel atndde #@wérr | mport aint trtod ef uture energy sy
nol ogi es t ogceotnhbeirn erde @epsatailtlygd e hor al nttelger avtdleamer a&iaon

of ar%0un@w 2050. iable renewabl e ener,gyt hsedur ciens

stlaclldapaci ti es gekpantdinrhd .y lotver
I'n addition to the i nkitgaurleeidmpEa@mtaLnt h®e &ii@evtargied t echnol o
39Fi gdpa esents the correspo@gé madnt Smudcrha gsthnoerdtcearhgdr bgan
pacities, which increase i nstldrmeeyewplaht siahseiflByk PRASTI @ a9f bal
installed flexibility optioinsg, sehiefcttgreimceirtdp aotmi cul arly m

dapeaks pfhoo mvpid ¢ hu &t 0 oper i ods

Installed Capacities of Electric Storages and Electrolyzers and Hydrogen Storages in 2050
In GW | EU27+3 | Scenario Comparison

Batteries [l Smart Charging Electrolysis Il Hydrogen Storages
GW, (o) GW,,
1,200 - 1,092 l - 1,000
806
1,000 - 273 - 800
4 744
800 496 320 - 600
600 - 267
400 + 276 - 400
0 - 0
Core Scenario  Hydrogen Ambition Core Scenario Hydrogen Ambition
FigdieScenario comparison of flexibility for the energgal
batteries and bidirectional electric vehicles are shownl &
cagpci ty of electrolysis and hydrogen storages is represen

Electricity System 67



of hidgemamdt ypginc alhley morni ng and even-
i ngpouHgdr ogtear agentlsestvves pre-

domi namtslemsehalrage option, enabling the
i ntegr atoimestofc hydrodemi pgoducti on
summmont hs thoy dmegten dpeemain-d i n

odwi th | ower producti on.

Due toobhheamxupalnsi oncob@pbkiecgor

t echno,l ongad sets enloetcatbrloyl ysi s, energy carri -
erar e bedaomirre@snitnegricyo Aset hed.

Hydr ogen &nebniatriioon al | odvse- for a higher

pl oymefntel ecitoleywabt€s a more detail ed
anal ytshien toefr ebcettiwerase el ectricity and
hydr osgyesnt.Eimgddid | ustthfeateas bi | ity

and sectphkhing techkdblRggiresi ty
and hydr ogenendaodge necaupsalbye e d

withhe moddeb. i nctsucdaelse lbaartgteer i es
andlectric vehicles with smart charging strategies
(unidirectional andashiwldlrlecas onal charging)

hydrogen storages and electrolyzers (here shown with
t he i nst alrleegda rcda pnagg. Wityydlreo gienn-

stalled calpacitiesl ostorage technol ogies
reaxlhmo,$001iGW 210n50 he Core Scenari o,
t heayer oundd I3®wer in the Hydrogen Ambiti on

Scenaamounting 1o ¢464t6GWst, the
stroegpansion of el edcrtogoelnyzers in the Hy
Ambi tSt ®emadr3i2d®d «&W mpared to

276W,2i n t h & eCmoadrieiso accompani ed by

subst amitghadrd yi nstall ed capacities of hydrogen
storagd86WiGWhydr ogen storage capacity is
ti mes higheSenhkhEmiobdi t he Cor e

es a shfféexiobibkysyemrom the electricity
tor tthewarydreageo®m drhiemen by

ackceedl oyore netl ectrotiygketby whi ch

plhe el ectri cistyys taéhids .haydd-r o g en

ionally proldyudrageambdsset or ed

nbtell y 6 il e aplgywpt aahdon -

ted back thteoebleptowvtcdtng

Xxi biffiunygt ickoamplairsabl e t o t hat of

ctrical starage technol ogi es

N

® "< Q0200 n o
—— o c o - O -
OO =~ ® ~Fc ®O —*N

Electricity System 68



Dunkelef |aaaudnme r

we e k

Hourly electricity balance of a summer week in 2040
In GW | Spain |Core Scenario

Imports/exports Renewables Electrolysis — Load

[IE:Electric Storages MMl Thermal Power Plants [l Power-to-Heat — Residual Loac

150

Generation and consumption in G
: a1
o
— _,/3,
,\/;5

FigdRreEl ectricity

A
t
f
c
0
d
t
a

g

p
c

|
t

Sy

D

Sy

t

studi

bal ance ¢
summer week in a futur
rat edgédfel ooks fundamen
rom periods with mini ma
ommonl y r e fDeurnrkeed & tl A ua se r
ds of high solar avail a
ay in summer, significa
reelrys can be observed. 1
bsorb surplus photovolt
rate the PhonhowveéWlKeaal i
ower system. | n contrdas
har aed eby | ow wi nd odn e x
oads suchzeas alnacted @lcy r
ems draw virtually no e
stem stress when renew

unkel fpllaawt ean ceée i s&@lusisolk
stem adequacy in highl
emEmpi ri cal European we
es show that Dainrkel

Hourly electricity balance of week 6 (February) in Germany and

In GW | Core Scenario

Imports/exports Renewables

=
a1
o

[
o
o

50 AR A ARAAAA A o

AR AARR]

Spain

o1
o

Generation and consumption in GW

he entire co
bal ancing sul
equency and severity,
emMtus i ng a Dunkel fl aut e
newabl e generation in
mains available and ca
cing t hrboargde rcreolsesd tbrl iW
rl i nFi2guz4l)l ustrates thi
Il ts from t hingWhuirlley rmeot
ation in Germany cover
mand during the il l ust
ces negative residual
rmany, the shortfall i
on is partiealtiryi caftfys etn
rconnected European gr
rtance of market integ
ansmission capacity.

s across t
d ehroorsdse r

-~ O ® —T ® > ® T < ® > O 0o < " I C

YT T )0 QD0 @ - D e O

t he

>

same ti
ntinue to
ods. Wh e n
mand i s |

ies addi

me, dispat
provide esse
renewabl e av
argely inactd.i
tional el eedur
supply. Overall, the
| fl auten should be ass
an a purely national p
graphi cal di versificaboo
der trade, and di spati mhta
system reliability.

~ 0T o =~ o
® =+~ — ® — O

—
=

Spain in 2030

Electrolysis — Load

[ Electric Storages [l Thermal Power Plants -;Power—to—Heat — Residual Load

150
i N

100 &) 4 'v’“i’K 'V VY

\

Germany

Generation and consumption in G
o1
S

Fi gdBEel ectricity

bal ance 30fi a

Bpakel.ahduGer maek 20



74 Electri dmaly &ir$ d generation @amda dRBthE&dhéehn

el ec
astr
gy s
i on
tric
i nte
rat.i
nce
t he
eczer sl
re r ol
proje
grid
ion b
ed f I

o~ = =

0]

o c S5 - O 9 ® "0
D

-

- 0 * 0 +~Q DO D® 0O T -
—

o O O O —>S —m o — < o5 5T

—

anal
wadH i
wor k

es an
grid
erat.i
basi
obta
ions

di spa

5 OO o =
o O 0O o o 0

33—~ 0 — 5535 o

o &~ T =

depth methodology is dAseri bed
tricity transmissi omelgTrhiids iasp par ocaecnht raalll oewsa bfloirn ga
ucture for the tranwsdtoiraomataofont rodn dries Bino ro psEyesnt ame
ystem. I't connects trieqgi omer avtiitrhg dd d rf ckirteindn g eacr os
and demand pbofdéesel datcriil dittay esy <treom.s
ity exchamhgesi aald lpaoivsi des t he
grating | arge shar eBhmwmddeviaiersgabd s skRiogwd@giénhde cat e

on. Its devel opmentt hater edsgnestthias daasagdaytrest t pir n -
on system integratimar i lcynaerseagionnaglatglememenon,
ability to utilize dAexiTridosmr sepaedrngres fgwenh tdse |

effissicmhaptyer Tehxiami seal ehenfaeraction between gene
e of the European tmamd mdissti roinb wglrd ad e rf @ecliesd thigis s i t
cted congestion patdlamges.t hehiresuy dti emmgisaiectdar act
reinforcement and rex@talnys itomagnalnalt ¢ hei ntnd esubstan
etween grid dervee-l opmeeads almyd 250 .ogFewml | owi ng t he N
exibility. mizedRei nfoExpandod), grid devel org
tzes the efficient use and stre
ysiEdlJ etreet si theéy trianrsamsitsrsuicdarur e before the const
t iSom a&lzlemldaMdbTFThweay. this context, the findings sho
is represented withommdntcuirg edrtil werexmaesrte ngtrongly
d transmission | i netshan hkey TdiNDPc t2 0e2Xp &t [xir d n .
, excluding projects classified as ounder con-
on, 6 is used as theAredmpeamiceorr acfe taman dmiramsi on g
s for all sebseguknwkolctad ga hladvrelig® vtheTghh| i ght s t he
i ned ffrloaw ch oawwstl gngud oamfd t hi s transformation. The st
over an enmarlketyearpr daismat elny-k heoe nfle e t oitrmd . Thi s
tch and a spatiall yclewdgds cdhliowatl | oIk ¥ ol H, DODown

Max. line loading in 2050
(n-1)-case | Core Scenan

110 %- 150 % 200 %- 300 % wmmm > 500 %
mmm 150 %- 200 % wmmmm 300 %- 500 %

2050

FigdheThe

N
gy Transmission grid volumes
in thousand line kilometers | Core Scenario
W <380 kV 380kV

380kV HTLS mDC

350 -~
5 ;)' 300 n - -
7 250 | - [

200 -

150 -

; 100

&, v

- o BEa=
>' Starting 2030 2040 2050

s Grid

European transmission grid faces widespread cor

8Line ki lreemeetrertso the summed | ength of all individual <cir-
cuiRosr. mulrtciuit | ines, each circuit is counted separately.

Electricity System 70



at BED 18, 000k WndToLfS 3(8Hi gh Tdmperpa-esents al sadipwihiedpeous h

ture Low Sag) Il ines, and 153m0dO0{PiNgnspf uBCi onfr Bbecucicity
ture. By 2050, the tota% grwhi Ivel haonteh i majreraswasr ibgybll88 rene
to roughl vy -k3i 130 neltOe rlsi,neconsishtoiwnhgtofong output, creating p
around 46, 000Kk K-Bn@b ecloonwp a3r80d ptemks and correspondingly high
sdarting grid), k&8,&0)0,0 k6 ,ac0mB8&0 I n Spain and Portugal, hi
km ofk\B8HTLS | Pohesa(d782, 000i bm obDincides wi zehr sdiibspgatnad h .a
DC Ilinég .( Thd@se values il | ubltercattreobtytwaeth stplaet of the renew
transformation of the transpealss oaand ytsheerme bhys acdmatrraicbut e t
terized | ess by a si mpilzei neverasesumpltwd ade mert avtoirkn sst i | |
than by a substanti al shi ftniifni dart tierctheri call tcroanpomii ¢ 9 i0oan
in particular t okv¥r désgaeed intfyotr ctelde 38ddme ti me, the hydrogen
infrastructure. noueati | iaefatmajnor transport <co
flecting the direct coupling o
Reinforcement and expansion needs hydrogen production. In Italy,
in thousand line kilometers | Core Scenario tion in this hour is mainly dr
W <380 kV 380kV 380kV HTLS generation, resulti-ngoitrh prono
mDC B Reinforcement B Expansion power fl ows. zéArs dios pdtech rod gur
hour, PV generation peaks cann
400 by flexible demand. As a conse
300 . — flows increase significantly.
200 — - high wind generation in the no
wi nd, coiitntcihiegsh wel ectricity d
100 - south, resulti-hg oiut hsttrramg nm Gre
0 - fl ows. Neereldeicstpraoticyh t akes pl a:
Starting  Reinforce _ hour, meaning that no addition
Grid ment Expansior 2050 avail abl e to abesncerrbatrieome weaehalkes
gionally. As a result, the tra

FigdbeMeeting 2050 system n ences substanti al stress.

reinforcement. and expansion

A compl ementary example is pro
Overall, app% ooxfi mahtee leyx i4st i M @ Egrgiddfer ev’hi ch is | i kewise cha
quires reinforcement, corrers@mawadmige t e mdroatti on but exhib
l10tthousarkd |loimeeler saddi ti on, ekheoundl yzer util{(gs@égohet han
48 housarkd Iloimed emew | ines ane ndédedase, the electricity
which correspdrmdsadcadi trikkaidétll yguced congestion pattern, part
ometeelsati ve to (The sstharst begmg@gr Gedr many. This indicates th
vViaheid Fingd4be production can substantially r

stress when renewabl &-generati

To fuanaleyhzee i nteracti on betswereedk | merte iecxitteynsi vely by el e
and hydrogen infrastructuregersedetcwerdk hagiaisn w§ H diwditghe ut
system stress are assessed trodmdpgorti ncdrhrei eedcras.brWitirlue tiutrs
flow modefl | wiydhatmp@r ogen modmdi.ns broadly similar to hour
This makes it possible to elxaadineg niont emdiyt wheth ei mdi-vi dua
transmission congestion occdigrsved. thiei €£lsescdge ctid yt Byts-t he
t em, but al so how the hydr ogpanaetiworione sproairesunacned on t
the same system state. Bot hwhinlfeg atshheg uttyf diregemrreetdwoer k r ea
rectly | inked zetrhsr oaungdh, ewheecrte mdeyljes in the utilization of
vant, h-pdsedepower geseflatidanrs Asatahegre than throwmdgh a fun
system conditions in the elfelcdwipgdtityergn.i d affect hydro-
gen production and transport, while hydrogen con-
version assets feed back into the overall system re-
sponse.

A particularly illustrative example is provided by hour
7573 ca@mae benhgdbeln qualitative ter ms,

Electricity System 71



Line overload in situation with high load and Utilization of the hydrogen
high renewable energy generation 2050 network 2050

e Low
e Normal
e High

F 3

AT

Hour 7573 | Core Scenario

Figd6eCombined view of electricity grid congestion

and hy
Line overload in situation with high load and Utilization of the hydrogen
high renewable energy generation 2050 network 2050

w— Low
= Normal
e High

Hour 3158 que S_cenario

7 0

FigdreCombined view of electricity gmratdi ocno nigne shto uorn 3aln5d8 h(y

Electricity System 72



Taken together, the comparison of both hours shows

that the electricity and hydrogen infrastructures were
not assessed independently, but as interconnected
systems with different but |inked response patterns. I n
both casez,r selacdt racsl w he centr al coupling

el ement between renewable electricity generation

and hydrogen transport. The results indicate that

hi gher =luadtlriozbag ivwinsi bly reduce con-

gestion in the electricity grid, while at the same ti me
increasing or retdirsequibuememgt ¢ riamspor

the hydrogen network. The system value of electro-

lyers therefore depends not only on installed capac-
ity, but also on theirbeegional placement, dispatch
havaonod integration into the hydrogen

infrastructure.

These findings underline that coordinated electricity
grid and hydrogen iarfesasstnrructure planning

tial in order to realize the flexibility benefits of el ec
trolyzers. Only if electrolyzers are deployed and oper -
ated i n-oar iseynstteedn manner, and i f the

connected hydrogen network can absorb the result-

ing flows, can thei rcopnogteesn-t i al contribution to

tion mitigation be fully wutilized. The analysis therefore
shows that sector coupling does not eliminate infra-
structure stress a@stsaalsflbutm ¢an shift an

across infrastructures in ways that need to be as-
sessed jointly.
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qguirements are distributed amrdwiezreldy iancvrecsstsmetnhte cnoosdt-s i n t
el i ng Adhrei zn@am n shares ar i sef rionm t2h0e3 Op etroi 02d0s5 O p oaf p pi rnovxei sma-t e
to 2030 and up to 2040, witrherntod ado ithovweartdne ntth e osx mamgi on
approximately 0278.0 bn froemdrhgey stAaddiitnigomalildy .,t oi nvest me
2030 and about 0269.4 bn bediwere nof208I0e atnrdo 12Y0Z&r, s, el ect r i
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scale batteries and the upgTo deeo mamldy iwittehg rtaltd oEiU i anltiomat e
the energy system of electrtiaca oehped st evidrhi sanaocrnts, espec
charging strategies, and hyareglkar ¢dttoo aggleast. e ThBehancosts a
nual i zed i oefeosrt neeancch of thedasmeghholbve-emi ssions increase
gi es ar elalbilfedredt hem years 2030352040158ntdn. G in 2050. The
2050. cost s, however, are attributab
include both fossidneandasynthe
Annualized investment costs of the energy sector fuels. The fuel costs &re show
In bn (,q,4per year| EU27+3| Core Scenario ri ght FsiigdBed eo f
Il Fower Plants Electrolysis
I Renewable Energielll Hydrogen Storages
Electric Flexibility Others
450 1 404 Tablie Annualized investments
ggg 364 technol ogy2snnt h& LCdarei o for
300 - 316 The cygtOagh@rmcl udes further
250 - 225 ergy system -§ddehata s-tPEbeveenra n «
200 - Pow¢kSynfuel or storages f ol
150 1 109
100 -
50 | . Technol ogy [2030(2040 /2050
0
2030 2035 2040 2045 2050 H-r eadgpsl antd. 4 4.9 5.1
FigbbeAnnualized investment VRES 88. 5257 . 1326 . ¢
for thSe@Garnothe . EU27+3
. . ) Electriitiflgs7. 5 19.7|122. 2
I n addition to the annualized investment costs, annual
operational costs must be c%pgkgte(gleyis,lﬁ.?g.1@_05 P gr at -
ing power plants and storages, fuel <cpsts, and| costs
for mitigating em|SS|on_s V|@|y§’5g&(§n a§1tdl._q)Acg_Sg Thee 6
total yearly energy dsyatgem costs are displlaye
ur®el The annuity inv.estmentsOt(h%rpnuaIiz§_d6i@,\_/§stl-5_4
ment costs) corresphinglb@eo those shownl| in
Operational costs only account for a small share of
the total yearly energy system costs in the energy
sector, with approximately 5 bn 0 per year.
Yearly costs in the energy sector
I n  bypperyear] EU27+3 | Core Scenario
I Annuityinvestment [l Fuelcost
Operationalcost [l BECCS and DACCS
1,200 - 1,153 )
1,060 1,086 Fuel costs
602
1,000 - 892 593
35 Fossil Fuels
800 - 716 338 = .
Il Climateneutral fuels
712 537 YA 303 _
600 - Hydrogenimports
602 e 185 Other
400 - 144
5
S 542° 41
200 - 4 2030 2050
o, 109
2030 2035 2040 2045 2050
FigbdieYearly costs for the energy system consist,jamgoef saf
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I n 2030, wiotshsh B0&& wefliosrt %56 f mai nt ealhneady Fodabhkebrhneo rkeur o -
the totalAdduetli ocniesitisgpr el 8pepean Uni on al readyd O0ploharneex i mat e
onc | i mmaetuetfrueell s bamidoBA6 hydr ogemyvierp-eedyear -siyrstemeragyset s, i nc
por®wser the years, the comppbpenéewahl efgéonetatbehs energy n
changewards | ower shares ofdédmassiddefuetEhBhdlddR6a)

hi gher ¢ hmproe ¢ Iso fandet uetf rusdin d

hydrmBessil fuels only accouTotalsybt@nrcostaf e perixdi2opa@ t-2esh y

7% of all f ueals ctohset sa moru n20 500! nf G&l[E@7+3 | Core Scenario

needed in the energy system ddWlcreiasstests du e tOperatotrleosts
continuous RE@adilBé oBuwmdpean c lEN energysectorinvestmentdll Fuel costs

mate targets |l ead to an incr eqgyedcsdtibabdszati on of cli -
matreeutral fuel S@stihud ured Bl aesigd g 99 663

20,000 + Electricity Grid

A4 0T |
8 ot %l st €mst s 12,608 Il Hydrogen Grid

15,000 -
Foll owing the detdaiiflfeedr eannta | cyosm-s| o f e
ponents of the nedarddy gs ) sntf @ IGO0 u ¢ 973 653
costtlse total ,syisntcdrueciansstcee ssar y _21154//

i nvest meadisl itttaaa res itthieon o f thi::OOOene|6067
systaer e di scussed in this sectian. |/,ér<_q_!/_lﬁm,uhile

the expenditures are referred &- ot al system costs
within this chapter, a | arge shar €3®G0 t hese costs repre-
sents invest menttesr,m cerceoantoinnigc lvoan gu e
rough domestic manwfact urHfingg.eeiTaf ala sstyrstethudost s of
i-dpd, and reducti Bor otfh ef upeel-e i impdo r2t080 t o SRO®Or i m. t he
od from 203Get d02@breystem costs
owrriigfiRleo obtain the inveFakkmentsofetrheheg these componen
t al p er iaondn ufartoongcebsdh 8 i der edanmual -seynstrggg expendi tures in
e marikatations, that-yeanr eUrmpieacrd oacurerde n i i audndBo tt rti d -
etpls@nnui ty i nvestment costls damsAgveildnstast hih® background,
arly fuel and operationalsyotsdm awwegtes i hemiepwdd aft edn® oglyi
e years in between and cutmarh aitre dt(@ pogr dthiemhatoetlayl I1p.el- t r i |
6bdom -2080I t oget her, the tata&l n®ysteamraordinary i n magni
st £onsinsetciersgsacfy i nvgstthesths uctural shift in thé compos
astructure angoptelreatda menrad yaosesadtforrom recurring fuel pay me
el costs, amaseaedsnegdtoirv tCebhmitsensi ve, domesticaltlhwti nve:
QN s mo wrptp rtoax i 2nP0tderd ;wGas i | -enhancetsedmngesi |l ience and sec
usti &t @gdiR%e di scount%rvaase oésBebduihaeln YEur opean ramewalyl-e el
ssumed for ahhuibhvesatmens drogeenoducti on potentirelasl -ar e
ized as in the Hydrogen Ambi ti

>

[ IV T T e T T S N ¢ I 7, B T o
-V c - O —To Ot oS o oS —TcC

Interpreting the total system costs derived in this
study requires placing t hemlhinnuehset nceomttse xftr comh tthoed aeyldesc t r i
observedsyqntemgyexpendi turesgr Adcamdungzottsdh r®@@ hlorutld t he ent
the European EQoemngiys spiroincbess anaoddc aimtderi monsi deration (not
Eurompeort, the European Unicoons tadl)otaleiomm@nizdSaal lioncvaetsetd t o
roxi madbeldoyn 6ener gy i mports memtx02xX dtihre, ewbgbebdbgenhyggr ddi
ing the peak of the energy wedtsment swi mérkd hemafhqromugr tBhbel rl
declining tof(iam o®a0s2 paDb7Tetsn i nvest ments into the energy se
mal i (zEewWr opean Commi sThiien i 2MpdDE L) memn sr gy gener ati on, stor a
bil I, however, represents omduwyploinreg ,c o@np@wubkemtd wf@hiodhlr epr
enersgyystem spendi ng. 2™ of the total system costs.
Sect8.03nt he majority of investm
I n addition tberfaredy isnpwotremeegyaslhstem stem from the expa
substanti al domestic expendligrurerserf oy, ewietchh rd malplyerda ndhar e
gas network operation, poweegl @dtamdl ywypersat i oneatnrdi ¢ fl exi b
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and ot

her technol ogi es, al | e nteateldithdn yEeugr orpt etaan@a N s d rotr mn extgw o r

the energy syst emeutorwalridisy .ctthantateonnects domestic hydroge
consumption centersTbonhdeitmport
Addi tional costs are associvadreldtavied h s sciree aatiitadng adfi oan BUr op
emi ssi on BECKCrSo wlmghld BDAECS® t haralg-en system plays an i mporta
| owed potential s darse ufswsliloyi di BSercaped®s resilience.
i zed, | #8nng bhas&d on the costs as-
sumptions. Operational costs, e.g. from operating
power plants or7 3snt olr.aglehse s e/ iallsdo 9
include costs from operating the electricity and hy-
drogen grid.
Over o050 % hle styostoassthsefm cemer gy
procurement, namebYy mbbBé abst obf fuels
which consists of imports into Europe (e.g. of hydro-
gen, gas or synthetic fuels). These fuels include both
fossil a-nduttamateel s, where the share
changesr the years due to European climate
goal sas can Fh @ 6dEeean i nhough gen-
erally, costs for fuel imports could be reduced by
hi gher share ofe.lgacdlorprhgdu otgieon
the combination of domestic production and i mports
strengthens the security of supply as wel/l as the resili -
ence of the energy system.
Al together, the total system costs are dominated both
by the fuel i mports as well as by the investments in
the energy <eampaor ,serdaiof|l f he expansi on
ofRE$nNn comtvresssttmenits i nto the grid infra-
structure only account for a fraction of the total sys-
tem chbspgescially the investments into the hydro-
gen gredmodest in comipami son, but cruci al
Comparison of total syst renewabl e and eoluetc t rwohliycst
hi gher reliance on i mpor
Despite methodol ogi cal d sequently, a | arger shar
ropean ener gy essypsetceimalsltyu expendiThihsgdhl i ghts that
infrastruotveralhnhesgs,tem can emerge from st r ucstTuhre
converge to a similar ra key distinction |lies | es
tot al system costs acros the balance between upfr
than arowaodmpPadbiFm@aundof e |l ongerm fuel expenditur escs
al .2025 vest ment ri sk, energy se
nati onal markets.
At the same time, differ
clearly reflected in the A note of caution: the a
suchFraasunhof er |aEsG uvenhe aa costs depends strongly o
expansion of renewabl e e sumptions, in particul ar
pacities within Europe. costs, fuel prices and c
total coesesgyign etmme s dri v ground, cost differenme¢
itized investments, whil same study can be interp
are comparatively | ower . than comparisons of abso
ferent studies.
I n contrast, this study
sumptions for domestic
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O Concl usi on

ol i mate neutrality in Esuppdeyg hbrpd 2debntandane Hpeci al |y
achieved 1 ndobvwatr i @luisg wiarygs dp @wa bt yr eoqou-i rements are strong
j ectives, sectoral targedeshi rgasl rpd@mitmgc tpler £ o ¢dd aonfn il oy
andnvesdrmemati ns enbstufi eabknewtgpyut .
secur ittoy cadanodse the gap between ambition

and i mpledhentati on.dHydrogen storage-cfraictiilciatli ees

emedttheir di mensioning and

The transformation of Europedsdenersdy misedmithoecur rent

wards climate neutrality by 2050 is technically feasible
oyet the analysis presentedThe shudys8susdyyosagwsahbahysi st h
wi || ovg eérhatne ti ght systAemios showmsdariisesdeter mined | ess by a
the electricingtumgyspame, apndlaek si daimd itomesst t hese peaks ¢
transition i s shaped by stremgdimhy eirdegretndemnrcriiedssgr s al one
binding infrastructure consftramndtsqgr ageal mec o meg exatsri ngt ur a
need for flexibility under ddrigthilgyalvahouwrbd.e renewabl e

generation. The findings underline that sector cou-

pling is not a maogthnah, opuddmedzraade®n i nfrastructure anc

structural design prirdifgl-esofgna d efsd i &mwtl aatnidl eo &ty dr oge
cient -neumaak emergy syste sumptdimone fl exible operati ¢

structure is technological
Security of supply and climatetheuowvalrialy s§Ggtti me
a technology mix in which sector coupling tech-
nol ogi es wi ||l pbaleat si cimipjor t amtil yr,olt @e combined evid
and mol ecules are cl osel gupmdretrsl lankkearpioplezmasi odalt n
future enérgy systewm. constraint boundaries i n mu
oncdand the transition will fai
A centr al insight of the stdiaglrydelsi weéras. eHiercdtu,p cti ing | raeamde W3

mol ecul es must be treated apl amomph@e memd jaegt riil-darasraeéady
Electrification and efficiewmelyl |ianpowe emeatter isudlstexiperi en

tially reduce final energy mnelmaingll e dc emp srse d ntson gp at shta tma x
across sectors, but hmpduegefnuratnilerotaeaelcdriataiten i s i nhere
tral mol ecul es remain indi stpleer sealbd et rwihredrdemedygtr ieatntd ee »ng an s i
electrification | sJalss mim-ed meedanedrfé ciemdst antial: the tra

port atnhtelyy ,pcoivsiggealem f | exi bidliictay esscrtchsas a | arge share of
botth me and space. The hydr agedmfsoysteem nd o msidkttihragnee ds t i o
of productiomgt dmraqesytolregr e needed Ban20mPl ement ati on chal
comes not only a supply chaawn froirg hmo. eThiil res, thlue ydr ogen
core bal anci rodgs mpgl ysemaichdarys gt em ae-fer mederebadasi ons becaus
renewamlma mayestem. not be built O0justofswmpgpgliyned on
ri snkkg er;i atheesystem relies on
ofhe hydrogen system i s dnkpegakK |heoxuirlsi-tt evidrty aanéd ya ges .| on
curity odl sftudprpmtyhe ender gy system
The European hydrogen netlwocrrke aisne dc oEnujruonpcetainonhy dr og e
with hydrogen storage& i d ieaelvlee tthee fuulifliilzlatti bins otfa \ke
t he powedhoswesvteerm t he power
The results further show thatsenhfrmaastfraurct @ane eicso nacormieci hy

sive enabler of the transition, not a secondary consi d-
er atHyodhrrogen storage and networks are required
to buffer temporal and spatial mi smatches between
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At the same time, the studyFismalwlsy whtyhk cdhotsd @ st ensout Is taenanl s o
0Oeither/ ord6 decision betweeml iied rtatsatr uEUUC Eesan HI ghemrgi es
hydrogen ambi tut bhiozfathryedarsoegse st ed to keep the transition

transport capacity whil e reahilca.ngThé esmalmbeosf oifnvest ment
hi gsh ress hours on el ectri cictoynsitmmtad rnd sn meadckoep trpisunmi ezl rayd urfednti i- o n
cating that mol ecules can taikento-bheard®as toof di hation, inte
crobsesrder balancing task andttrtrheteby péhinevibgapaddflsgsi i
cific congestion péaemer e wiml dyrmree ptoweec smes essential to r
ever, the analysis is equaldrnd cdwaird tihragf fhiydireormgte nowxeaembui |
not replace the el ectayisctiegnyr glratded ewerck r(od .yg.i ,$ rAaguarhao fEenre r
electrification require a sltE®GnNngi manldanrley ntiiogltleidg ptosvetr hat
net wor k t o-cpasotvirdeendwawb | e elmeot airgyi i wsamdments can mater.i
to integrate | arge renewablienwedtumerst pressure compared t
proadhasi mportant signal that
dnfrastructure costs, espg@ni ahd ycofoordi hatded genicenticve
count for only a fracti chraveb, t-ineteelcadtb elr gwerssy st em
codtyet the relatively modest investments re-
quired for the European Oyermaldegnthetsvoudky gloafi rams t h
cruci al role in safeguarcdiimat Bumneuwterdad it ¢ st Hrioeurgthe di f
only if renewable evwpamgsids, r
The strategic conclusion i shydchreoedmreeplwey meretd, bartd stor a
systademsectricitydiafndEthrydpe gieseetdo in a coordinated and ti me
decarbonize reliably. I n t hmdntsed ser, $eadu a@n tniga lh yglramgreinn g
infrastructure is also a prsighnaltiitci eéne,dglei dloer rescstl 4 e nared
given its comparatively modeasrnt raatersdidmneddti r csge@adre pledrani ng
tive to total system costs tainddextpHda chitdhly vaalcweal nitti ngr d-or s
vides i n cirti triepmrl e sheoaugrrsse,tad oOifFmastructurdriovti elreasctai ombust f
vestment in security of suptpilgyn wthem atrhelri bl en@wuafrfadr dabl
(renewabdoes ,bgirlid reinforceemeenrtgy pseyrsntiegm,i ngnd of fers conc
speed) risk underdelivery. rope moves decisively from amb
tion.

A significant amount of hydrogen demand can
be meiefdestti vel y-Tvwiet lciormTeher opsul ts of this study unde
bination of domestic prsidluicgnitermhdaoie sntenyadriathateener gy s
strengthens the resilienee néquihreesemar igyclsuysditvemand
and i ncreases Gecuri tpyl amhi sg pprlojcess. While recent
rightly strengthen etvi@drmtol-e of
With regard to European govreatniamrc,e afnfde @t iawnme inmgsfitr atsatkreu ctthu
the study copnbDiTiVYiNBRt ehradr itdhhedet ai |l ed technical knowl edge,
provide a valuable referencaend brugaltihatti ani mmlt e e AtSaxdi, corf p
sectoupl ed and -vafrdatedcpaalslpeicnf r @hsytdruoagteunye al agadsel ec -
tive adds compl ementary i nstirgihdiisittyoi ta c £Tohudnitira de darglsygyeamat i ¢ i

tion from odwhat is plannedovdlovemwhnt iis desdmtiicall I[tyo ensu
needed and operationdalolry f emlsarmnieng wheaoenaraina devel opment
what functiondé. This directdwacwppogdss meret diremdiimngrodun
recent EU pol iemphasdadmdii-velsi I[tihtay, operati onal constraint
natgldanning, accelerated permitting, and efficient
investment all ocation acrosStriefgtalee miope utaleisve pl anni ng &
across institutions therefore
Rel i able planning requi rwissiitret € gr att ierdnim@d Euso pendds cl

robust data with high t ebwstr aalnda e xle sutaatbil & i mfersaos-t r uc
| utdacm or diEruatogpcean pl anning process
is a preredguisite for this.
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Annex The Model
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Legend:
Status Quo Indicators
AApplication-oriented energy Aindustrial sites

balances ANumber of vehicles

Calculation : S
Aindustrial process data ARailkilometers
AVehicle stocks AHeating structure
APopulation development ANumber of employees
AEmployment development Ae
Ae
Scenariodependent parameter

Time series

ARealload profiles

AMonthly production index

AType-day profile

AWeather year

APlug-in behaviour of electric
vehicles

Ae

A Technology exchange rate
A Technology penetration
A Start year technology ramp-up

Load profiles

Ae A Sector-specific final energy
consumption by year,
application, energy carrier,
subsectors

A Industrial feed stock use

Sector-specific regionalization key
(e.g. per economic sector, process,
energy source, application) for the
distribution of consumption to
NUTS 3 regions

Sector-specific (e.g. by sector in
industry) standardized hourly load
profiles to increasethe temporal
resolution of energy consumption

Y

v ‘—i
= FREM

Hourly NUTS 3 load curves

FigbBeModule structure, input dat a, and modul e results of
This Annex contains more dewat dreway n,f oamdatadwinatoimon has
di fferent model s usedet ai It $1d Is.e ssAt ubdoyt taosm wepl Istaosc k and
on assumpti-easenomiechdihodat a moddi hfansport to reflect
mati on on the regionalizatiwmi.le a top down approach
which detailed technical
Al .Fl nal Energy Consumpti on sMakelgs anul ari ty. Popektation
This section introduches atphet ifaamd afmeend ail st @®ft he model
pl iseedct or frnoodelhse determi natimnpasséngegabhemdcti vity.
ergy condqEmBEYTihoen d ewsacsr itpatkieond et er mi ne how quickly new
from theMogpleapemgd Tr ansf or matvieohni cPlag hswtaoggcsk and how traffi
of European Final Energy Comestuwgpdn omodes.t hey combi ni
Transport and Buil dings Secgtooclswintgh Coymitc gl Chmunsuwalr -di
ing&ngwerth antdAwmdf el2der5)et abtgy2606@B6sumption, the model
The modul e struEitgi®ei s shomwal iennergy demand.
The nfal energy demand i n eacThhes etcrtaonrs fiosrbnpartbi doeno gosfal streleegt ro e -
using stock and fl ow model ss drhtag d dtelsrco u dole thwa eclnes el
ergy consumption evolves whemi Waetce r i(arursieHsM)lwae $ | as
measures are applied. Startpuwlgl if ¢ dsieetr\Méc dnse ®e bype dor reéé y
mand, the models determine ctorwudtimmrad a&merlgyi ludieng ener gy
devel opsoby application, enecageg, ctamey ear, e athrdeat ed
year at national (NUTS 0) |I®Bwelmodels project how fi
devel ops by energy carri

Theranspor TBMoaeEtiur es

futureiedmeel giyralulsemna such

as

demand by simulating the evionag,tipmoowds g olradatveana |l esl d,
across multiple classes andméghamieadali ngneragy. i nl and
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The modeling starts from ans wlppddtcarns ,ond bapreac eqnnse s, 14 e
rgy balance of the base yefagedaantdodksen amdplliz2sapmlrieccat i on
verarching drivers that shmapdetallhews utagico paltihazvatyii on down
hanges in underlying ener glyewWelmaandd pgrheduaaoapsachowrdl y el ec
fficiency measures, and t hperdfrialness th asne cdawary oy rmtmhdtoisec | o
il fuel based heat generati on. Future demand is in-

l uenced by popul ation and Ak&hemigy &gsékempMedel

s well as by projected chalnmgetshiisn gtewsdy,e nwe ad p mlnyd tskee - mu
ice sector floor area. EfflifSAaeRc(yl meagruateesd r 2idmclea teinen N
rgy needs for the same comdmd tEX paredisgn fwirtDre kRenpisko if a loimz &
hrough building renovati onmmdeli mparmvkeda fwaurd ihre attbhye mo st
ng components. TransformatKiogl eneatsuales 2025%5adeGu.dinns ki e
acing conventional heati ngvedreacihehvel smgdek, aeadectsi Bystem
g process heat applicati olmes ,f a@awridd siwriet chi ng energy
rriers in non buildingesquipment within the serv
cHemt i ng system repl acemeln3Aa Rnlilosplwesn eaa rs tcrousct- mi ni mi zat i
red approach in which di swirtitttp éirefagtéhiragf aixegtsanrghitonre si sopt i
corporated first, reducinmatthte asrmdhreampdciitnydi eexXx glauradi on w
ssil based systems. Remainomgt faisrstid dheah i agyg dererhgy ser
|l ogies are then gh adluiad | yf isudlsteéenarntgeyd awornsumpti on secto
te neutral options such agr diermhh o puenpganrr eadyuwdaotoi-on t ar ge
n based systems. As thesesimpresdrtec rnegeeand ather, gy EBEysopn
e model s generate a consimuletnitplte ag pattioaly rods dli wmtailons,
ergy consumption by applitciand ownslayndeemaendegd caver ti me.
er over ti me.

"(D""@33_"‘_""'U)O_"C_""'('D<$D_"'U)('DOO(D

- 5 T OO 9 O O o £ ® Q9 =S

| SAaR represents mulintcil pulde ngner
Thiendus$Shlirnydodelkpresemtes g47 i re-l ecthy criddyiesnt,ri ct heating, gact
tensive industrial processetwsi d nhydekert@addr Hdwdb,ugdnar lbiodmaps <.t
tom up approach that | inks Ipagrijzcntedl b dabars ttilheers ev eln-er gy
umes with specific energy adidf fmantenti atle cltemqalicogimesntfsor ene
as well -aelptedeemi ssi ons. sReowmaage ngr enmodel |l ed such as w
ergy demands and emipsdowrs anmdc hsmrdgdee dbattd ery storages. A
at the | evel of each industgeattorsudbcslegltiong nithaclterdd lheng eexe ne
pected economic growt h. carrnierg. electrolysis consumi

duce hydrogen, thus Il inking th
To support this modeling fraenmewbalkam csewerryalerrcertg@eyocarrier
ries of data are used. Techmandgywhliach deskcasdd on the re
greenhouse gas mitigation oe@reroqy,comgcu ot ingn | mdeel s, mus
times, replacement rates, eifrfdloy enver §s ho®&pedneeorogsyr sggeincer at i
Structur al data capture theTke mporsih édsigsopnadiifcnhd rachuds terxipaln si o |
seans, including energy andtapplunbtsonsbapahnhmeamed udy t he
energy needs by subsector aydaenepgiyamcmadl wyrrrepolouti on, e
cess specific production votlaimesd tmampeor all iamdi gmt-s i nto
ergy inputs, emission factolksng otperrmttirommd f awrhmataicareriis -c a
tics, employment figures, aopgli e@negtggpwinde Comd gd3rli mg28ppPr oa
assputm dme. mddet i ngui shes f oium fgirweppeaf increments, refle
mitigation measures: (1) chaingrsci enn pmndcresrs optuitmasl, i nves
(2) fueldosfutietnc htihnrgpugh el ectsihinfgil eatyieam a@ffr eenfi el d model s
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