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Bakgrund och syfte

Hosten 2023 redovisade Energimyndigheten sitt uppdaterade “hdgelscenario”, se Energimyndigheten 2023, “Uppdaterade 1dngsiktiga scenarier 2023"
https://www.energimyndigheten.se/48ea22/globalassets/statistik/prognoser-och-scenarier/langsiktiga-scenarier/uppdaterade-langsiktiga-scenarier-2023.pdf

Ovanstdende scenario utgor grunden for Nepps forsta hogelscenario dar dock vissa uppdateringar av sdval metod som indata har tillkommit. Dessa uppdateringar
omfattar i huvudsak:

*  Integrerad modellering av transportsektorn

*  Uppdaterade fossilbransle- och ETS-priser

. Uppdaterad och utokad beskrivning av den svenska biobranslemarknaden
*  Vissa kostnadsjusteringar av ett antal tekniker

*  Uppdaterad vatgasefterfrdgan i grannlanderna

Syftet med rapporten ar att ge en 6versikt over ett antal viktiga analysresultat avseende Nepps:s hogelscenario. Vi har darmed valt att redogora for resultat som
speglar samtliga sektorer i det svenska energisystemet: elsystemet, fjarrvarmeforsorjningen, industrins energianvandning samt energianvandningen inom bostader,
servicesektorn och transporter. | ndgot enstaka fall belyser vi ocksa osdkerheterna i utfallet med en kanslighetsanalys.

Dessutom ackompanjeras analysresultaten av en redovisning av ett antal viktiga berakningsforutsattningar. Dessa utgor dock endast en brakdel av alla de antaganden
som gors i anslutning till den modellering som gjorts har.

| rapporten reflekterar vi ocksa kort kring nagra av analysresultaten.

Viunderstryker att det som redovisas har baseras pa ett enda scenario. De stora osakerheterna i ett flertal viktiga omvarldsfaktorer motiverar anvandningen av flera
scenarier och kanslighetsberakningar - i synnerhet som tidsperioden stracker sig anda bort till 2050 - och ar ocksd nagot som vi avser att aterkomma till under arbetets
gang. Med det sagt tjanar det foreliggande hogelscenariot syftet att vara en utgangspunkt for dels kommande analyser, dels mer detaljerade och sektorsspecifika
analyser kring exempelvis elsystemet som redan tagits fram och som rapporteras i andra publikationer.

Modellresultaten som redovisas avser Sverige sdvida inget annat anges.



Analysverktyget:
TIMES-NORDIC - Ett modellverktyg fér den langsiktiga utvecklingen inom energisystemet

* Analysen av den langsiktiga utvecklingen i energisystemet med utgangspunkt fran den beskrivna
omvarldsutvecklingen (se féregaende och nasta bild) baseras pa modellberdakningar med Profus

energisystemmodell Nordic. . 248
* TIMES-Nordic ar ett modellverktyg som beskriver hela energisystemet (el- och fjarrvarmefdrsorjning, |r
gy’

hushall, lokaler, industri och transporter) i Sverige och utvecklingen fran idag till 2050.

-
* Omfattar aven el- och fjarrvarmeforsorjningssystemen i Norge, Danmark, Finland, Tyskland, Polen, _ %
Estland, Lettland och Litauen.

» Kostnadseffektivitet ar drivkraften givet en lang rad bivillkor.

* Viktiga berakningsantaganden: bransleprisutveckling, teknisk utveckling, energibehov, styrmedel,
politik och tillgang till energiresurser.

* Anvands |opande i olika forskningsprojekt sasom Nepp samt pa uppdrag av Energimyndigheten,
Naturvardsverket och energibranschen.

* TIMES-metodiken ar ett mangarigt resultat av ett internationellt samarbete inom IEAs program ETSAP
(https://iea-etsap.org/)

* Modellen ags, hanteras och uppdateras av Profu.


https://iea-etsap.org/

Viktiga berakningsforutsattningar — allmant

Stigande ETS-priser over tid till foljd av 6kad stringens i klimatpolitiken (ca 95 EUR/t 2030 och 155 EUR/t 2040).

ETS-2-systemet omfattas plus en rad andra klimatpolitiska styrmedel inom transportsektorn. Dessutom energi-
och koldioxidskatter som paverkar varmesektorn och transportsektorn.

En omfattande elektrifiering inom industrin. Detta ar i princip uteslutande ett exogent antagande baserat pa EMs
hogelscenario fran hosten 2023. En viss priskanslighet finns i produktionen av processvarme som dven kan ske pa
annat satt.

En omfattande elektrifiering dven inom transportsektorn som ar ett berakningsresultat till foljd av olika
antaganden avseende trafikarbete, teknikutveckling, styrmedel, bransleprisutveckling med mera.

Elforbrukningen inom 6vriga delar av energisystemet ar dels ett modellresultat (elbaserad uppvarmning), dels ett
exogent antagande (hushallsel och driftel).

Aven i Sveriges grannlander antas elefterfragan stiga avsevart.



Viktiga berakningsforutsattningar — priser pa branslen och ETS

* Fossilbranslepriserna baseras pa IEA/WEQ2023, “Stated Energy Policies Scenario” men med en annan prisbild fram till
2030 baserat pa radande (varen 2024) terminspriser. ETS-priset baseras istallet pa den hogre klimatpolitiska
ambitionsnivan i IEA/WEQO2023 “Announced Pledges Scenario”.

* Raoljepriset utgor basen for prissattningen av eldningsoljor och fossila drivmedel (och darigenom ocksa vardet av
fossilfria alternativ).

* Priserna anges i 2021 ars prisniva och avser priser “fritt systemgrans”, det vill saga Nordeuropa. Det tillkommer
distributionskostnader som ar specifika for nationer och for sektorer.

Raolja (USD/fat) 40

Naturgas (SEK/MWh) 115 295 265 245
Stenkol (SEK/MWh 60 105 100 98
Skogsflis (SEK/MWh) 200 335 430 500
ETS (EUR/t) 25 87 150 175



Viktiga berakningsforutsattningar — kostnader for vissa kraftslag

* Modellbeskrivningen omfattar ett mycket stort antal olika tekniker. Vi ger har endast ett axplock for ett antal nyckeltekniker for kraftproduktion.
* Branslekostnader tillkommer till kostnaderna i tabellen.

* For vindkraft och solel kan kostnaden variera beroende pa lokalisering (exempelvis vindlage och orientering for solcellerna). For kraftvarmeverk kan kostnaden
variera beroende pa storlek.

* For vissa tekniker antas en kostnadsreduktion 6ver tid, exempelvis solel och vatgasturbiner (kostnaden i tabellen avser laget for 2025).
* Kostnaderna kan i modellen ocksa variera ndgot mellan lander beroende pa nationsspecifika forutsattningar (exempelvis skalférdelar eller lokalisering).

* Kostnadsbedémningarna baseras pa olika kallor, exempelvis publikt tillganglig litteratur och dialog med olika aktorer och uppdragsgivare samt egna antaganden.
Energiforsks rapport “El frdn nya anlaggningar 2021" ar ett exempel pa kalla.

Vindkraft, land | Vindkraft, hav | Solel, tak Solel, mark Biokraftvarme | Vattenkraft, Karnkraft Gasturbin Vatgasturbin
effekthojning (enkel cykel) (kombicykel)

Investeringskostnad 9 000-11 000 25 000-27 000 9 000-13 500 6 000-7 000 35 000-60 000 3 500 58 000 4 500 8 000
(SEK/kW,))

Fix D&U (SEK/kW,)) 400-600 550-750 100 100 400-900 300 750 8o 40
Rorlig D&U o o o o 80-90 o) 30 45 5
(SEK/MWh,,)

Teknisk livslangd (ar) 25 30 30 30 30 40 60 40 30

Kostnaderna ar uttryckta i 2021 ars prisnva
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Viktiga berakningsforutsattningar — vindkraft och solel (i Sverige)

* Vindkraft och solel beskrivs i modellen i form av utbudskurvor bestaende av ett flertal olika kostnadsklasser som huvudsakligen bestdms av vindlagen och

lokalisering for solceller (tak, mark och vaderstreck).

» Diagrammen nedan visar produktionskostnader som funktion av potentialen for nya investeringar (for vindkraft avser detta tillkommande produktion utover de

ca 50 TWh som totalt antas vara pa plats till 2025 och som ar under uppférande).

* For solel redovisas hdr investeringar pa smahustak (diagrammet i mitten) och pa mark (diagrammet till hdger). Darutover finns i modellen @ven en beskrivning

av installationer pa lokaler och flerbostadshus, men dessa redovisas inte har.

* Underlaget till dessa siffror bygger pa flera kallor: tidigare potential- och kostnadsstudier studier i samverkan med, och av, Energimyndigheten samt |6pande

uppdateringar av dessa, vanligen i samrad med Energimyndigheten inom ramen for arbetet med Energimyndighetens langsiktiga scenarier.

1000 500
Havsbaserad Solel p4 smahustak — Oéndlig potential
vindkraft T LD
800 4,—,7 400 |
< o0 < 200 Solel pa mark
< <
= =
= =
Vindkraft pa land E 400 5 200
n n
200 100
0 0
0 50 100 150 200 250 0 5 10 15 0 2 4 6 8 10
TWh GW GW
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Elsystemet - elproduktion

En omfattande elektrifiering inom industri och transport medfor en fortsatt snabb
utbyggnad av vaderberoende elproduktion, dar framfor allt landbaserad vindkraft
dominerar utbygganden fram till modellar 2035. Produktionen fran landbaserad vindkraft
uppgar till omkring 110 TWh runt 2040.

Bruttoelanvandningen passerar i detta scenario 300 TWh en bit in pa 2040-talet.

Utbyggnaden av havsbaserad vindkraft tar fart en bit in pa 2030-talet och uppgar till
narmare 30 TWh runt 2040 (vi antar att natanslutning sker utan stod).

Efter 2035 tar dven utbyggnaden av ny karnkraft fart. Utbyggnadstakten antas vara
begrdnsad till foljd av ledtider (precis som for de flesta andra kraftslagen, dtminstone fram
till 2035) och ny kapacitet antas som mest kunna uppga till knappt 20 GW till 2050. Av detta
byggs lite drygt 6 GW ut till samma ar.

Investeringskostnaden for ny karnkraft ar synnerligen osaker och ar avgoérande for
utvecklingen i berakningarna (se nasta bild).

Livstidsforlangningar (drift bortom 60 ars drifttid) i befintlig karnkraft antas ske till sddana
kostnader att det i princip alltid ar en I6nsam option. Alla sex befintliga reaktorer antas vara
|lampliga for sddana livstidsforlangningar.

Solel byggs ut i stor omfattning och genererar ca 30 TWh runt 2040. Utvecklingen drivs pa
av ett antagande om fortsatt minskande kostnader och ett bibehallet imatningsstdd (“60-
oringen”) for sma anlaggningar.

Kraftvarme och industriellt mottryck begrénsas i praktiskt hanseende av
fjarrvdrmeunderlaget respektive det industriella angbehovet. Elproduktionen fran dessa
anlaggningar andras inte namnvart under modellperioden.

P3 arsbasis dr Sverige genomgaende en nettoexportor av kraft (stapelhdjden dverstiger
linjen i diagrammet). Inom ett ar kan dock importen vara signifikant under vissa perioder,
aven fran Kontinenten (betydligt storre an idag).
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Elsystemet — kanslighetsanalys: kostnader for ny karnkraft

Det finns manga osakerheter i den framtida utvecklingen.
Kostnaderna for ny karnkraft ar en sddan osdkerhet och den ar
av stor betydelse de investeringar som gors i
modellberakningarna.

| hogelscenariot antas langsiktigt en total produktionskostnad
pa ca 60- 65 ore/kWh (beror bland annat pa utnyttjningstiden,
som ar ett berakningsresultat fran modellanalysen).

En kanslighetsanalys dar kostnaden antas ligga 20% hogre
medfor att investeringar i ny karnkraft helt uteblir i Sverige men
fortfarande sker (dock i mindre utstrackning) i andra
"karnkraftsregioner” dar elpriserna ar hogre.

« Kostnadsantagande: 58 ooo SEK/kW = 70 ooo SEK/kW

| Sverige investeras da istallet mer i havsbaserad vindkraft, solel,
energilager, kraftvarme och gasturbiner.

Hansyn har inte tagits till vardet av de systemstabiliserande
egenskaperna som karnkraft (och andra kraftslag eller
elsystemkomponenter) har.

12

Sverige
400
350
300
250

e
< 200
-

150
100

o LN
a O o
A O o
- N

2010 [
2020 |

I Vattenkraft Karnkraft, bef.
Karnkraft, ny . Kol

mm Olja Gas
Biobransle, torv, avfall Vind, land
Vind, hav Sol+6vr fornybart

—Bruttoelanvandning



Elsystemet — installerad kapacitet

Den omfattande utbygganden av vaderberoende elproduktion leder till en massiv
utbyggnad av installerad effekt. Runt 2040 svarar den vaderberoende elproduktionen for
over 60% av den installerade effekten medan planerbar effekt (vattenkraft, kraftvdarme,
karnkraft, 6vrig termisk effekt som topplasteffekt) svarar for dterstoden.
Effekttillgangligheten varierar darmed avsevart under aret och beror i hdg grad av
tillgangen till vind och sol.

Topplasteffekt, typiskt gasturbiner, efterfradgas i relativt stor omfattning och byggs ut till
ca 8 GW till 2040. Drifttiden for dessa anlaggningar ar mycket kort och deras funktion ar i
forsta hand att forse systemet med effekt nar 6vrig kapacitet inte racker till eller ar
otillganglig.

Forutom topplasteffekt, kraftvarme, vattenkraft och kdrnkraft bidrar dven batterier och
vatgasflexibilitet till planerbarhet och effekttillganglighet i elsystemet.
Batterikapaciteten uppgar i Sverige till ca 10 GWh el 2030 respektive ca 20 GWh el 2040.
Just nu planeras investeringar motsvarande nastan 3 GWh inom ndgot eller ndgra ar
(Kalla: NyTeknik, feb 2024). Till modelldr 2040 investeras det ocksa i ca 800 GWh
vatgaslager vilket motsvarar ungefar 11 fullskalelager i Hybrit-projektet. Detta ar lika
mycket som den Ovre potentialbegransning som finns inférd i modellen med tanke pa
ledtiderna for att bygga vatgaslager (i synnerhet om det innebar helt nya bergrum). Om
denna dvre grans tas bort i modellanalysen blir berakningsutfallet istallet nastan det
dubbla for 2040, 1 500 GWh vatgaslager. Man kan diskutera rimligheten i dessa siffror
men berdkningsresultaten indikerar tydligt efterfradgan pa flexibilitet och lagerldsningar i
detta scenario.
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Elsystemet — ytterligare reflektioner
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| scenarier med en omfattande 6kning i efterfragan pa el, sdsom i detta fall, pekar modellanalyser pa att ett flertal olika kraftslag
kommer att behdvas. Det galler i synnerhet som varje kraftslag har sina egna utmaningar och begransningar men dven sina egna
nyttor. Beroende pa vilka antaganden man gor avseende exempelvis den mojliga utbyggnaden av landbaserad vindkraft
(acceptansproblematiken), havsbaserad vindkraft (acceptans och kostnader) och karnkraft (acceptans men kanske framférallt
kostnader) s& paverkar detta den langsiktiga balansen mellan dessa tre kraftslag, som ar de som har potential att pa sikt leverera de
riktigt stora volymerna el i Sverige. Aven solel har en i princip obegransad potential men begransas under modellperioden av det
faktum att produktionen sker mer eller mindre samtidigt och koncentrerat till dagtid under sommarhalvaret i hela regionen. Det far
pa sikt stora negativa konsekvenser for Ionsamheten och fordrar ddrmed omfattande investeringar i energilager for att ytterligare
6ka andelen solel i systemet. Darmed Okar ocksa kostnaden for att fa in ytterligare solel.

| modellanalysen kan man genom olika kanslighetsanalyser ocksa tydligt studera balansen mellan olika dtgarder och tekniker som
bidrar till planerbarhet i det framtida elsystemet, namligen termisk effekt med langre (kraftvarme, karnkraft och industriell
mottrycksproduktion) och kortare (topplastkapacitet som gasturbiner) utnyttjningstider over aret, vattenkraft samt energilager
(batterier och vatgaslager) och efterfrageflexibilitet. Utgar man fran att exempelvis genomslaget for olika typer av
efterfrageflexibilitet och energilager blir stort pa framtidens elmarknad minskar incitamenten for exempelvis nya gasturbiner, och
vice versa.

| denna modellanalys gors inga kanslighetsanalyser av olika vaderar och det faktum att den arliga (och den inom-arliga) variationen
i elsystemet darmed kan vara avsevard i ett scenario dar elproduktionen domineras av vaderberoende kraftslag. Det talar for att
planerbarheten och reglerbarheten bor dimensioneras aven for sddana utfall och lyfter ocksa svarigheten for investerare att fatta
beslut om exempelvis investeringar i topplastkapacitet dar utnyttjningstiden redan i utgangslaget ar mycket kort och vissa ar
kanske rent av noll. Det beror naturligtvis ocksa planerbar (termisk) produktionseffekt med langre utnyttjningstider sdsom
kraftvarme och karnkraft dar drifttiderna kan skilja sig avsevart mellan blasiga/soliga ar och &r med dalig tillgang till kanske framst
vind men aven sol.



Elsystemet — elproduktionen i Nordeuropa
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Utvecklingen i hela regionen (Nordeuropa) ar tamligen lik den som
redovisats for det svenska elsystemet.

En omfattande elektrifiering antas ske aven i véra grannlander dven
om utvecklingen i Sverige jamfdrelsevis ar ndgot mer “exceptionell” i
detta scenario.

Antagandena om den framtida elefterfragan i Tyskland har stor
betydelse for berakningsresultaten eftersom det kan réra sigom
valdigt stora tillkommande volymer.

| detta scenario blir vindkraft det storsta enskilda kraftslaget i hela
regionen till modellar 2025, medan solel tar 6ver andraplatsen en bit
in pa 2030-talet.

Pa lang sikt gors vissa mindre investeringar i CCS (naturgas).
Darutover utnyttjas dven konventionell naturgaskraft men i mycket
liten omfattning.

Detta scenario forutsatter inte nollutslapp pa lang sikt fran den
nordeuropeiska kraftproduktionen. Att utslappen gar ner (kraftigt)
beror pa stigande ETS-priser, fortsatt gynnsam teknikutveckling for
fornybar elproduktion, [6nsam ny karnkraft och att aldrande
fossilanlaggningar darmed ersatts av fossilfri elproduktion.
Dessutom inkluderar detta scenario vissa politiska utfastelser som
exempelvis den tyska utfasningen av kolkraft till senast 2038.

Norden+Ty+Pol+Baltikum
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Varmemarknaden
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Den globala uppvarmningen antas dampa
behovet av nyttig varme over tid.

Ett [angsamt 6kande nettovarmebehov
tillkommer i nya byggnader.

Varmepumpar och fjarrvarme levererar langsiktigt
over 9o% av det totala nettovarmebehovet och
med ungefar lika stora andelar.

Renodlade elvarmehus (direktel eller vattenburen
elvarme) fasas ut helt i modellberakningarna.

Effektiviseringar reducerar efterfragan pa slutlig
energianvandning motsvarande knappt 15% av
det totala behovet av nyttig varme pa lang sikt.

Inga specifika effektiviseringskrav antas i detta
scenario utover de styrmedel som ar i bruk idag.
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Fjarrvarmeproduktionen

Fjarrvarmeproduktionen domineras idag av biobransle och avfall. Dessa bagge
energislag fortsatter i detta scenario att pragla fjarrvarmeproduktionen dven pa
langre sikt men flankeras i 6kande omfattning av spillvarme. Det géller bade
hogtemperaturspillvarme fran olika industriella processer och spillvarme pa lagre
temperaturnivaer, som exempelvis fran fornybar drivmedelsproduktion. Det
tillkommer dven lagtemperad spillvarme som vaxlas upp med varmepumpar.

Den biobranslebaserade fjarrvarmeproduktionen paverkas negativt av den
6kande konkurrensen om skogsravaran dar framst den 6kande efterfragan inom
transportsektorn pressar upp prisbilden pa biobranslen.

Avfallsforbranningen paverkas av antaganden om framtida avfallsmangder och
plastandelen i det brannbara avfallet. Bagge dessa faktorer antas minska over tid.
Importen av brannbart avfall antas oka over tid men “kompenserar” inte fullt ut de
minskande avfallsmangderna som genereras i Sverige i detta scenario.

En dryg tredjedel av den biobranslebaserade fjarrvarmeproduktionen 2040
kommer fran anlaggningar utrustade med CCS, det vill sdga genererar negativa
utslapp. For avfallsforbranningen ar andelen som ar utrustad med CCS ungefar lika
stor. Dar ar dock endast en del av de avskilda och deponerade utslappen negativa
eftersom avfallet till viss del ar fossilt. Utfallet for CCS ar ett resultat av
antagandet om en langsiktig efterfrdgan pa negativa utslapp pa ca 4 Mton per ar.

Observera att den andelen av biobranslet och avfallet som atgar for
elproduktionen i kraftvarmeverken inte ingar i diagrammet till hoger.
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Industrisektorn

Anvandningen av fossila branslen inom industrin ar

jamforelsevis liten idag dar el och biobranslen dominerar Slutlig energianvandning per energislag

anvandningen. Utslappen av vaxthusgaser fran industrin ar 350

dock signifikant i Sverige och star for ca en tredjedel av de

total utslappen. 300 —
Anvandningen av kol och koks ersatts helt av vatgasbaserad 250 — R
staltillverkning vilket ar ett antagande som gors exogent i

detta scenario. 200 I

Detta leder till en 6kad efterfragan pa vatgas vilket forstarks E —

ytterligare av en efterfragan pa vatgas aven for andra B0 e e e

industriella andamal som exempelvis inom kemiindustrin. 100

All vitgas antas produceras med elektrolys vilket ddrmed — &8 8B B B
bidrar till den omfattande okningen i elefterfragan (ungefar >0 . . . . . . . . .
70% verkningsgrad antas i elektrolysorerna). Detta framgar 0

inte riktigt i diagrammet till hoger dar endast slutlig 2015 2019 2020 2025 2030 2035 2040 2045 2050

energianvandning redovisas. Men elanvandning aven for
andra andamal an vatgasproduktion antas oka over tid vilket
tydligt syns i diagrammet.

m Biobrénslen mKol+koks m Hyttgaser m Oljeprodukter = Naturgas
m Fjarrvarme El Vitgas m Ovrigt
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Transportsektorn

Utfasningen av fossildrivna (inrikes) transporter gar
relativt snabbt efter 2025 till f6ljd av en snabb expansion
av elfordon och en fortsatt (efter 2025) 6kande
inblandning av biodrivmedel.

Ett gradvis aterinforande av reduktionsplikten eller ett
motsvarande styrmedel antas efter 2025. 100

EUs CO,-standard for nya tunga fordon bidrar till den 90
snabba och omfattande elektrifieringen av fordonsflottan. &,

| styrmedelsuppsattningen ingar ocksa ett forbud motnya 44
forbranningsmotordrivna fordon fran och med 203s.

Biodrivmedelsbaserade transporter utgériforsta handen <

60

"6vergangslosning”, om an en relativt langvarig sadan, och ESO
ersatts efter 2040 nistan helt av elfordon och 40
vatgasfordon. 30
For elfordon (och vatgasfordon) antas, till skillnad fran 20

forbranningsmotorfordon, en fortsatt kostnadsminskning
over tid.

Pa lang sikt: vatgasfordon anvands foretradesvis i den
tunga trafiken medan elfordon dominerar
personbilsflottan och lattare varutransporter.

10
0

19

Slutlig energianvandning, inrikes transporter

B Vatgas och e-branslen
El

Biodrivmedel

I I I M Fossila drivmedel
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Transportsektorn — CO_-utslapp

20

Transportsektorn star idag for drygt 30% av de totala
utslappen av vaxthusgaser i Sverige.

| detta scenario leder en relativt snabb elektrifiering
och en gradvis aterinford reduktionsplikt eller
motsvarande styrmedel till att utslappen relativt
snabbt, efter en tillfallig uppgang till 2025, minskar till
2030 och darefter.

Malbilden for transportsektorn om en 70%-ig
minskning till 2030 jamfort med utslappen 2010 nas
emellertid inte utan uppgar till 54%, se diagrammet
till hoger. Detta ligger daremot i paritet med Sveriges
atagande inom ESR (“Effort Sharing Regulation”) om
endast transporter betraktas.

[%]
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Transportsektorn — utrikes

21

Stor betydelse for biobranslemarknaden i Sverige
till foljd av inblandningskrav fran EU.

| berakningsforutsattningarna ingar ocksa ett sa
kallat delmandat for elektrobranslen och vatgas
(RFNBOs; Renewable fuels of non-biological origin).

Sjofarten: krav pa minskning av
vaxthusgasintensiteten i branslena (pa samma satt
som reduktionsplikten).

Flyget: har ingar inblandningskrav pa fornybara
branslen.

Eldrift inom utrikes flyg och sjofart omfattas inte av
modellbeskrivningen.

Slutlig energianvandning, utrikes transporter (flyg, sjofart)

Ll
El
Biodrivmedel

B Fossila drivmedel

I B B N

2010 2015 2020 2025 2030 2035 2040 2045 2050




CO,-utslapp, Sverige

Malbilden till 2045 ("nettonollutslapp”) infrias nastan for de utslapp som
omfattas av modellbeskrivningen. Scenariot ar inte pa forhand definierat
som ett maluppfyllande scenario utan beskriver en konsekvens av befintliga
styrmedel samt planerade atgarder inom exempelvis bio-CCS.

Utslappssiffrorna exkluderar utslapp fran vissa industriella processutslapp,
raffinaderier, utrikes transporter (endast Sveriges territoriella utslapp
omfattas av diagrammet) och jordbruk (de modellerade utslappen omfattar
nastan 3/4 av de aktuella faktiska utslappen enligt Naturvardsverkets
statistik).

Mellan 2030 och 2035 blir nettoutslappen fran el- och
fjarrvarmeproduktionen negativa tack vare bio-CCS. En forbattrad
utsortering av plastinnehallet i det brannbara avfallet bidrar ocksa till
minskande utslapp inom denna sektor.

Elektrifieringen inom industrin, i synnerhet relaterad till jarn- och
stalbranschen, bidrar vasentligt till utslappsminskningarna. |
berdkningsforutsattningarna bakom denna modellanalys sa antas en viss
fossilbransleanvandning inom industrin vara icke-substituerbar. | de fallen
ar alltsa modellbeskrivningen avseende konverteringsmdjligheterna till
utslappsfria alternativ ofullstandig.
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Executive summary

* We explore scenarios where Swedish electricity demand
increases to 190 TWh by 2030 and roughly doubles towards
2045.

 Two cases are studied for 2045: a Nuclear Case with addition
of 12.5 GW nuclear capacity and a No New Nuclear Case.

* The analysis shows:

* Investments in onshore wind take place in both cases limited mainly by
acceptance. Solar power plays a complementary role, providing about 2%
of generation in 2045.

* Some level of offshore wind deployment is attractive by 2045 in both
cases, more in the No New Nuclear Case

* The nuclear capacity expansion is turning Sweden from being an importer
of hydrogen to exporting 7 TWh hydrogen in 2045.

* The Nuclear Case also displays significantly higher electricity exports (+35
TWh)

* Nuclear capacity expansion reduces average power prices, including
capture prices for wind generators which drop by up to 8 €/ MWh.

* The analysis does not include a comparison of the total
costs of the two trajectories.
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Approach to power market
modelling

Europe pursues a net zero energy system in 2050, which drives
energy demand and short-term targets. Important sources are

e ENTSO-E’s Global Ambition scenario for electricity demand (TYNDP2022)

* ENTSO-E’s National trends scenario for short term targets towards +
selected adjustments (TYNDP2022)

* ENTSO-E’s projects towards 2030 for transmission system development

* The European Commissions REPower Europe strategy for hydrogen
demand

* 2030 hydrogen production expected to lack behind REPowerEU
target

Sweden
* Demand projection based on “Energimyndighetens hogelscenario”
* Increasing electricity demand through electrification
* Large need for green hydrogen for green steel industry in the north

Technology scope

* Power generation technologies, transmission capacity between bidding
zones, district heating, hydrogen production and related infrastructure

e Offshore wind with close to site level detail

Ja

<

Europe pursues a green Sweden pursues green
transition driving demand + transition with increasing H2
short term minimum targets demand for green steel

(2030).

production in the north and
doubling of demand by 2045.

H2 production is expected to Limitations to onshore wind
lack behind REPowerEU target deployment due to planning [

for 2030

production

constraints

Model optimization of
Energy system
development and
distribution of green H2




Electricity demand in Europe

6.000
The current energy market situation is expected to increase
electrification ambitions and is a major factor for the
demand increase towards 2030. 5.000

The following sources are used for demand projections:

* Hydrogen demand.

* REPowerEU has been developed in the wake of Russia’s invasion
of Ukraine and assumes 10 mill. ton domestic hydrogen
production in the EU already by 2030. Considering that only a
very limited number of projects have reached FID, only 20% of
the target is expected to be fulfilled by 2030.

* The EU Commission MIX-scenario have been used for the long-
term hydrogen demand. The TYNDP Global Ambition scenario
has been used as distributed key between countries.

by
o
=}
S

: 906
3.000 194 794

529

Electricity demand (TWh)

N~
o
=}
S

* TYNDP’s Global Ambition scenario for the development of
total demand for classic demand, electric vehicles and
individual heating

1.000

* Electricity use for district heating is subject to model 0
optimisation 2025 2030 2045

B Classic demand & industry Heating Electricy vehicles B Power-to-X




Swedish electricity demand to double by 2045

* The Swedish electricity and hydrogen demand is
based on the Energimyndighetens hogelscenario 350

¢ ‘Regular’ demand increases by about 75 TWh in 2045 3 Electricity to PtX
300
e Hydrogen demand increases by almost 100 TWh

M Electricity consumption (without PtX)
* The model may produce the hydrogen outside of 250
Sweden and import it

e or produce the hydrogen in Sweden and export it to its
neighbouring countries

200

TWh

* Import and export of hydrogen between the model’s 10

bidding zones comes with a fee, resembling the cost of
transportation through a dedicated hydrogen grid. 100

50

Nuclear Nuclear

2025 2030

Nuclear

2045




Fuel and CO,, prices Fuel prices

50
45
40
Fuel prices - 35
9 30
S
*  Futures (March 2024). Until and including 2026 2 gg
-]
. crep e ws ’\/\/
* Longterm. Prices are expected to converge to long term equilibrium 10
prices in 2030 5 \,\K
0
. IEA World Energy Outlook 2023, Announced Pledges scenario 0\\ 0\0) O\o) 0\/\ O\q 0’7’\ 0/7/0) 0,7/0) 0’7:\ 0’7/0) 0,))\ OO’O) O,})o) O,);\ O,bq 0‘9 O‘Q) 0‘></) O\;\ 0\9
. Natural gas: LNG import price to reflect that LNG is on the margin in Europe. R L A
Coal Lightoil Natural gas Wood chips Wood pellets
* High gas prices from 2022 have reduced significantly, and towards 2030,
reduced dependence on natural gas and high global buildout of ETS-price
renewables further lowers demand for fossil fuels and thus prices. 550
CO,-prices 500
o
* Forward prices (March 2024). Until and including 2026. Current levels are Y 150
lower than anticipated in 2022, but expected to increase towards 2030, §
following expected extension of the EU ETS and EU policy-development. ry 100
-]
Ll
50

* Long term. Prices expected to converge to Announced Pledges scenario
from WEO2023 in 2030 and onwards.
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Power transmission capacities

Transmission grid expansion based on TYNDP 2022 until 2030. After
2030, transmission expansion is subject to model optimization.

Overall development

Between 2020 and 2030 the transmission system is expanded by 55%
according to ENTSO-E’s plans. Between 2030 and 2040, further buildout
is restricted to 750 MW pr. transmission corridor pr. 5 years.

German internal grid: based on the TSOs’ grid development plan
(NEP2017), scenario B.

Germany is represented by four electricity regions to reflect physical
bottlenecks in the grid.

Significant changes for Denmark

Viking Link: 1.4 GW (DK-GB) by 2023

Baltic Energy Island (2029): Adding 1.2 GW to Baltic Energy Island and 2
GW transmission capacity between Baltic Energy Island and Germany

North Sea Energy Island: Adding 2 GW transmission to Belgium by 2035

Note: The planned Hansa PowerBridge linking SE4 with Germany is not
included in the simulations by 2030.

Input transmission expansion
between 2020-2030 (MW)

—

10,0
6,7
3,4
0,1

T
< DENW
\

—

Source:

Transmission Grid developments are based on
the Ten-Year Network Development Plan 2018
and 2020, developed by the transmission
system operators within ENTSO-E. Projects
under construction and in permitting have
been included, while “under consideration”-
projects in the TYNDP are not included
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Electricity generation in Europe

* The European electricity demand increases by 65% 6000
between 2025 and 2045.

e Solar and wind energy is replacing coal and gas
generation as well as supplying the additional

5.000

demand from electrification. 4.000
* Variable renewable energy generation goes from
38% in 2025 to 73% in 2045. 300 3a
U
* Natural gas capacity increases to support periods 653
with low infeed from renewables. Full load hours 2000

482

remain low in all the years simulated.

205

1.000 428

616

211

2025

11

594

1.071

328

2030

1.187

1.740

Solar

W Offshore wind
Onshore wind

W Hydro

W Biogas

W Biomass/Other
Gas

B Nuclear

M Coal



Average electricity prices in 2030

12

Average prices in Northern Scandinavia
are the lowest in Europe.

Important bottlenecks between:
e SE2 and SE3
e SE4 and DK/DE/PL
 SE3 and NO1
e SE1and Fl

The Hansa Bridge could resolve the
bottleneck between SE4 and DE partially
but was not included in the simulation f

Note: HansaBridge not assumed commissioned by 2030 —



Where is the H2 produced by 20307

13

Firm governmental expansion plans for offshore wind
and solar in Germany Is leading to most of the
system’s hydrogen demand being produced in
Germany in the short term.

Sweden imports portion of the required hydrogen
against a transport fee.
* Note, itis not Iikel\{)that a hydrogen infrastructure between
Sweden and neighbouring countries is realized already by

2030, but the results indicate that PtX projects in Sweden are
in fierce competition with projects in Germany and UK.

As depicted on the subsequent slide, Germany
demonstrates much more fluctuating power prices
than Sweden.
* Electrolyzers in Germany benefit from the approximately 3000
hours with very low prices.

* Due to the differences in the profiles of the price duration
curves, the capacity factor for electrolyzers in Germany is
lower than for electrolyzers in Sweden.

* Therefore, a development with low electrolyzer capital cost
would favour Germany over Sweden and vice versa.

H2 production in the system, selected countries

7

B Hydrogen production

Energiforsk @

Hydrogen demand



Price duration curves for Sweden and Germany

In 1/3 of the year, German electricity prices are lower than Swedish prices

Capitalizing on the very low electricity price will depend on the costs of
electrolysers, and the access to storage and hydrogen infrastructure

Negative power prices could make this development more pronounced

60

40

Swedish bidding zones

20

141
281
421
561
701
841
981
1121
1261
1401
1541
1681
1821
1961
2101
2241

German H2 production

2661
2801
2941
3081
3221
3361
3781
3921
4061
4201
4341
4481
4621
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We consider two scenarios for Sweden by 2045

1.
2.

15

Nuclear (+10 units in 2045, +12.5 GW)

No new nuclear

Investments in onshore wind take place in both
cases (limited by acceptance, etc.).

Some level of offshore wind is attractive on >
market terms in both scenarios, more in the No
New Nuclear case.

Batteries appear feasible and are sensitive to
technology cost development.

No additional solar investments. However, solar
is close to being in the money.

100

90

80

70

60

50

40

30

20

10

Installed power generation capacity, SE

Batteries

33 Solar
. 1 W Offshore wind

Onshore wind

33
23
19 W Hydro
B Thermal
I I B Nuclear

NoNewNuclear NoNewNuclear NoNewNuclear Nuclear

2025 2030 2045
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Power generation Sweden

16

Electrification and growing green hydrogen
demand drives strong increase of 74 TWh
onshore wind generation and additional 13
TWh of offshore wind in Sweden.

The envisioned 10 units of new nuclear add
another 88 TWh of generation.

The total generation increases by additional
77 TWh in the nuclear case.

Of that additional 77 TWh in the nuclear
case.:
* 35 TWh are exported to neighbouring countries

* 42 TWh are used for hydrogen production within
Sweden

400
350
300
250
L
< 200
~
150
100

50

——
54

71

128

NoNewNuclear NoNewNuclear NoNewNuclear

2025

2030

2045

128

Solar
B Offshore wind
Onshore wind
W Hydro
B Biomass/Other
M Gas

B Nuclear

Nuclear
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Nuclear buildout increases H2 production in Sweden

* Hydrogen production capacities are
increased in SE3 and SE2 with nuclear
capacity expansion.

* The nuclear capacity expansion is turning
Sweden from being an importer of
Hydrogen to exporting 7 TWh hydrogen in
2045.

e 42 TWh of the additional 77 TWh electricity
generation in the nuclear cases are used for
hydrogen production.

17

TWh
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H2 Balance, SE
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Nuclear NoNewNuclear

2045

Hydrogen demand B Hydrogen production
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Average electricity prices in 2045 Nuclear case

* Increasing demand for hydrogen — particularly in
SE1 evens out power prices.

e Limited need for new internal transmission
capacity in Sweden.

* If new nuclear is located at existing sites,
reinforcements between SE3 and SE4 may be
required.

* Attractive to increase interconnector capacity, in 4
particular to Germany and Denmark. (

18



Swedish capture prices 2045

19

Capture price, SE1, SE3

67
52 53
48 50 >1 1
42
38 37 36
I I I I 32

56
| 49

Onshore  Offshore Solar Nuclear Onshore  Offshore Solar
wind wind wind wind
SE1 SE3

B NoNewNuclear B Nuclear

Nuclear capacity expansion
reduces Swedish capture
prices by up to 14 €/MWh

Effects are most pronounced
in SE3 where new nuclear
capacity is assumed to be
established, co-located to
existing nuclear sites.




Sensitivity:

10% lower European H2 demand in 2045

20

Corresponds to approx. 3% lower total
electricity demand

Reduces Swedish average electricity
prices by 17 and 15 €/MWh in SE1
and SE3, respectively.

European power prices are sensitive
to demand changes because the
dispatchable capacity is limited.

The capture prices of onshore wind in
SE1 and nuclear generation in SE3 are
most affected by the hydrogen
demand reduction.

W Nuclear M Onshore wind
m Offshore wind Solar

Difference in capture prices, SE
Low H2 Demand - Nuclear
(€/MWh)
-13
-16

£3

f
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Grid investments components

The grid investment costs include the following parts:

@ Transmission investments (external)
(from one country to another)

® Transmission investments (internal)
(between Swedish bidding zones and to Swedish offshore sites)

© Electrolyser (grid): 227 k€,,/MW
(grid reinforcement for interconnection with PtX systems)

O Nuclear (grid): 42 k€,,/MW
(grid reinforcement for nuclear power)

© Solar (grid): 83 k€,,/MW
(grid reinforcement for solar power)

@ Wind (grid): 83 k€,,/MW
(grid reinforcement for onshore wind power)

Non included:

Grid reinforcement costs for increasing classic and electric
vehicle demand.

Existing grid maintenance/re-investments costs.

*Additionally to the electrolyser grid reinforcement costs, the E . _F k
model includes 4.4 k€,,/MW/y operational costs ne rgl ors



Swedish annual grid investments

Annual investments in grid infrastructure, NoNewNuclear case

1.200

* The annual grid
investments are
diffe re nt from 2030 800 M Transmission (external SE)

o, <« m Transmission (internal SE)
W h e n t h e a d d It I O n a | ":O’ 600 347 347 347 347 347 47 347 47 347 47 347 47 347 .

. s M Electrolyser (grid)
nuclear power is B—

M Onshore wind (grid)
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Annual investments in grid infrastructure, Nuclear case
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Swedish total grid investments

* The accumulated internal grid investments in Sweden increase from
2,100 M£,,,,in 2030 to:

* 11,700 M£,,,in the NoNewNuclear case in 2045 (+450%)
* 16,700 M£,,,, in the Nuclear case in 2045 (+ 690%)

* The new 12.5 GW (+10 units) of nuclear capacity in 2045 are resulting in
additional:

* 2,900 M€,,, investments in internal Swedish transmission capacity
* 1,600 M€,,, investments in grid capacity for the additional installed electrolyser
e 500 ME€,,, investments in grid capacity for the additional nuclear capacity

* While transmission infrastructure investments between bidding zones
(internal and external connections) make up around 50% of the total Frid
Investments, distribution and transmission investments for additiona
wind, solar and PtX capacities represent the other half.

* Transmission cost for offshore wind integration is included under internal
Swedish transmission investments

* Note:

* Grid investment cost are associated with a high level of uncertainty since they
depend on that nature of the specific projects.

¢ Co-location of generation facilities (wind, solar and nuclear) and new demand
(electrolyzers, data centres etc.) may significantly reduce connection costs.

* The new nuclear generation capacity is assumed to be located on the existing active
nuclear sites, all in the SE3. A more dispersed distribution of the nuclear capacity
would reduce the need for strengthening the internal grid.

M€2024

18.000

16.000

14.000

12.000

10.000

8.000

6.000

4.000

2.000

Accumulated grid investments in Sweden

B Transmission (external SE)
B Transmission (internal SE)
M Electrolyser (grid)

B Nuclear (grid)

m Solar (grid)

B Onshore wind (grid)

580
913

NoNewNuclear NoNewNuclear Nuclear
2030 2045
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Balmorel energy system modelling tool

Model developed to support
technical and policy analyses of
power systems.

Optimization of economical
dispatch and capacity expansion
solution for the represented
energy system.

Characteristics: open-source,
customizable, scalable,
transparent

Balmorel is a fundamental partial-equilibrium model of the power and district heating system. The model finds least-cost
solutions based on assumptions such as the development of fuel prices, demand development, technology costs and
characteristics, renewable resources and other essential parameters.

The model is capable of simultaneous investment and dispatch optimisation, showing optimal solutions for power
generation and interconnector capacity, dispatch, transmission flow and electricity prices.

Model inputs ‘ Least-cost

[ on ‘
+ Demands e
ool
* Fuel prices \ el
» Exogenous capacities
* Investment catalogue for
endogenous capacities
» Technological, economic and Least-cost

environmental characteristics invesl_:m_ents
of technologies

f ¥ "‘, § .“.
* Policy constraints - /9 " ni :f:

For each timestep

* Generation

» Charging of storage
» Conversions

* Transmission flow

* Transport

Simultaneous
optimization

» Generation capacities
» Conversion capacities
» Power grid

» Gas grid

* Heat grid

Model outputs

* Generation and flows
* Endogenous capacities
* Electricity and heat prices

» Captured prices per
technology

» System costs and
stakeholder economy

# * Emissions and cost of CO,

and pollutants

Energitorsk @



Main evaluation measures

* Power prices and market
values

Model dlmenS|OnS * Generation & capacity
balances

* (CO2 and pollutant emissions

* Socio-economic system costs

Temporal scope

* Selected optimization years

* Time aggregated investment
optimization

* Hourly dispatch optimization

Geographical scope

* Nordics (bidding zones)

* Germany (4 regions)

* Baltics

* Central Europe, UK and Italy




Modelling power transmission and price areas

Power - Transmission capacity (GW)

Developmentin the international and interconnected power and
energy system has significant implications on the developmentin
any singular price area.

— 16.6
— 111
—: 5,0
—- 01

« The analysis includes calculations in the regions shown in color on
the map. The included countries are hereafter called the ‘Entire
system’.

» Individual countries are subdivided into regions, between which
the most significant power transmission congestions occur.

 In the Nord Pool countries, these regions coincide with the price
zones in Nord Pool.

« The German power market has one price zone (together with
Austria), in spite of congestions in the internal grid. In the model
however, Germany consists of four price zones interconnected by
transmission links. The model takes the internal bottlenecks into
accountin order to have a better representation of the actual
operation of the German power system.

Transmission grid 2030




Balmorel output includes marginal values of each of the many constraints
in the model. The marginal value of the equation ensuring that power
supply is equal to power demand in each power price regions at each

point in time, can be interpreted as the wholesale electricity market price.

This relies on the assumption of perfect competition. The level derives
from the equilibrium with the marginal production costs, which emulates
market actors’ incentive for bidding in the market, as well as the market
clearing mechanism.

If the model is allowed to make new investments, the prices which arise
satisfy equilibrium conditions with the long-run marginal costs of the
capacity installed by the model. Thereby, at certain times the prices will
exceed the short-run marginal costs.

Investment runs to hourly prices

* Power prices in model runs without endogenous investments are typically lower than runs with endogenous investments,

Model result interpretation

assuming the generation capacity mix is the same. Thereby, it is possible to get model results with lower prices, but with

the same overall costs.

* Model determined investments in generation and/or transmission capacity can be transferred to a model without

endogenous investments. The two models will result in the same dispatch and only slightly different power prices all else

being equal.

Calculations with investments
> Power prices in equilibrium with long-run marginal costs of production.
Calculations with given capacities

» Power prices in equilibrium with short-run marginal costs of
production in at any time.

In a market with adequate demand response or sufficient variable cost
intensive technology options, the long-run and short-run marginal costs
converge towards the same equilibrium.

Hydro power

Hydro power reservoirs work as an energy storage. Bidding of hydro
generation capacity depends on the expectations for future earnings
possibilities, which thereby creates and equilibrium over time.

Linkage options for investment and hourly simulations:

* Fixed generation quantity: The price equilibrium for hydro determined in
the investment run is shifted. This may consequentially yield an prices
which cannot be said to represent the long-run equilibrium expectation.

* Endogenous investments are computationally taxing and therefore it is a common approach to determine the capacity mix - Fixed bidding prices for hydro power: This may result in minor changes in
first using an aggregate representative representation of time and transfer the capacity mix to an hourly simulation

without investments.

hydro power output, but the prices are more in line with the long-run
equilibrium.




Offshore wind modelling

*  The Balmorel model holds information on sites for offshore wind including, depth, distances, capacity
potentials and wind resources. Main information for sources are the 4C Offshore database, earlier
work for the European commission on potentials in the Baltic Sea (BEMIP) and the MERRA2 dataset for
wind resources. As existing databases on specific sites have not mapped the full offshore potential,
which might be utilized towards 2050, information on specific sites is combined with estimates on
total potentials from the JRC ENSPRESO database, by scaling potentials at known sites to reach the
total potentials in a wider region.

. Existing and firmly planned offshore sites towards 2030 are defined exogenously, but the model can
invest in additional offshore wind towards 2030 and 2050. The model will invest in capacity in offshore
areas that are economically profitable, so that revenue will match annual investment and operational
costs. Similar to sites in the North Sea and the Baltic Sea illustrated on the right, potential (with lower
accuracy) are also defined for the Mediterranean Sea and the Atlantic Sea.

*  These offshore areas can either be connected radially or in a meshed grid. For example, Danish
offshore hubs can be connected to other offshore hubs in UK and the Netherlands, or directly to said
countries. For computational reasons, number of potential combinations of potential connections
needs to be limited.

. For Denmark, the first two Energy Islands at Bornholm and in the North Sea are defined exogenously.
The energy island at Bornholm, is defined with 3 GW wind turbines with 2 GW transmission to
Germany and 1,2 GW to Denmark in 2030. For energy island west, we assume 3 GW offshore wind
with 2 GW electrical transmission to Belgium and 1,4 GW to Denmark in 2035. The model is able to
invest in further offshore wind capacity including energy Islands with transmission to both Denmark
and neighboring countries.

. Generation profiles are based on wind speeds and assumptions for aggregated power curves for
future wind farms. (see also upcoming slides regarding meso-scale wake effects).

30

North

Gulf of
Bothnia

Offshore wind generation

Transmission capacity

)\_ Offshore wind generation

Transmission capacity

Offshore platform

,‘\.

41t




Meso-scale wake effects

» Inspiration for level of meso-scale wake losses is
based on publications by the Technical University of
Denmark This is called meso-scale wake effects.

« Marginal losses up to 33% - even excluding region
wide impacts. Estimates uncertain.

* Model implementation

— Toaccount for wake effects, we can only reduce the production of new sites,
since we cannot modify the production of existing sites that may experience

wake effects from the commissioning of nearby sites

— The production loss from wake effects in new sites are determined by the

marginal loss of adding capacity, as shown in the table.

— Theunderlying assumption is that new sites will have to compensate nearby

sites and thus essentially pay for the wake effects.

* a) Offshore energy hubs: Cost-effectiveness in the Baltic Sea energy system towards

2050 (2022), Koivisto, Matti Juhani; Kanellas, Polyneikis; Pedersen, Rasmus Bo Bramstoft; Koduvere, Hardi ; Murcia Leon, Juan Pablo

b) Agora Energiewende, Agora Verkehrswende, Technical University of Denmark and Max-Planck-Institute for Biogeochemistry (2020): Making the Most of
Offshore Wind: Re-Evaluating the Potential of Offshore Wind in the German North Sea.

c) Simulations ofghpd generation profiles carried out by the Technical University of Denmark for the NSWPH.

DTU has not provided direct inputs to model simulations and the evaluation of estimated wake effects is Ea’s assessment and actual impacts are uncertain

052 S —
DTU-estimates for meso-

scale wake effects within a
cluster (Does not include

G 046 region wide-impacts). See
0.44 reference a)
042

—e— PyWake
040 —* Modified

1 2 3 4 5 6
GW

Figure 2. The difference between the microscale wake (PyWake) results and
the modified wake results, where the wake losses are scaled using mesoscale
wake results (Modified), on offshore energy hub wind generation capacity
factors (CFs) in the Baltic Sea.

Marginal CF Marginal loss
% %
0 50%
1 50% 50% 1% 1%
2 49% 48% 2% 4%
4 46% 44% 8% 13%
6 42% 34% 16% 33%
Model implementation
Hub 15% 35% 35% 15%
potential
Loss on 0% 4% 13% 33%
marginal
wind




Implementation of meso-scale wake effects

* This graphs shows the implemented meso-
scale wake effects on the generation duration Meso-scale wake effects
curve for an offshore site. 12

* The first 15% of potential at any site do not
include meso-scale wake effect.

*  The next 35% will have 4% lower FLH
(First wake effect).

e The next 35% will have 13% lower FLH (Second
wake effect)

*  Thelast 15% will have 33% lower FLH
(Third wake effect)

= o
El 0

Normalized production

o
T~

02

e No wake effect = == == First wake effect = == == Second wake effect = == == Third wake effect
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Interconnection of offshore wind

* Sites that are up to 50 km from shore can be AC connected.

* These AC connected sites can also connect to other countries via
HVDC connections, as distances are very long. However, if they do To NL or UK
so, they must pay for a new HVDC platform and substation. The 0,5 GW

size of the AC substation cannot be reduced (modeling wise), but

oK1

o5GwicGcw 0,5

the cable to the home country can (but does not have to)

1G6W

To NL or UK

0,5GW

DKL

o5Gwicw 0,5

e———= HVDC transmission (GW) @ HVDC Platform+substation (GW)

s AC transmission (GW) @ AC Platform+substation (GW)

i]{i_ Wind capacity (GW)
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CAPEX differentiation within site

* Each site is split in four different costs and potentials, which vary
around the central estimate for CAPEX. OPEX is assumed unchanged Potential Average
15% of potential at each site has a 5% cost reduction A
35% of potential at each site has a 2,5% cost reduction

35% of potential at each site has a 2,5% cost increase

15% of potential at each site has a 5% cost increase

35% 35%

15% 15%

+5% CAPEX

-5% -2.5% +2.5%
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Technology investment costs

Investment technology Capex

3,00

Technology FO&M (KEUR24/MW /y)

Onshore wind 29.58 19.21
2,00 Offshore wind 61.09 43.78
Solar 9.81 9.81
150 Electrolyser 36.03 28.6
Electrolyser (grid investments) 4.41 4.41
Technology VO&M (KEUR24/MWHh)
Ho0 Onshore wind 3.15 2.07
Offshore wind 5.18 3.96
0.5 Solar 0 0
I I I . Electrolyser 0 0
0,00

Onshore  Offshore Solar  Electrolyser Onshore  Offshore Solar  Electrolyser *Average over all tEChHOI‘)gy types installed in the year.
wind wind wind wind

2,50

M€24/MW

o

2030 2045

M Technology CAPEX  m Grid CAPEX

*Average over all technology types invested in the year.
Energiforsk @



Hydrogen cycle

* The model operates with a full hydrogen cycle, meaning the model has _ _
to build power capacity to produce electricity, which can be used to HENEWEBIES Electricity Electrolysis Hydrogen
produce hydrogen, which can then be used for fueling hydrogen G2P
turbines or supply hydrogen demand. ﬁ ’ ﬁ H

* This means that increasing the need for hydrogen for electricity — 2
generation to balance the system, will increase the electricity demand
for hydrogen production as well.

* Costs of storage and transportation is also included.

Electricity H2 Demand

¥

a6 Energiforsk @



Hydrogen imports to Europe

*  The model has the option to import hydrogen through two pipelines from North Africa.
These two pipelines has a maximum capacity of around 8 mtons/year from 2040.

e Additionally, each ocean connected bidding zone can import hydrogen through shipping e
at a higher price. 4,0

*  H2 prices shown to the right are based on a calculation using standalone solar PV in 3,5
Morrocco to produce hydrogen. Pipeline import price is around 2,2 EUR22/Kg hydrogen

in 2030, decreased to 1,4 EUR22/kg in 2050. The shipping price has the added shipping 3,0
cost on top.

2,5

2,

1

* 1

0
. 0,0

2020 2025 2030 2040 2050

EUR22/kgH2
k= w =)

w

M Production Cost m Storage M Compression M Pipelines & Shipping Cost & Total pipeline import

L ]
37 Pipelines are located between Morroco and Spain and Tunisia and @ E n e rg I FO rs k @
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