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Sabanci Universitesi istanbul Uluslararasi Enerji ve Iklim Merkezi (IICEC), gelecege yénelik
bir bagimsiz arastirma ve politika merkezi olarak, enerji ve iklim konularinda nesnel, kaliteli
arastirmalar yapmak lzere kurulmustur.

IICEC, kamu-sanayi-akademi ig birliklerini destekleyen basari ti¢geni modeli icerisinde,
enerji ve iklim gtindeminde gergeklestirdigi ulusal, bélgesel ve uluslararasi ¢alismalar ile
daha temiz ve glivenli enerji gelecegine katki sunmaktadir.

Bélgedeki en seckin Universitelerden birinin blinyesinde yer alan IICEC, Tirkiye enerji
sektoériine stratejik ve butlncll bakis perspektifiyle analitik calismalar gergeklestirmekte,
ayni zamanda enerji ve iklim alanlarinda kilit paydaslan bir araya getiren segkin bir
platform saglayarak fikir alisverigini ve gelisimini de tegvik etmektedir. ICEC tarafindan
2020 yihinda Tirkiye'de bir ilk olarak yayimlanan “Turkey Energy Outlook”, enerji sektérinin
verimli, givenli, rekabetgi, teknoloji-odakli ve stirdlirilebilir gelecedini somut &neriler ile
desteklemektedir.
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Turkiye Yesil Hidrojen Gelecegi 2023
(Turkiye Green Hydrogen Future 2023)
Yénetici Ozeti
Neden “Tiirkiye Yesil Hidrojen Gelecegi” ?

2022 yilinda yasanan dinyanin ilk enerji krizi, ginimuzin jeopolitik gelismeleri, elektrifikasyonda
guclu buyumeyi destekleyecek elektrik sistemlerinin blyUmesi ve esnekligi, temiz ener;ji
teknolojilerinin ve tedarik zincirlerinin glvenlidi gibi yeni sinamalar, dinyada enerji guvenligi
paradigmasina ¢ok yénli bir nitelik kazandirmaktadir. iklim degisikligi ile micadele kapsaminda
1,5 °C ve net-sifir hedefleri yasamsal énemini korurken, enerji dénlisimu igin givenli ve temiz
enerji segeneklerin guglendirilmesi, surdurilebilir gelecedin en 6nemli unsurlarindan birini
olusturmaktadir. Son dénemde temiz enerji yatinmlarinin blyukligunin fosil yakit yatinmlarinin
belirgin sekilde Uzerinde gerceklesmesi sonucunda diinya enerji sektérl temiz enerjinin payinin
hizla artacad bir déneme girmektedir. Yeni sanayi stratejilerinde, ekonomilerin strdtrllebilir
rekabetgiligi bakimindan enerjikaynaklari portféylnin yani sira temiz enerji ve iklim teknolojilerinde
de gesitlendirme ve yerlilestirme unsurlan kritik dncelik niteli§i kazanmakta, jeopolitik gelismeler
bu yénelimleri glglendirmektedir.

Temiz hidrojene ydnelim de makro eneriji, iklim, sanayi, teknoloji dinamikleri ve jeopolitik gelismeler
icerisinde son dénemde hizlanmaktadir. Ozellikle adir sanayi, uzun yol tasimacilig gibi, temiz
elektrifikasyon yoluyla karbondan arindiriimasi gi¢ olan sektérlerde yayginlasma potansiyeli
ylksek olan temiz hidrojen, fosil yakitlardan yenilenebilir ve nikleer enerjiye kadar gesitli birincil
enerji kaynaklarindan, farkh teknolojiler yoluyla Uretilebilmektedir. Hidrojen farkh formlarda
depolanabilmekte, tasinabilmekte ve kullanima sunulabilmektedir.

Tum bu 6zellikler, temiz hidrojeni daha glvenli, temiz ve strdirllebilir enerji arz talep dengeleri
icerisinde hem yakit hem de esnek bir enerji tasiyicisi olarak éne cikarmaktadir. Ozellikle blyik
ekonomiler tarafindan hayata gegirilen destekleyici finansman ve yenilikgi is modelleri, ilk gelisim
asamasinda yesil hidrojenin ekonomisini ve rekabetgiligini iyilestirmeyi, tedarik zincirlerinin
surdurulebilir blyumesini hedeflerken, ézellikle 2030 sonrasi dénemde net-sifir patikasi ile uyumlu
bir blyime zeminini guglendirmektedir. Teknolojik gelisim firsatlarinin ve maliyetlerde dusus
perspektifinin yesil hidrojenin rekabetgciliginde énemli iyilesmeler saglamasi hedeflenmektedir.
Yesil hidrojende blyumenin, Turkiye'nin enerji dengelerinde de gelecekte énemli rol oynamasi
beklenmektedir.

Tirkiye'nin Potansiyeli ve Gli¢li Yénleri

Turkiye, geng nlfus, sanayilesme, kentlesme ve mobilite gibi dinamiklerle desteklenerek artan
enerji talebi ve enerji sektdriinde yiksek blylime potansiyeliyle Avrupa’nin en biylk, dinyanin
ise en dinamik enerji piyasalarindan birisi durumundadir. Arz guvenlidi, rekabetgilik ve yerlilesme
odakli gelisen enerji stratejileri ile birlikte 2053 net-sifir emisyon hedefinin agiklanmasi, ener;ji
piyasalarinda ilerlemeler yoluyla énimuizdeki otuz yil icerisinde daha glvenli ve temiz enerji
geleceginin belirleyicileri olacaktir.
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Enerji sektérinde ithal fosil yakit yodunlugunun ve eneriji ithalat faturasinin azaltiimasini, kaynak
ve teknoloji gesitlendirmesinin ve arz guvenliginin guglendiriimesini, net-sifir hedeflerine yonelik
dontsimi es zamanli olarak destekleyebilecek tim alanlarda, teknoloji-odakl gelisme ve ¢ok
yonlU buyume firsatlar bulunmaktadir. Enerji politikalar, piyasa gelisimi ve yatinm &ncelikleri
arasinda, temiz elektrifikasyonda hizli yayginlagma, yenilenebilir enerjide ve eneriji verimliliginde
yuksek potansiyelin degerlendirilmesi gibi basliklar son dénemde daha fazla éne ¢ikmaktadir.
Kiresel ve boélgesel gelismeler, ulusal kalkinma, enerji, iklim ve sanayi politikalarinda belirlenen
oncelikler, sanayide yeni girisimler cercevesinde hidrojen ekosisteminde gelisim odadi da
glclenmektedir. Turkiye'nin dinamik enerji piyasasi, enerji talebinde buyime ihtiyaci ve gugla
yenilenebilir enerji potansiyeli, yesil hidrojen Uretimi ve ilgili teknolojilerin gelisimi bakimindan
onemli bir zemin olusturmaktadir.

12. Kalkinma Plani (2023), Turkiye Ulusal Enerji Plani (2022) ve Turkiye Hidrojen Teknolojileri Stratejisi
ve Yol Haritasi (2023), ézellikle yesil hidrojenin tretimine, karbondan arindirilmasi zor sektérlerde
tuketimine, ilgili altyapilarin ve teknolojilerin gelisimine ydnelik énemli hedefler ve agilimlar
sunmaktadir. Yesil hidrojen talebi ve ithalat ihtiyaci yiksek olan Avrupa pazarlarina yakinlik
ise, gelecekte i¢ tlketim sektoérlerinin kullanimi 6ncelikli olmak Uzere yesil hidrojende ihracat
bakimindan enerji ticaret merkezi perspektifi igerisinde yeni firsatlar getirmektedir. Politika
belgelerindeki 6ncelikler de bu vizyonu desteklemektedir.

IICEC Modeli ve Analizleri Ozeti

“Tarkiye Yesil Hidrojen Gelecegdi”, IICEC tarafindan Turkiye'de bir ilk olarak yayimlanan Turkiye
Energy Outlook (Turkiye Enerji Gérinumu) galigmasinin ve IICEC Enerji Modeli ile Turkiye eneriji
ekonomisinin detayli bir envanteri Gzerine kurulmustur. Enerjide arz ve talep zincirinin tamamini
kapsayan bir veri tabanindan yararlanan bitlincll modelleme cgergevesi, kiresel ve bodlgesel
enerji ve iklim dinamiklerini, Turkiye'nin glincel kalkinma, enerji, sanayi ve iklim politikalarindaki
kritik 6ncelikleri ve yonelimleri, enerji piyasalarindaki ve teknolojilerdeki ihtiyaglari, beklentileri ve
ilerlemeleri yansitmaktadir.

Analitik bir yaklagim, detayli analizler ve uzun-vadeli perspektifle gergeklestirilen bu énci
calismada, Turkiye'nin yesil hidrojende 2050-2053 yillarina kadar olan dénemde blyime ve
gelisim perspektifinin, enerjide kaynak c¢esitlendirmesine ve enerji guvenligine, ithal fosil yakit
tuketiminde ve eneriji ithalat faturasinda dastse, CO, emisyonlarinda azaltima, temiz ener;ji
donistimid amaclarina ve net-sifir emisyon perspektifine saglayabilecedi katkilar somut sayisal
gostergeler ile sunulmaktadir. Ayrica, Tarkiye'nin ilgili hidrojen teknolojilerinde belirledigi dncelikli
alanlarda saglanabilecek, yerlilesme gibi kritik kazanimlar da degerlendirilmistir.

[ICEC modeli ve analizleri, yesil hidrojen Uretiminde Turkiye Hidrojen Teknolojileri Stratejisi ve Yol
Haritasi'ndaki elektrolizér kurulum hedeflerini baz almaktadir (2030 yilinda 2 GW, 2035 yilinda
5 GW ve 2053 yilinda 70 GW). Bu gergevede, 2050-2053 yillarina kadar olan dénemde 50-70
GW' elektrolizér kapasitesine ulasan bir biylime patikasinda teknolojilerin, talep sektérlerinin,
Uretimde ve tuketimde kapasite kullanim oranlarinin, hidrojen Uretiminin ekonomisinin ve diger
ilgili faktorlerin gelisimine iligkin tekno-ekonomik analizler gergeklestirilmistir.

T|EA NZE (Net Zero Emissions) Senaryosunda 2050 yilinda oéngorulen kiresel elektrolizér kapasitesinde %1,5 pay.
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Elektrolizoér kapasitesinde, 6zellikle 2035 sonrasi dénemde ¢ok hizli bliyime hedefini yansitan
analizlerde, Uretim 2030 yilindan itibaren her bes yilda yaklasik iki kat artig géstermektedir. Turkiye
yesil hidrojen tretiminin 2035 yilinda 0,6 Mt ve 2050 yilinda 5,5 Mt” seviyesinde gerceklesebilecegi
éngorilmektedir.

Mevcut teknolojilerle glinimuzde yesil hidrojenin sebeke elektriginden tretim maliyeti 8,5-9 $/
kg3 araliginda olup, mevcut dodal gaz maliyetlerinin enerji esdegeri cinsinden 5-6 katina karsilik
gelmektedir. Uretimin rekabetciligi icin en kritik unsur elektrik girdi maliyetlerinin gelisimi olacaktir.
Hedeflenen maliyet seviyeleri (2035 yilinda 2,4 $/kg ve 2053 yilinda 1,2 $/kg), sirasiyla 30 $/
MWh ve 10-15 $/MWh elektrik maliyetleri gerektirmektedir. Yesil hidrojen, mevcut dodal gaz fiyat
seviyelerinde gri hidrojenle 2030, dogal gazla 2040 civarinda basa bas noktasina gelmektedir.
Karbon maliyetlerinde daha hizli yikselis veya fosil yakit fiyatlarinin gelecekte daha yiksek
seyretmesi halinde rekabetgcilik daha erken gerceklesebilecektir.

Karbondan arindirlmasi zor olan sektérlerde hidrojen talebinin muhtemel gelisimi, sektorel
dinamikler gergevesinde analiz edilmistir. Mevcutta gri hidrojen tuketicileri olan rafineri ve glbre
sektorlerinde dénisimin ve AB Sinirda Karbon Dizenleme Mekanizmasi'nin etkileriyle ézellikle
2030 sonrasi dénemde, celik basta gelmek Gzere fosil yakit yogunlugu yliksek, ayni zamanda
Turkiye'nin ihracatta rekabetgiligi bakimindan kritik olan sanayi sektérlerinin talepteki ilk dnemli
buyudkltkleri olusturmasi beklenmektedir. Otomotiv sektdrinin dunyadaki ve Avrupa'daki
gelismeler ile uyumlasmasi, lojistikte Turkiye'nin konumu, mobilitede temiz enerji yonelimleri
gibi dinamikler neticesinde karayolu, havacilik ve denizcilikte talebin de &zellikle 2030-2035
sonrasinda hizlanmasi éngoéridlmektedir. 2050-2053 déneminde 3,8 Mt toplam yesil hidrojen
talebinin yaklasik %90'u sanayide ve ulagimda gergeklesmektedir .

Yesil hidrojen tuketimi, ulasimda eneriji talebinin 2035 yilinda binde 7'sine ve 2050 yilinda %11'ine,
sanayide enerji talebinin ise 2035 yilinda %1ine ve 2050 yilinda %8'ine yuUkselmektedir. Yesil
hidrojen, Turkiye'nin toplam nihai enerji tiketiminin 2035 yilinda binde yedisine, 2040 yilinda
%1'ine ve 2050 yilinda %6&'sina karsilik gelmektedir’. ICEC analizlerine gére, temiz elektrifikasyon,
dogrudan yenilenebilir enerji kullanimi ve yesil hidrojenin toplam nihai enerji talebine katkisi
2050-2053 yillarina kadar %70-75'e cikabilmektedir (Son dénemde %10-15)°. Uretim ve tiketimde
gelisim perspektifi, Turkiye'nin yesil hidrojende potansiyel tiketici sektdrlerin talebinin karsilanmasi
éncelikli olacak sekilde ihracatgl konum da saglayabilecedini gdstermektedir (2035 yilinda 0,2 Mt
ve 2050 yilinda 1,7 Mt hidrojen esdegeri ihracat).

Turkiye Hidrojen Teknolojileri Stratejisi ve Yol Haritasindaki ihracat vizyonuyla da uyumlu olan
bu blyime patikasinda 2050 yilina kadar kiimulatif Gretiminin yaklasik %30'u, adirlikli bdlumu
amonyak olmak tGzere Avrupa'ya ihracat yoluyla dederlendirilebilmektedir. Orta ve uzun vadede
boru hatlarindaki gelismeler de ihracati gesitlendirebilecektir. ihracatta gelisim yoluyla Tiirkiye
AB'nin toplam yesil hidrojen ithalatinda 2050 yilina kadar ortalama %3 pay alabilecektir (2050
yilinda %8).

2 |EANZE Senaryosunda 2050 yilinda éngérulen kuresel yesil hidrojen tretiminde %1,6 pay.
3 Seviyelendirilmis Hidrojen Uretim Maliyeti (Levelized Cost of Hydrogen)

4 Dogal gaza karisim hedeflerini, temiz elektrifikasyon ve verimli 1si pompasi ¢éztimlerini yansitan IICEC analizlerinde binalarin toplam yesil hidrojen
tuketiminde payinin sinirl olacadr gérilmektedir. Glglu elektrifikasyon ve artan degisken yenilenebilir enerji payi cergevesinde, depolama-odakli olarak
hidrojenden 6zellikle sistem esnekligi bakimindan énemli kazanimlar saglanabilecektir.

52050 yilinda diinya ortalamasi IEA APS Senaryosunda %3 ve IEA NZE Senaryosunda %8.

6 Nihai enerji tketiminin yansinin elektrik enerjisinde gergeklesmesi beklenmektedir (giinimiizde yaklasik %20).
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Sunulan yesil hidrojen gelisimi patikasi, 2035 yilina kadar yaklasik 15 GW ve 2050 yilina kadar 90
GW'In Uzerinde ilave yenilenebilir enerji kurulu giict gelistiriimesini gerektirmektedir. Yesil hidrojen
Uretimini temin edecek elektrik girdisi, Turkiye toplam brit elektrik Gretimin 2035 yilinda %6'sina
ve 2050 yilinda yaklasik %20'ine karsilik gelmektedir. Hidrojen depolamanin, elektrik sektérindn
artan esneklik gereksinimleriigerisinde orta ve uzun dénemde elektrik arz glvenligi ve yenilenebilir
enerjide gugli bliylme bakimindan énemli bir segenek konumuna ulasmasi beklenmektedir.
Dolayisiyla, yesil hidrojende arz ve talep dengesinin gelisiminden azami ekonomik faydanin
saglanabilmesinde, elektrik sisteminde yakin, orta ve uzun dénem blylime hedeflerinin ve arz
guvenligi 6nceliklerinin de mutlaka gézetilmesi, elektrik ve hidrojen Uretimi icin entegre planlama
yaklasimlarinin ve yol haritalarinin gelistiriimesi gerekmektedir. Buna ek olarak, yenilikgi nikleer
teknolojilerinden pembe hidrojen Uretimi potansiyeli, yerli fosil kaynaklara entegre karbon
teknolojilerindeki gelisime dayali hidrojen Gretimi, tUm dinyada oldugu talepte blylime hizina
iliskin bazi belirsizlikler gibi faktorler de yesil hidrojen arz-talep dengesinin orta ve uzun vadede
gelisimini etkileyebilecektir.

Elektrik-yodun yesil hidrojen Uretiminin su-yodunlugu da yuksek olup, surdurtlebilir Gretimi
desteklemek Uzere deniz suyu éncelikli kullanimin da simdiden planlanmasi gerekmektedir. 2050
yilina kadar olan dénemde elektrolizér hedeflerini desteklemek Uzere toplam su gereksinimi,
agirhkh bslumi deniz suyu olmak Gzere 1,5 milyar m3 olarak hesaplanmaktadir’. Elektrolizér
Uretimine, kurulumlarina ve diger teknolojilere girdi olusturacak kritik minerallerin ve tedarik
zincirlerinin guvenliginin de yesil hidrojende genis dlgekte surdurdlebilir blylime bakimindan
énemli bir planlama alani olacadi degerlendiriimektedir. Deger zincirinin gelisiminde, butuncul
sistem perspektifiyle azami gtivenlik mutlaka temin edilmelidir.

Eneriji, iklim ve Teknoloji-Odakli Sanayi Gelisimi icin Cok
Boyutlu Faydalar

Turkiye, yesil hidrojen gelisim patikasinda 6zellikle 2030-2035 sonrasi dénemden itibaren ¢ok
boyutlu eneriji ve iklim faydalari saglayabilecektir. 2050 yilina kadar olan dénemde yesil hidrojenin
petrol UrUnleri, dogal gaz ve kémurl ikamesi yoluyla fosil yakit tiketiminde toplam 81,0 Mtep
tasarruf gergeklestirilebilmektedir (nihai enerji tiketiminin mevcut yillik fosil yakit tiketimine
esdeger). Bu tasarruf, 2050 yilina kadar eneriji ithalat faturasinda yillik ortalama 0,8 milyar 2022$
dususe karsilik gelmektedir® (2050 yilinda 3,1 milyar 2022$).

Ayni dénemde sera gazi emisyonlarinda 287,2 Mt CO,-es azaltim gergeklesmekte, yesil hidrojende
bliyime net-sifir hedefini desteklemektedir (Mevcut durumda karbondan arindirimasi zor
sektorlerin emisyon envanteri 79,5 MtCO,-es). 2050 yilina kadar olan dénemde bunun karsilid
ise 1,4 milyar 2022$ olarak hesaplanmaktadir’ (2050 yilinda 4,8 milyar 2022$). Dolayisiyla, bu iki
alanda yilda ortalama 2,2 milyar 2022$ ekonomik fayda sadlanabilmektedir. AB'ye ihracat ile
saglanabilecek ekonomik fayda ise yillik ortalama 1,3 milyar 2022$ olarak hesaplanmaktadir
(2050 yilinda 4,4 milyar 2022$). Uretimin %30'una karsilik gelen AB'ye ihracat, 2050 yilina kadar
toplam ekonomik faydanin yaklasik %40'ini olusturmaktadir.

7 Tamaminin yeralti suyu olmasi durumunda mevcut yeralti suyu ttketiminin %6'sina esdeger.

8 |EA STEPS Senaryosu emtia fiyat serileriyle. IEA APS Senaryosuna gére 0,6 milyar 2022$. IICEC analizleri petrol ve dogal gazda yerli Uretimde artis
perspektifini dikkate almakta, fosil yakit ithalat oranlari zaman igerisinde Ugte-ikiye dismektedir. Fosil yakit arzinda mevcut ithalat yogunlugu oranlarinin
devam etmesi durumunda 1,1 milyar 2022$.

9 IEA STEPS Senaryosu karbon fiyat serileriyle. IEA APS Senaryosuna gére 1,8 milyar 2022$.
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Hidrojen ekosisteminde buyumeyi saglayacak yatirimlarin maliyetlerinin irdelendigi IICEC
analizlerinde, 2050 yilina kadar yaklasik yarisi elektrik Gretimine odakh olmak Gzere, yillik
ortalama yaklagik 3,0 milyar 2022$ yatinm gereksinimi tespit edilmistir (Elektrik tGretimine 1,6
milyar 2022$, elektrolizér kurulumuna 0,8 milyar 2022$ ve diger altyapilar icin 0,6 milyar 20223$).
Teknolojilerinde gelisim beklentileri, 2050 yilina kadar olan dénemde elektrolizér maliyetlerinde
iyilesmeler saglamaktadir. Deder zincirinde en énemli belirsizliklerden olan altyapida geligimin
hizi ve optimizasyonu toplam maliyet seviyeleri bakimindan kritiktir.

2050 yilina kadar olan dénemde yillik ortalama 3,0 milyar 2022$ yatinm karsiiginda 3,5 milyar
2022$ eneriji ithalati, emisyon ve yesil hidrojen ihracati faydasi elde edilmektedir (Kimulatif 91,7
milyar 2022$ ve 77,2 milyar 2022$; 2050 yilinda 12,3 milyar 2022$ ve 5,2 milyar 2022%$). Fayda-
maliyet ¢arpani 2,4'e, kimulatif fayda-maliyet ¢arpani 1,2'ye ulagmaktadir. Kimalatif olarak
maliyetlerin Uzerinde fayda saglanmasi 2045 civarinda gergeklesmektedir. Bu analizler, yesil
hidrojenin geleneksel, fosil yakita dayal alternatiflerle maliyet bazinda tam rekabetgi konuma
gelmesinin zamanlamasiyla da genis dlgide uyum gdstermektedir.

Yesil hidrojenin énemli katkilarindan birisi de enerji arzinda yerlilesme ve gesitlendirme yoluyla
enerji guvenliginin desteklenmesidir. Ekosistemin gelisimiyle birlikte teknolojilerde yerlilesme
gibi alanlardaki kritik kazanimlar, fayda-maliyet carpanini daha yukarilara tasiyacak, makro
perspektifte yatinmlarin geri dénltsini hizlandirabilecektir. DUnyadaki iyi uygulama érneklerine
benzer mekanizmalara ilk gelisim asamasinda iglerlik kazandirilabilmesi, dngérilebilirligi ve uzun
vadede kazanimlar guglendirecektir.

Calismada orta ve uzun vadede eneriji ve karbon fiyatlar gelisimine iliskin farkl fiyat serilerine ek
olarak, fosil yakit ithalat agirhiginin degisimi, hidrojen ve amonyak fiyatlarinin bdlgesel gelisimi,
talep ve altyapilarin gelisim hizi gibi 6nemli belirsizlikler de dikkate alinarak arz ve talebin fayda
ve maliyet boyutlarina iliskin cesitli hassasiyet analizleri gerceklestirilmistir. Ornegin, altyapi
maliyetlerinde %20 artista fayda-maliyet ¢arpani yaklagik %5 digerken, hidrojen ve amonyak
ihracat fiyatlarinda %20 ylUkselis durumunda fayda-maliyet carpani %8 artis géstermektedir.

Yesil hidrojende, kalkinma, eneriji, sanayive iklim stratejilerive hedefleriile uyumlu, yenilenebilir ener;ji
ve elektrik sektdrlerinin gelisimine entegre yaklasimlarla saglanabilecek blylime, givenli ve temiz
enerji gelecegine ve teknolojik gelisime ¢ok boyutlu katkilar sunabilecektir. Tum bu kazanimlar,
kamu, 6zel sektor, akademi is birlikleri igerisinde, uzun vadeli hedefleri destekleyen yol haritalar,
sistem seviyesinde verimliligi ve guvenligi gézeten teknik ve dizenleyici altyapilarda gelisim,
butuncll planlama ile desteklenen piyasa gelisimi ve yatirm ortami, gelecedin teknolojilerinde
Ar-Ge, yerlilesme ve imalat yetkinlikleri, uluslararasi is birlikleri, yetkin insan kaynagdi ve yenilikgi is
modelleri gibi kritik gelisim alanlarinda énemli adimlar ile hayata gegirilebilecektir.
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Yesil Hidrojen i¢ Talebinin Sektérel Gelisimi (2023-2050, Mt/y)
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IICEC Onerileri

lICEC, Tirkiye'nin yesil hidrojende ve ilgili teknolojilerde sahip oldugu avantajlar
cercevesinde, enerji guvenligi, temiz enerji donlisumi, rekabetgilik, yerlilesme ve
teknoloji-odakl sanayi gelisimi igin gok boyutlu firsatlar sunan yiiksek potansiyelinin
degerlendirilmesi igin,

1. Uretimde, talepte ve ilgili altyapilarda gelisim perspektifine iligkin yol
haritalarinin, éncelikli sektorler ve bolgeler bazinda belirlenmesini,

2. Teknik ve dizenleyici altyapilarin olusturulmasini, optimal kaynak kullanimini
ve azami glvenligi temin edecek uzun vadeli master planlamalarin hazirlanarak
hayata gegirilmesini,

3. Deger zincirinde verimli ve 6ngérilebilir biyime igin piyasa ve destek
mekanizmalarinin, elektrik, dogal gaz, karbon piyasalar ile etkilesimler ve
elektrik arz gtivenligi de gozetilerek olusturulmasini,

4, Elektrolizor, depolama ve yakit hiicresi basta gelmek Gzere kritik teknolojilerde
firsatlarin degerlendiriimesini, yerlilesme ve imalat kabiliyetlerinin gelistiriimesini,

5. Uluslararasi ve bdlgesel is birliklerinin guglendiriimesini, Avrupa’nin artan
talebineydnelikihracatimkanlarininazamifaydasaglayacak degerlendiriimesini,

6. Ekosistemin genelinde, rizgar ve gines kaynaklari ve su kullanimi,  kritik
mineraller ve tedarik zincirleri gibi alanlarda genis oélgekte surdurulebilirlik
perspektifinin goézetilmesini,

7. SUrdurdlebilir bluyimeyi ve rekabetgciligi destekleyecek, nitelikli insan kaynagdi
ve yetenek havuzunun gelistiriimesini ve guglu bir girisimcilik ekosisteminin
hayata gegirilmesini Snermektedir.

12
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Executive Summary




lICEC Turkiye Green Hydrogen Future 2023
Executive Summary
Why the “Turkiye Green Hydrogen Future” ?

Recent developments in global energy — the first global energy crisis in 2022, ongoing geopolitical
developments, the emerging needs for flexible electricity systems that can enable strong growth
in electrification, and the bolstering of clean energy technologies and supply chains — have
transformed the energy security paradigm into a multifaceted one. While the 1.5°C and net-
zero targets remain vital in the fight against climate change, strengthening secure and clean
energy options for energy transitions around the world constitutes one of the most important
elements of a sustainable future. Recent levels of investment in clean energy have significantly
outpaced those for fossil fuels, auguring a new period for the global energy sector in which the
share of clean energy will increase rapidly. Diversification and localization of clean energy and
climate technologies in addition to energy supply portfolios have become a central priority in the
advancement of new industrial strategies for sustainable competitiveness of national economies.
Geopolitical developments further reinforce these energy, climate and industrial trends.

Interest and investment in clean hydrogen has also been accelerating inrecent years due to macro
energy, climate, industrial and technological dynamics; and geopolitical developments. Clean
hydrogen possesses potential to become widespread, especially in sectors that are difficult to
decarbonize through clean electrification, such as heavy industry and long-haul transportation,
and can be produced from various primary energy sources, from fossil fuels to renewables and
nuclear energy, and through different technologies. Hydrogen can also be stored, transported,
and used in different forms.

All these aspects suggest that green hydrogen can serve both as a fuel and a flexible energy
carrier and can help build more secure, cleaner, and more sustainable energy supply-and-
demand balances. Supportive financing and innovative business models, especially those
implemented by major economies, aim to improve the economics and competitiveness of green
hydrogen in its initial growth phases, to nurture the sustainable growth of green hydrogen supply
chains and, at the same time, to forge a growth model that is compatible with the net-zero
pathway, especially during the post-2030 period. Moreover, technological development and the
drive to reduce costs are expected to provide significant improvements in the competitiveness of
green hydrogen in the coming years globally. The growth in green hydrogen is also expected to
play an important role in Turkiye's future energy balances.

Turkiye's Potential and Strengths

Turkiye is one of the largest energy markets in Europe and among the most dynamic in the world.
The country features rising energy demand and high growth potential in the energy sector,
supported by a young population and rising levels of industrialization, urbanization, and mobility.
Turkiye's announcement of the 2053 net-zero emission target, together with its developing
energy strategies that focus on supply security, competitiveness, and localization, will be central
to building a more secure and cleaner energy future over the next thirty years.
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Technology-oriented development and versatile growth opportunities can simultaneously
support Turkiye to reduce its imported fossil fuelintensity and energy-import bill, diversify its energy
resources and technologies, assure security of supply, and initiate an inclusive transformation
towards its net-zero targets. Among the energy policies, market development, and investment
priorities, the rapid expansion of clean electrification and the realization of the high potential in
renewable energy and energy efficiency have become more prominent. Developing the hydrogen
ecosystem is also being strengthened within the framework of global and regional trends as
well as national development, energy, climate, and industrial policies, and emerging initiatives in
industry. Turkiye's dynamic energy market, the imperative to meet increasing demand, and the
strong potential in renewable energy all provide important reasons for Turkiye to develop green
hydrogen production and its related technologies.

In this regard, the "12th Development Plan” (2023), “Turkiye's National Energy Plan” (2022), and
"Turkiye's Hydrogen Technologies Strategy and Road Map" (2023) present important targets
and perspectives, especially in green hydrogen production and consumption in sectors that
are difficult to decarbonize, and the development of relevant infrastructure and technologies.
The country’s proximity to European markets, which have robust demand for green hydrogen
and clear import needs, also brings new opportunities within the perspective of becoming an
energy trade center and exporter of green hydrogen in the future, with priority given to domestic
consumption. The priorities within Turkiye's policy documents also support this vision.

Summary of the IICEC Model and Analyses

Turkiye Green Hydrogen Future 2023 is based on the Turkiye Energy Outlook published by IICEC,
a first-of-its-kind study in Turkiye, the IICEC Energy Model and a detailed inventory of Turkiye's
energy economy. Employing a database covering the entire energy supply and demand chains,
the holistic modeling framework reflects the global and regional energy and climate dynamics,
critical priorities, and trends in Turkiye's current national development, energy, industrial, and
climate policies, as well as the needs, expectations, and advances in energy markets and
technologies.

This pioneering study is carried out with a detailed analytical approach and a long-term
perspective. A growth and development perspective in green hydrogen out to 2050-2053 is
presented together with multiple economic, energy, and climate benefits in terms of resource
diversification and energy-supply security, including reducing imported fossil fuel consumption
and the energy import bill, lowering CO, emissions, supporting clean energy transition goals,
and incorporating the net-zero emissions perspective. In addition, the study evaluates other
critical gains such as localization in relevant hydrogen technologies in the priority areas that are
determined by Turkiye.

The IICEC model and analysis for green hydrogen production are based on the electrolyzer
installation targets that were outlined in the “Turkiye Hydrogen Technologies Strategy and Road
Map": 2 GW in 2030, 5 GW in 2035, and 70 GW in 2053. In this context, techno-economic analyses
were carried out that took into consideration the following dynamics: the development pace of
technologies and demand sectors, capacity utilization rates in production and consumption, the
economics of hydrogen production, and other relevant factors.
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The analyses reflect the target of rapid growth in electrolyzer capacity, especially in the period
after 2035 that reaches 50-70 GW' between 2050 and 2053, showing that green hydrogen
production increases approximately two-fold every five years starting from 2030. It is forecast that
Turkiye's green hydrogen production reaches 0.6 Mt (million tons) in 2035 and 5.5 Mt* in 2050.

With present technologies, the current cost of producing green hydrogen from grid electricity is in
the range of 8.5-9 $/kg* , which is fivefold-to-sixfold the current natural gas cost in terms of energy
equivalent. The most critical element for the competitiveness of green hydrogen production will be
the evolution of electricity costs. Targeted cost levels of 2.4 $/kg in 2035 and 1.2 $/kg in 2053 require
electricity costs of 30$/MWh and 10-15$/MWh, respectively. At current natural gas price levels,
green hydrogen will reach a break-even point with gray hydrogen around 2030 and with natural
gas around 2040. Competitiveness may occur sooner if carbon costs rise more rapidly or fossil fuel
prices remain higher in the future.

The study also analyzes the possible development of hydrogen demand in sectors that are difficult to
decarbonize within the framework of relevant sectoral dynamics. With the effects of transformation
in the refinery and fertilizer sectors, which are currently gray hydrogen consumers, and the EU
Carbon Border Adjustment Mechanism (CBAM), especially in the post-2030 period, the industrial
sectors with high fossil fuel intensity that are also critical for Turkiye's export competitiveness,
especially steel, will constitute the first significant volumes of demand. As a result of dynamics
such as the harmonization of the automotive industry with global and European developments,
Turkiye's position in logistics, and clean energy trends in mobility, the demand in road, aviation, and
marine transport is also expected to accelerate, especially after 2030-2035. Approximately 20%
of Turkiye's total green hydrogen demand of 3.8 Mt in the 2050-2053 period is seen in industry and
transportation®.

Green hydrogen consumption increases to 0.7% of Turkiye's energy demand in transportation in
2035 and 11% in 2050, while it will be 1% of its industrial energy demand in 2035 and 8% in 2050.
Green hydrogen corresponds to 0.7% of Turkiye's total final energy consumption in 2035, 1% in 2040,
and 6% in 2050°. According to IICEC's analysis, the contribution of clean electrification, direct use
of renewable energy, and green hydrogen to total final energy demand may increase to 70-75% by
the 2050-2053 period, up from 10-15% in recent years®. The growth and development perspective
in green hydrogen production and consumption shows that Tirkiye can also become an exporter
of green hydrogen, with priority given to meeting the demand of potential domestic consumer
sectors, with hydrogen equivalent exports of 0.2 Mt forecast by 2035 and 1.7 Mt by 2050.

In this growth path, which is also compatible with the export vision in “Turkiye's Hydrogen
Technologies Strategy and Road Map,” approximately 30% of the cumulative production by 2050
can be utilized as exports to Europe, the majority of which is ammonia. Developments in pipelines
may also diversify exports in the medium and long term. Through export development, Turkiye will
be able to gain a 3% share on average in the EU's total green hydrogen imports until 2050 (8% in
2050).

11.5% share in global electrolyzer capacity in 2050 in the IEA Net Zero Emissions (NZE) Scenario.
21,6% share in global green hydrogen production in 2050 in the IEA NZE Scenario.
3 Levelized cost of hydrogen.

4 |ICEC analysis reflects on blending to gas grid targets, clean electrification and roll-out of efficient heat pumps. The use of hydrogen in buildings
is rather limited. Hydrogen can contribute significantly to future electricity dynamics as a storage option to support system flexibility for increasing
electrification and rising variable renewable generation.

S The world average in 2050 is 3% in the IEA APS and 8% in the IEA NZE.

6 Electrical energy is expected to represent half of final energy consumption (approximately 20% today).
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The green hydrogen development pathway presented in this study requires the development of
approximately 15 GW of additional renewable energy installed capacity by 2035 and over 90 GW
by 2050. The electricity input to ensure green hydrogen production corresponds to 6% of Turkiye's
total gross electricity production in 2035 and approximately 20% in 2050. Hydrogen storage is
expected to become an important option to support the increasing flexibility requirements of
the electricity sector for supply security and strong growth in variable renewable energy in the
medium and long term. Therefore, to achieve maximum economic benefit from the development
of green hydrogen, short-, medium-, and long-term growth targets and supply-security priorities
in the electricity system must be considered alongside the development of integrated planning
approaches and road maps for electricity and hydrogen production. Factors such as the potential
for pink hydrogen production from innovative nuclear technologies, blue hydrogen production
based on the development of carbon technologies integrated with domestic fossil fuel resources,
and uncertainties regarding demand growth, similar to observed globally, may also affect the
evolution of the green hydrogen supply-demand balance in the medium and long term.

Electricity-intensive green hydrogen production is also water-intensive, which makes the use of
seawater essential in supporting sustainable production. The total water requirement to support
electrolyzer targets in the period until 2050 is 1.5 billion m3, the majority of which is seawater’.
At the same time, the security of supply chains for critical minerals — the fundamental inputs for
electrolyzer production, installations, and other technologies — will be a vital planning component
for large-scale and sustainable growth in green hydrogen. In developing the value chain for
green hydrogen within a holistic system perspective, safety should be a top priority.

Multidimensional Benefits for Energy, Climate, and
Technology-Driven Industrial Development

Turkiye will be able to accrue multidimensional energy and climate benefits through the green
hydrogen development pathway presented in this study, especially after 2030-2035. Until 2050,
a total of 81.0 Mt of oil equivalent of savings in fossil fuel consumption can be achieved by
substituting green hydrogen for petroleum products, natural gas, and coal, which is equivalent to
the country's current annual fossil fuel consumption at final energy use. This savings corresponds
to an average annual decrease of 0.8 billion 2022$ in the energy import bill until 2050, which
reaches 3.1 billion 2022$ of savings in 2050° In the same period, a reduction of 287.2 Mt of CO,-
equivalent is achieved in greenhouse gas emissions in hard-to-abate sectors, with growth
in green hydrogen supporting the net-zero target. (Currently, the emission inventory of hard-
to-abate sectors is 79.5 Mt CO,-eq.) In the period until 2050, the equivalent economic gain is
calculated as 1.4 billion 2022$, with 4.8 billion 2022$ in 2050°. Therefore, an annual average of
2.2 billion 2022$ of economic benefit can be achieved in these two areas. The economic benefit
that can be gained by exporting to the EU is calculated as an annual average of 1.3 billion 2022$,
reaching 4.4 billion 2022$ in 2050. Exports to the EU, corresponding to 30% of production, will
account for approximately 40% of the total economic benefit throughout the period until 2050.

7 If all use is from groundwater resources, equivalent to 6% of current groundwater consumption.
8 With the IEA STEPS Scenario commodity price series. 0.6 billion 2022$ with the IEA APS Scenario price series. In its analysis, ICEC considers the
perspective of rising domestic production of oil and natural gas, with fossil fuel import rates decreasing by two-thirds. 1.1 billion 2022$ with continuing

import rates in fossil fuels.

9 With the IEA STEPS Scenario carbon price series. 1.8 billion 2022$ with the IEA APS Scenario price series.
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[ICEC's analysis determined that an average annual investment of approximately 3.0 billion
2022% will be required, with approximately half of it focused on electricity production until
2050. This includes 1.6 billion 2022$ for electricity production, 0.8 billion 2022$ for electrolyzer
installations, and 0.6 billion 2022$ for other infrastructure. Expected technological advances
provide improvements in electrolyzer costs in the period until 2050. The speed and optimization
of development in infrastructure, which is one of the most important uncertainties in the value
chain, are critical in terms of total cost

In the period until 2050, 3.5 billion 2022$ of energy import, emission, and green hydrogen-export
benefits are realized in return for an annual average investment of 3.0 billion 2022$. This translates
to a cumulative 77.2 billion 2022$ in investments until 2050 and 91.7 billion 2022$ in benefits (5.2
billion 2022$ in investments and 12.3 billion 2022$ in benefits in 2050). The cumulative benefit-
cost multiplier is 1.2 until 2050 and reaches 2.4 annually by 2050, with the cumulative benefits
exceeding costs around 2045. These analyses are largely consistent with the timing of green
hydrogen becoming fully cost-competitive with traditional, fossil fuel-based alternatives.

Animportant contribution of green hydrogenis supporting energy security through the localization
and diversification of energy supply. With the development of the ecosystem, critical gains
in areas such as the localization of technologies will increase the benefit-cost multiplier and
accelerate the returns on investment from a macro perspective. Developing and implementing
support mechanisms like good practice examples in different regions at the initial development
stages will strengthen predictability and multiply benefits within a long-term perspective.

In addition to different price series regarding the development of medium- and long-term
energy and carbon prices, the study also examines various factors regarding the benefit and
cost dimensions of supply and demand, considering important uncertainties such as the change
in fossil fuel-import dependency, the regional development of hydrogen and ammonia prices,
and the speed of development of demand and infrastructure. Sensitivity analyses were also
performed around this question. For example, with a 20% increase in infrastructure costs, the
benefit-cost multiplier decreases by approximately 5%, while in the case of a 20% increase in
hydrogen and ammonia export prices, the benefit-cost multiplier increases by 8%

The growth in green hydrogen that can be achieved through integrated approaches to the
development of the renewable energy and electricity sectors, compatible with development,
energy, industry, and climate strategies and targets, can offer multidimensional contributions to
a more secure and clean energy future with various technological advancements and benefits.
All these benefits can be achieved through the government-industry-academia triangle
of cooperation across several improvement areas: road maps supporting long-term goals;
development of technical and regulatory infrastructures that place efficiency and safety at
the center within a system perspective; market development and an investment environment
supported by holistic planning; and R&D in future technologies together with localization and
manufacturing capabilities, international collaboration, competent human resources, innovative
business models, and greater sustainability.
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Development of Green Hydrogen Domestic Demand (2023-2050, Mt/y)
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IICEC Recommendations

IICEC recommends the following to harness Turkiye's high potential and advantages
in green hydrogen and its related technologies and thus provide multiple benefits for
energy security, clean energy transition, competitiveness, localization, and technology-
oriented industrial development:

1. Determining road maps regarding the development perspectives within
production, demand, and related infrastructures based on priority sectors and
regions,

2. Developing technical and regulatory infrastructure, preparing and
implementing long-term master plans that will ensure optimal resource use and
maximum safety,

3. Establishing market and support mechanisms for efficient and predictable
growth in the value chain, considering interactions with electricity, natural gas,
carbon markets, and electricity-supply security,

4. Redlizing opportunities in critical technologies, especially electrolyzers,
storage, and fuel cells, and developing localization and manufacturing
capabilities,

5. Strengthening international and regional cooperation, utilizing export
opportunities to Europe with maximum benefits,

6. Implementing a broad sustainability perspective throughout the ecosystem,
in areas such as wind and solar resources, water use, critical minerals, and
relevant supply chains,

7. Developing qualified human resources and a talent pool and establishing
a strong entrepreneurial ecosystem that will support sustainable growth and
competitiveness objectives,
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