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ONSOZ

Farkl1 bilim dallarinda enerji iizerine yapilan ¢aligmalarin toplandig:
“ENERJI SISTEMLERINDE MUHENDISLIK YAKLASIMLARI”
isimli bu kitapta verilen boliimlerde mevcut enerji kaynaklar: ve bu
enerji kaynaklarinin verimli bir sekilde kullanilabilmesi i¢in yapilan
bilimsel ve teknik caligmalar ile birlikte farkli yaklasimlar da
sunulmustur. Enerji ihtiyacinin her gecen giin artmasi ve bu artigin
gelisen teknolojilerle beraber giderek ivmelenmesi eldeki mevcut
kaynaklarin, gelistirilen yeni yaklasimlarla daha siirdiiriilebilir hale
getirilmesi oldukga biiyiik bir 6nem arz etmektedir. Enerji talebinin
oldugu tiim alanlarda miihendislik bakis acisiyla bilimsel ¢oztiimler
iretmek ve bu c¢oOziimleri konunun muhatabr olan herkesle
paylagsmak adina ortaya konulan bu calismada hem Tiirk¢e hem de

Ingilizce dilinde yazilmis calismalar istifadenize sunulmustur.

Dr. Ogr. Uyesi Hasan UZMUS
VAN YUZUNCU YIL UNIVERSITESI
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BOLUM 1

DENIZCILIKTE KARBONSUZLASMA YOLU:
HIDROJEN, METANOL VE YAKIT PILi
TEKNOLOJILERININ GEMILERDE GUNCEL
KULLANIMI

Giineyhan TOL!

Giris
Denizcilik sektorii, kiiresel ticaretin hacim olarak biiyiik
boliimiinti tasirken karbonsuzlagma ytkiimliiliiklerinin en hizli
sikilagtig1 sektorlerden biri haline gelmistir. Uluslararasi Denizcilik
Orgiitii (IMO), 2023 yilinda revize ettigi sera gazi stratejisiyle
uluslararas1 denizcilikte 2050 civarinda net sifir emisyon hedefini
benimsemistir (IMO, 2025; Klebanoff, 2024). Bu stratejinin
diizenleyici karsilig1 olan IMO Net-Zero Framework, MARPOL Ek
VlI'ya yonelik bir degisiklik paketi olarak tasarlanmis; yakitlarin sera
gazi yogunluguna iligskin gereklilikleri emisyon fiyatlandirmasi
(karbon fiyatlandirmasi) ve 6diil mekanizmasiyla birlestirmektedir
(DNYV, 2025; IMO, 2025). Cercevenin teknik temelini, yakitlarin
sera gazi yogunlugunu kuyudan pervaneye (well-to-wake) yasam
dongilisii boyunca, yani yakitin iiretim metodundan gemide

f Ogr. Goér. Dr., Kocaeli Universitesi, Denizcilik Fakiiltesi, Gemi Makineleri
Isletme Miihendisligi, Orcid: 0000-0002-6403-0757
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kullanimina kadar siniflandiran IMO 2024 Yasam Dongiisii
Kilavuzu (MEPC.391(81)) olusturmaktadir; kilavuz, yakit yollari
icin kuyudan tanka (WtT) ve tanktan pervaneye (TtW) varsayilan
emisyon faktdrlerini tanimlar (IMO, 2024).

Cergeve Nisan 2025'te MEPC 83'te onaylanmis, ancak Ekim
2025'teki olaganiistii oturumda kabul karar1 bir yil ertelenmis ve
oturumun 12 ay sonra yeniden toplanmasi kararlastirilmistir (IMO,
2025). Ozetle kiiresel diizenleme taslak asamasini1 ge¢mis, ancak bu
boliimiin hazirlandigi Ekim 2026 itibariyla yiirtirliige girmemistir.

Kiiresel diizenleme kesinlesmemisken Avrupa Birligi (AB),
bolgesel dlgekte yiiriirliikkte olan iki baglayici ara¢ kullanmaktadir ve
bu araglar farkli bir hesap siirma sahiptir. AB Emisyon Ticaret
Sistemi (EU ETS) emisyon miktarina fiyat koyar ve genel olarak
yalnizca tanktan pervaneye (TtW) emisyonlar1 kapsar; FuelEU
Maritime ise tlim yakitlar i¢in iiretimi de igeren kuyudan pervaneye
(WtW) sera gazi yogunluguna siur getirir (European Commission,
2025). EU ETS kapsaminda tahsilat teslimi 2024 emisyonlarinin
%40'1, 2025 emisyonlarinin %70'1 ve 2026 emisyonlarindan itibaren
tamami ic¢in yapilmaktadir; AB ici seferlerde ve limanda kalista
emisyonlarin %1004, AB  giris-¢ikigh  seferlerde  %50'si
kapsanmakta ve 2026'dan itibaren CO:'ye ek olarak metan (CHa) ile
diazot monoksit (N20) de sisteme dahil edilmektedir (EMSA, t.y.;
European Commission, t.y.). 1 Ocak 2025'te yiiriirliige giren FuelEU
Maritime ise 2020 referans degeri olan 91,16 gCOzeq/MJ'a gbre sera
gaz1 yogunlugunun 2025'te %2, 2030'da %6, 2035'te %14,5, 2040'ta
%31, 2045'te %62 ve 2050'de %80 azaltilmasimi gerektirir;
zorunluluk AB/AEA i¢i seferlerdeki enerjinin %100'i, AB giris-
cikish seferlerdeki enerjinin %50'si icin gegerlidir (European
Commission, 2025; European Parliament & Council of the European
Union, 2023). Komisyon kilavuzuna goére HFO, LFO ve
MDO/MGO gibi geleneksel yakitlarin yalnizca kendileriyle



kullanimi, varsayilan degerlerle 2025'ten itibaren sinirin iizerinde
kalmaktadir (European Commission, 2025).

Bu tablo, armatorleri ve tersaneleri tek bir teknolojiye
baglanmak yerine hidrojen, metanol, amonyak ve LNG gibi birden
fazla alternatif yakitt ve yakit pili gibi enerji doniistiiriicii
teknolojileri ayni1 anda degerlendirmeye yoneltmektedir. Bu
boliimiin amaci, denizcilikte hidrojen ve metanol temelli ¢ézlimlerin
ve yakit pili sistemlerinin giincel kullanim durumunu 6zetlemek,
teknik ve operasyonel zorluklar1 tartismak ve yakit pillerinde
laboratuvar 6lgeginden gemi Slgegine gegisin giicliiklerini literatiir
1s181nda ortaya koymaktir.

Alternatif Yakitlara Genel Bakis

Gilinlimiizde alternatif yakit tercihinde baskin secenek
LNG'dir; hidrojen ve amonyak ise siparis defterinde heniiz ¢ok
siirli yer tutmaktadir. DNV Alternative Fuels Insight verilerine gore
2026'nn 1lk yarisinda 137 alternatif yakitl geminin siparisi verilmis,
bunlarin 73'i LNG, 55"t LPG/etan, 4'ii amonyak, 2'si metanol, 2'si
etanol ve 1'1 hidrojen yakitl olarak kaydedilmistir (Tablo 1) (Engine
Online, 2026a; MarineLink, 2026). Ayn1 donemde 61 LNG yakith
ve 38 metanol yakith gemi teslim edilmistir (MarineLink, 2026).
Toplam siparis defterinde LNG yakitli gemi sayist (663), metanol
yakitl gemi sayisinin (313) iki katindan fazladir (The Maritime
Executive, 2026). Siparislerdeki yavaslamada IMO ¢ergevesindeki
belirsizligin pay1 olabilecegi belirtilmektedir; 6rnegin bir armator
nisan ayinda dort metanol cift yakith geminin siparisini geleneksel
gemiye ¢evirmistir (Argus Media, 2026).



Tablo 1. 2026 Yilimn Ilk Yarisinda Alternatif Yakith Gemi

Siparisleri
Yakit Siparis say1st (adet)
LNG 73
LPG/etan 55
Amonyak 4
Metanol 2
Etanol 2
Hidrojen
Toplam 137

Kaynak: DNV Alternative Fuels Insight verilerinden derlenmistir (Engine Online,
2026a; MarineLink, 2026).

Yakitlar arasindaki fark yalnizca ticari olgunlukla sinirl
degildir. Hidrojenin hacimsel enerji yogunlugunun diisiik olmasi ve
stv1 halde depolanmasi icin kriyojenik sicaklik gerektirmesi, gemi
tasariminda 6nemli bir kisit olusturur (Mercurio, t.y.). Amonyak ve
metanol toksiktir; LNG ve hidrojen ise ¢ok diisiik sicakliklarda
depolanir (ClassNK, t.y.). Metanoliin ortam sicakliginda sivi olmasi
tasima ve depolamay1 kolaylastirir (Mercurio, t.y.); buna karsilik
enerji yogunlugunun geleneksel gemi yakitlarindan diisiikk olmasi
(metanol i¢in 15,8 MJ/L, MGO i¢in 36,6 MJ/L) (SGMEF, 2023) ayni
seyir menzili i¢in daha biiyiik tank hacmi gerektirir. Yasam dongiisii
enerjisi ve maliyet agisindan yapilan karsilastirmali bir caligma,
hidrojen ve amonyagi toplam enerji ve maliyet acisindan en
elverissiz secenekler arasinda; biyokiitleden tiretilen metanolii ise
enerji, maliyet ve teknolojik olgunluk bakimindan iyi bir aday olarak
degerlendirmistir (Law et al., 2021).

Bu bulgular tek bir "kazanan yakit" bulunmadigin
gostermektedir. DNV, pazarin segment ekonomisine, yakit
bulunabilirligine ve diizenleyici cergceveye bagli olarak farklh
hizlarda ilerledigini  vurgulamaktadir (MarineLink, 2026).
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Dolayistyla yakit se¢imi gemi tipine, sefer menziline, bunkerleme
altyapisina ve yesil yakit arzina gore degigsmektedir.

Yakitlarin Karsilastirmah Miihendislik Degerlendirmesi

Bir yakitin gemideki uygunlugu; enerji yogunlugu, depolama
kosulu ve emisyon Olgiitleriyle birlikte degerlendirilmelidir. Tablo 2
yakitlarin enerji yogunlugunu ve depolama kosullarini, Tablo 3 ise
ayni hesap sinirinda (kuyudan pervaneye, gCO.eq/MJ) sera gazi
yogunlugunu karsilagtirmaktadir. Hacim orani, ayni enerjiyi
depolamak i¢in gereken yakit hacminin MGQO'ya oranidir ve yazar
tarafindan hesaplanmistir; tank sistemini, yalitmi ve gilivenlik
bosluklarini igermedigi i¢in gercek gereksinim daha yiiksektir.

Tablo 2. Segili Denizcilik Yakitlarinin Enerji Yogunlugu ve

Depolama Kosullart
Yakit MlJ/kg | MJ/L | Hacim Depolama kosulu
orant
MGO=1)
MGO (referans) 42,7 36,6 1,0 Ortam sicaklig1 ve
basinci
LNG 49,1 20,8 1,8 Yaklasik —162 °C,
kriyojenik
Metanol 19,9 15,8 2.3 Ortam sicakligi ve
basincinda sivi
Amonyak 18,6 12,7 2,9 =33 °C (1 bar) veya =
10 bar (ortam sicaklign)
Stv1 hidrojen 120 8,5 43 Yaklasik —253 °C,
kriyojenik
Sikistirilmis 120 4,7 7,8 350-690 bar
hidrojen (690 bar)

Kaynak: MJ/kg degerleri (European Commission, 2025), MJ/L degerleri (SGMF,
2023), depolama kosullari (SEA-LNG & DNV GL, 2019; Zamboni et al., 2024,
Zhang et al., 2025) kaynaklarindan derlenmistir. Hacim orani yazar tarafindan
hesaplanmistir.
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Tablo 3. Yakit ve Uretim Yoluna Gore Kuyudan Pervaneye (WtW)

Sera Gazi Yogunlugu

Yakit / iretim yolu | WtW MGOQ'ya Not
(gC02eq/MJ) gore
degisim
(%)
MGO 90,8 0 WiT 14,4 + TtW 76,4
(MDO/MGO,
referans)
LNG (cift yakatlr) 76,1-89,2 —16ile =2 | Motor tipi ve CHa
kacagina bagh
Metanol, gri (dogal | 103,2 +14 Varsayilan deger
gaz)
Metanol, yesil (e- ~ 13,0 ~-86 E = 10 varsayimi*
metanol)
Amonyak, gri 124,0 +37 Varsayilan deger
(dogal gaz)
Amonyak, yesil (e- | = 13,0 ~-86 E = 10 varsayimi*
amonyak)
Hidrojen, gri (dogal | 132,0 +45 Varsayilan deger
gaz, yakit pili)
Hidrojen, yesil (e- ~ 10,0 ~ -89 E = 10 varsayimi*
Ha, yakit pili)

Kaynak: MGO, LNG ve gri yollar ig¢in FuelEU Annex Il varsayilan
degerleri (European Commission, 2025, European Parliament & Council of the
European Union, 2023); yesil yollar icin kilavuzdaki ornek hesap (European
Commission, 2025). *RFNBO'larda iiretim emisyonu (E) yesil yakitlar i¢in kabul
edilen 10 gCO:eq/MJ olarak varsayimistiry, RENBO sayilmak igin sinir < 28,2
gCOzeq/MJ'tir ve odiil katsayisi uygulanmamist.  Yiizde degisimler yazar
tarafindan MGO'nun 90,77 gCOzeq/MJ degerine gire hesaplanmigtir.

Tablo 2'den c¢ikan ilk sonug, gravimetrik ve hacimsel
istlinliiglin birbirinden ayristigidir. Hidrojen kiitle bazinda yaklagik
120 MJ/kg ile MGO'mun yaklasik {i¢ kat1 enerji tasirken, hacimsel
olarak s1v1 halde MGO'nun yaklasik dortte biri, 690 bar sikistirilmis
halde ise yaklasik sekizde biri kadar enerji icerir (European
Commission, 2025; SGMF, 2023). Depolama sistemi dahil
edildiginde hidrojenin gravimetrik yogunlugunun 10 MJ/kg'n altina
diistiigii bildirilmektedir (SEA-LNG & DNV GL, 2019); dolayisiyla
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gemide kiitleden ¢ok, yiik kapasitesinden feda edilen hacmin
belirleyici oldugu sdylenebilir. Metanol MGO'nun yaklagik 2,3 kati,
amonyak yaklasik 2,9 kati tank hacmi gerektirir; LNG hacimsel
olarak daha avantajli goriinse de C tipi tanklarin hacim verimsizligi
bu farki azaltmaktadir (SEA-LNG & DNV GL, 2019).

Depolama kosullar1 yatirnm ve isletme maliyetini etkiler.
Metanol ortam sicakliginda sivi oldugundan mevcut yakit
altyapisina en yakin segeneklerden biridir (Mercurio, t.y.). LNG
yaklasik —162 °C'de kriyojenik olarak depolanir; amonyak ise
atmosfer basincinda —33 °C'ye sogutularak veya ortam sicakliginda
yaklagik 10 bar basingla sivi tutulabilir (Zamboni et al., 2024).
Hidrojenin siv1 halde depolanmasi ise yaklasik —253 °C gerektirir
(Zhang et al., 2025). Metanol ve amonyak toksik oldugundan
(ClassNK, t.y.) bu yakitlarda s1zint1 giivenligi ve personel korumasi
ayrica tasarim girdisidir. Dolayisiyla hidrojen i¢in kriyojenik yalitim
ve sivilastirma yalnizca hacim degil, ayn1 zamanda isletme maliyeti
anlamina da gelebilir.

Emisyon karsilastirmasinda hesap sinirmin ayni olmasi
gerekir; bu nedenle Tablo 3'teki tiim degerler FuelEU Maritime
metodolojisine gore kuyudan pervaneye ve ayni kiiresel 1sinma
potansiyelleriyle (CHa icin 25, N2O i¢in 298) CO: esdegeri olarak
verilmistir (European Commission, 2025). MGO'nun 90,8
gC0O2eq/MJ'luk degeri referans alindiginda, fosil kaynakli (gri)
yollarla tiretilen metanol, amonyak ve hidrojenin MGO'dan daha
yiiksek sera gazi yogunluguna sahip oldugu goriilmektedir. Bunun
baslica nedeni, dogal gazdan iiretim asamasinin (WtT) biiyilik
emisyon tagimasidir; amonyak ve hidrojende kullanim noktasindaki
CO: emisyonu sifirdir, metanolde ise tanktan pervaneye deger
MGQ'ya yakindir. Gri hidrojenin dizelden daha yiiksek emisyonlu
oldugu sonucu, hizmet bazinda da MV Sea Change projesinde
goriilmektedir: dogal gaz kaynakli hidrojenle yapilan bir seferin
tahmini emisyonu (590,4 kg CO:eq), yakit pili ve dizel motor
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verimlerinin etkisiyle varsayimsal dizel karsiligindan (523,0 kg
COzeq) yaklasik %13 yiiksek, yenilenebilir hidrojenle ise yaklasik
%88 diisiiktiir (60,7 kg CO2eq); yenilenebilir hidrojenin iiretim ve
dagitim emisyonu i¢in kullanilan ortalama deger 10,1 gCOzeq/MJ
olup AB kilavuzundaki ornek varsayimla (10 gCO2eq/MJ)
uyumludur (European Commission, 2025; Klebanoff, 2024). Yesil
yollarda azalma %100 degil, yaklasik %86-89 diizeyindedir; ¢iinkii
iretim, sikistirma, sivilagtirma ve tagima asamalari emisyon
tasimaya devam etmekte, metanol ve amonyakta ayrica TtW
bileseninde CHas ve N:O katkisi bulunmaktadir (European
Commission, 2025). LNG'de ise sonu¢ motor tipine ve metan
kacagina duyarlidir: varsayilan kagak orani diisiik hizli dizel
cevrimli ¢ift yakitli motorda %0,2 iken orta hizli Otto ¢evrimli ¢ift
yakitli motorda %3,1'dir ve WtW degeri 76,1'den 89,2 gCO.eq/MJ'a
cikmaktadir (European Commission, 2025).

Bu veriler 1s1ginda miihendislik degerlendirmesi sOyle
Ozetlenebilir. Birincisi, uzun menzilli ve yiiksek gii¢lii gemilerde
hidrojen, depolama hacmi ve bunkerleme altyapis1 nedeniyle 6nemli
kisitlarla karsilagsmaktadir; bu tiir gemilerde siv1 yakitlarin (metanol,
amonyak) ve gecis yakiti olarak LNG'nin 6ne ¢ikmasi beklenebilir.
Ikincisi, tank hacminin gorece daha az kisitlayict oldugu kisa
mesafeli ve diisiik giiclii gemilerde hidrojen ve yakit pilinin birlikte
kullanimi degerlendirilebilecek bir segenektir. Ucgiinciisii, hangi
yakit secilirse segilsin sera gazi azaltimi yakitin iiretim yoluna
baglidir: gri yollarla iiretilen metanol, amonyak ve hidrojen MGO'ya
gore daha yiiksek yogunluga sahipken yesil yollar yaklasik %86-89
azalma saglayabilmektedir. Bu ¢ikarimlar, siparis defterindeki LNG
agirligi ve hidrojen uygulamalarinin feribot dlgeginde kalmasiyla
uyumludur (Law et al., 2021; MarineLink, 2026).



Hidrojenin Gemide Kullanimi

Hidrojenin gemide kullanimi bugiin esas olarak yakit pili
tabanli, kisa mesafeli ve diisiik giiclii uygulamalarda ticari asamaya
gelmistir. Depolama bigimi bu uygulamalari iki gruba ayirir: yiiksek
basingh sikistirilmig gaz ve kriyojenik sivi hidrojen.

Sikistirilmis hidrojenin tipik 6rnegi, Temmuz 2024'te San
Francisco Korfezi'nde yolcu tasimaya baslayan MV Sea Change'dir.
70 ft uzunlugundaki 75 yolcu kapasiteli katamaran, 30 kW'lik
modiillerden olusan 120 kW'lik {i¢ raftan meydana gelen 360 kW'lik
bir PEM yakat pili gii¢ sistemi ile 250 bar basingta 246 kg kapasiteli
bir hidrojen depolama sistemini kullanmaktadir; destek dizel veya
anlamli bir batarya olmaksizin (yalnizca 100 kWh'lik kiiciik bir
batarya ile) hidrojen yakit pilleriyle calisan ilk ticari feri olarak
tanimlanmistir (Klebanoff, 2024). Raporda, 7 Subat 2024'te yaklasik
15 deniz millik ve 5 saat 25 dakikalik tek bir seferde yakit pilinin
ortalama 224 kW'ta (nominal giiciin yaklasik %62's1) ¢alistig1, 50,12
kg hidrojen tiiketildigi ve alt 1s1l deger bazinda ortalama yakit pili
veriminin %45,7 olarak hesaplandig1 bildirilmektedir (Klebanoff,
2024). Bu deger o seferin enerji bilangosuna ait olup genel veya
stirekli isletme verimi olarak yorumlanmamalidir.

Sivi hidrojenin gemideki ilk uygulamasi olarak anilan MF
Hydra, Norled'in 2023'te hizmete aldig1 feridir. Gemide Ballard'in
DNV tip onayl iki adet 200 kW'lhik FCwave PEM yakit pili
bulunmakta; gemi 299 yolcu ve 80 ara¢ tasimaktadir (Maritime
Journal, 2022). Sandia raporuna gore gemi 4.000 kg'lik s1v1 hidrojen
tankina sahiptir ve zamanin yaklasik yarisinda bataryalarla,
yarisinda yakit pilleriyle ¢aligmaktadir (Klebanoff, 2024); bu hibrit
yapi, gliniimiizde hidrojenin tek basina degil bataryalarla birlikte
kullanildigin1 gostermektedir. Hidrojen tedarik zinciri de belirleyici
bir konudur: ayni rapora goére Hydra, sivi hidrojenini Norveg
disindan, Almanya'dan (yaklasik 20 saatlik karayolu mesafesinden)

almaktadir (Klebanoff, 2024).
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Uygulamalar feri sinifinin disina da tasinmaktadir. Samskip,
Rotterdam-Oslo hattinda sivi hidrojenle ¢alisacak iki konteyner
gemisi planlamaktadir; proje sayfasinda hattin 2027 baharinda
acillmast  hedeflenmektedir (LH2  Shipping, t.y.). Sektor
yorumlarinda bu teslimatlarin daha 6nce 2026 i¢in duyuruldugu
belirtilmektedir (Splash247, t.y.). Hidrojen yakitli gemi siparisinin
2026in ilk yarisinda yalnizca bir adet olmasi (MarineLink, 2026),
hidrojenin heniliz nis ve kisa mesafeli uygulamalarda ilerledigine
isaret etmektedir.

Depolama ve giivenlik agisindan ii¢ konu 6ne ¢ikmaktadir.
Birincisi, hidrojenin diisikk hacimsel enerji yogunlugu nedeniyle
gemide depolama ig¢in biiyilk hacim gereksinimidir; sivi halde
depolama bu sorunu azaltir, ancak kriyojenik tank ve yalitim
gerektirir (Mercurio, t.y.). Ikincisi, bunkerleme altyapisidir: Hydra
icin gelistirilen 6zel bunkerleme kulesi, benzeri goriilmemis teknik
ve diizenleyici engellerin asilmasiyla gelistirilmis tek seferlik bir
altyap1 olarak tanimlanmaktadir (LH2 Shipping, t.y.); Sea Change'de
ise bunkerleme, yaklasik 450 bar'lik yiiksek basingli bir romorktan
kaskad dolumla ve dizel ikmaline benzer prosediirlerle
yiiriitiilmiistiir (Klebanoff, 2024). Ugiinciisii, diisiik parlama noktali
yakitlar i¢in IGF Kodu mevcutken ABD'de hidrojen ig¢in bir
denizcilik diizenleyici gercevesi Sea Change projesinden Once
bulunmamaktaydi (Klebanoft, 2024); Hydra projesi basladiginda da
hem teknolojinin hem de smiflandirma kuruluslar1 ile denizcilik
idaresinin diizenlemelerinin yetersiz oldugu bildirilmistir (Marine
Insight, 2023).

Metanoliin Gemide Kullanimi

Metanol, sivi halde ve ortam kosullarinda depolanabildigi
icin mevcut yakit altyapisina en yakin alternatiflerden biri olarak 6ne
cikmakta, ¢ift yakith (dual-fuel) motorlarla ticari olgunluga
ulasmistir (Synergy Marine Group, 2026). Diinyanin ilk metanol
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yakitl konteyner gemisi olan 2.100 TEU kapasiteli Laura Maersk,
Hyundai Heavy Industries tarafindan insa edilmis ve MAN ES,
Hyundai Himsen ve Alfa Laval is birligiyle metanol tahrik sistemine
kavusturulmustur (Bunker Index, 2023). Maersk, 17.480 TEU'luk
alt1 gemilik serinin son gemisi Barcelona Marsk'iin teslimiyle 19
metanol uyumlu gemiye ulastigini duyurmustur (Fuel Cells Works,
2026). DNV verilerine gore 2026'nin ilk ¢eyreginde isletmedeki
metanol uyumlu gemi sayis1 123, siparis edilenler ise 325'tir;
teslimatlar 2030'a dogru planlanmaktadir (Engine Online, 2026b).

Metanoliin gemide kullanim1 yalnizca motorla smirh
degildir. Sistem; diisiik parlama noktal1 yakitlar i¢in tasarlanmis ayr1
tanklari, yakit besleme sistemlerini, emniyet kilitlerini ve
havalandirma 6nlemlerini gerektirir (Synergy Marine Group, 2026).
Alfa Laval, metanol yakit besleme sistemlerinde 2015'ten bu yana
deneyim sahibi oldugunu ve 80'den fazla gemi icin sdzlesme
yaptigini bildirmektedir (Ocean News, t.y.). Bunkerleme tarafinda
Singapur'un deneyimi 6ne ¢ikmaktadir: ilk metanol bunkerlemesi 27
Temmuz 2023'te, Maersk'e yaklagik 300 ton biyometanoliin Hong
Lam Marine'in tankeriyle aktarilmasiyla yapilmis ve diinyanin ilk
gemiden konteyner gemisine metanol bunkerlemesi olmustur (MPA,
2023). Singapur, 1 Ocak 2026'dan itibaren ii¢ tedarik¢iye bes yillik
metanol bunkerleme lisans1 vererek ticari 6l¢ekli bir lisans rejimine
geemistir (MPA, 2025). Mart 2026'da Maersk'in Tangier Maersk
gemisi Houston'da 2.000 ton metanol almistir (Engine Online,
2026b). Buna ragmen siparis tarafi zayiftir; ilk ¢eyrekte yalnizca iki
yeni metanol uyumlu gemi siparigi verilmistir (Engine Online,
2026Db).

Metanoliin ¢evresel faydasi, liretim yoluna baglidir. Maersk,

yesil metanoliin geleneksel gemi yakitlarina gore yaklasik %90'a

varan sera gazi azalmasi saglayabilecegini belirtmektedir; bu yakat,

yesil hidrojenin yakalanmis CO: ile birlestirilmesi veya biyokiitle

gazlastirmas1 yoluyla iretilmektedir (Fuel Cells Works, 2026).
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AB'nin varsayilan degerleriyle de ayn1 sonug goriilmektedir: dogal
gazdan iiretilen (gri) metanoliin WtW degeri MGO'dan yaklasik %14
yiiksekken, RFNBO sayilan yesil metanolde ornek varsayimla
yaklasik %86 diisiiktiir (Tablo 3) (European Commission, 2025).
Karsilastirmali yasam dongiisii calismasina gore ise fosil kaynakli
metanol karbon yakalama olmadan karbonsuzlagsmaya katki
saglamamakta, biyokiitle kaynakli metanol enerji, maliyet ve
teknolojik olgunluk acisindan iyi bir aday olarak one ¢ikmaktadir
(Law et al., 2021). Dolayisiyla metanoliin gercek degeri, geminin
degil tedarik zincirinin karbon ayak izine baglidir.

Bu bolimiin konusu agisindan dikkat c¢ekici gelisme,
metanoliin yalnizca motorda yakilan bir yakit olmaktan ¢ikip yakat
pili sistemlerinin hammaddesi haline gelmesidir. Danimarkali Blue
World Technologies, yesil metanolle ¢alisan 200 kW'lik ytiksek
sicaklik PEM (HT-PEM) yakit pili modiiliinii Haziran 2024'te test
ettigini duyurmustur. Sirket, testte metanol yakit islemcisinin, yakit
pili yiginlarinin seri baglanmasinin ve g¢evre ekipmanlarinin
dogrulandigini; ticari asamada elektriksel verimin  %55'e
ulagabilecegini ve tipik yakit tasarrufunun %20-30 olacagini; ayrica
150 °C'de yiiksek dereceli atik 1s1 saglandigini bildirmektedir.
Sistemin Maersk'in biiyiik metanol c¢ift yakitli gemilerinden birine
2026'min ilk yarisinda kurulmasi Ongdriilmiistiir (Blue World
Technologies, 2024). Bu veriler {liretici beyanidir ve bagimsiz
isletme sonuglariyla dogrulanmasi gerekir; ancak metanoliin gemide
yakit pili lizerinden donistiiriilmesinin, i¢ten yanmali motora
alternatif bir verim yolu sunabilecegini gostermektedir.

Gemide Yakit Pili Sistemleri

Yakit pilleri, dogrudan elektrokimyasal doniisiim sayesinde
sagladig yiiksek verim, diisiik emisyon ve sessiz ¢aligma nedeniyle
gemi gii¢ sistemleri icin cazip goriilmektedir. Giincel derlemeler,
denizcilikte one c¢ikan tiirlerin PEMFC ve SOFC oldugunu
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belirtmektedir (Zhang et al., 2025). Tarihsel olarak, 2008'de
Hamburg'da Alster Nehri'nde hizmete giren Alsterwasser iki adet 48
kW'lik PEMFC ile c¢alisan ilk ticari yolcu gemisi olarak, 2009'da
denize indirilen Viking Lady ise LNG ile hibrit ¢alisan, yaklasik
320-330 kW'lik MCFC sistemi tasiyan agik deniz destek gemisi
olarak anilmaktadir (Echim & Budea, 2025; Zhang et al., 2025).
2019 sonrasinda denizcilikte yakit pili uygulamalarinin gdésteri
asamasindan kiiciik olcekli ticarilesmeye dogru ilerledigi
bildirilmektedir (Zhang et al., 2025).

PEMFCin gemi agisindan {istiin yonleri hizli devreye
girmesi, yiiksek giic yogunlugu ve teknoloji olgunlugudur; zayif
yonleri ise pahali katalizor, smirli yakit esnekligi, diisik CO
toleransi ve karmasik su yonetimidir (Zhang et al., 2025). Kompakt
ve yiik takibi hizli PEMFC sistemlerinin feribotlar ve a¢ik deniz
gemilerinde tahrik ve yardimci gii¢ i¢in en uygun segeneklerden biri
oldugu, ancak safsizliklara duyarli ve maliyetli oldugu
bildirilmektedir (Echim & Budea, 2025). Diisiik sicaklikli PEMFC
(LT-PEMFC) ulagimda en yaygin yakit pilidir ve baslica sinirlamasi
yakit esnekligidir (van Veldhuizen et al., 2023). Yiiksek sicaklikli
PEMFC (HT-PEMFC) ise 60-80 °C araliginda calisan LT-
PEMFCin nem ve su yonetimi karmasikligin1 azaltmakta ve
hidrojen saflig1 gereksinimini diisiirerek gemi gibi zorlu ortamlara
daha uygun olmaktadir (Zhang et al., 2025).

SOFC sistemleri gii¢lii yakit uyumu ve kaliteli atik 1s1 sunar;
500-800 °C isletme sicakligi, yavas devreye alma ve zayif 1s1l sok
direnci ise optimizasyon gerektiren simirlamalar  olarak
belirtilmektedir (Zhang et al., 2025). IEA AFC TCP de SOFC'in
hidrojen, metanol, LNG ve dizel gibi yakitlarla ¢alisabildigini, ancak
maliyetinin yliksek oldugunu ve yavas ylik degisimleri nedeniyle
batarya veya gaz tiirbini ile hibritlestirmenin gerektigini
bildirmektedir (IEA AFC TCP, t.y.). Omiir konusunda kaynaklar
farkli vurgular yapmaktadir: bir derleme uzun omrii SOFC'nin
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avantaji olarak sayarken (Zhang et al., 2025), IEA raporu deniz
uygulamalari i¢in hiicre dmriinii 20.000-25.000 saat, 2030 hedefini
ise 80.000 saat olarak vermektedir (IEA AFC TCP, t.y.). Bu nedenle
Omiir avantaji daha c¢ok siirekli ve kararli ¢alisma kosullar i¢in
gecerli sayilmali; sik baslatma-durdurma gerektiren isletme
profillerinde 1s1l sok direnci kritik bir smirlama olarak
degerlendirilmelidir.

Verim degerleri hesap sinirina gore degismektedir: bir
derleme SOFC'nin gaz tiirbiniyle birlikte %70'in iizerinde enerji
verimine ulagabilecegini belirtirken (Zhang et al., 2025), 500 kW'lik
bir deniz yardimci gii¢ santrali i¢in yapilan modelleme ¢aligmasinda
hibrit semanin veriminin yaklasik %355 oldugu hesaplanmistir
(Serbin et al., 2022). Gemi sistemlerine fiilen entegre edilmis biiyiik
olgekli bir SOFC sistemi ise 2023 itibariyla bulunmamaktadir (van
Veldhuizen et al., 2023). SOFC, kojenerasyon gerektiren biiyiik
gemiler i¢in orta diizeyde uygun, PAFC, AFC ve MCFC ise hacim,
maliyet ve 1s1l yonetim zorluklar1 nedeniyle denizcilik i¢in daha az
uygun bulunmaktadir (Echim & Budea, 2025).

Denizcilik ortami, yakit pilinin yalnizca verimini degil
dayanikliligimi da belirler. Gemiler tuzlu su kaynakli korozyon,
ongoriilemeyen hava kosullar1 ve uzun siireli kesintisiz ¢alisma gibi
karasal araglardan farkli kosullarla karsilasmaktadir (Echim &
Budea, 2025); titresim, salinim ve tuzlu nemli hava da yakit pili
sistemi i¢in ek risk olusturur (Zhang et al., 2025). Gemilerde
PEMFC bozunmasina iliskin giincel bir derleme, bu konunun
denizcilik baglaminda nadiren ele alindigini, deniz ortaminin karasal
ve otomotiv uygulamalarindan onemli Olgiide farklilastigini ve
hasarin tlirlini ve boyutunu biiylik 0Ol¢iide etkileyebilecegini
vurgulamakta; sinirli 6miir, ¢cok saf hidrojen gereksinimi ve yiiksek
malzeme maliyetini temel sorunlar olarak gostermektedir (Broer et
al., 2025).
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Mevcut ticari referanslar, gemide yakit pillerinin modiiler ve
hibrit mimarilerle kullanildigini gostermektedir. Yakit pilinin yiik
degisimlerine yavas yanit vermesi nedeniyle sistemlere genellikle
batarya veya bagka bir enerji depolama birimi eklenmekte; gemi
uygulamalarinda gereken gii¢ tipik olarak 100 kW'in tizerinde
oldugundan birden fazla yakit pili sistemi paralel baglanmaktadir
(Zhang et al., 2025). MF Hydra'da iki adet 200 kW'lik PEM modiilii
batarya ile birlikte ¢calismakta (LH2 Shipping, t.y.; Maritime Journal,
2022), MV Sea Change'de 360 kW'lik giic sistemi bulunmakta
(Klebanoft, 2024), Blue World ise 200 kW'lik HT-PEM modiillerinin
bes adetle birlestirilerek 1 MW'lik pilot sistem olusturulacagini
duyurmaktadir (Blue World Technologies, 2024). Yakit pili
sistemlerinin  birgogu bugilin yardimc1 gili¢ kaynagi olarak
kullanilmaktadir (Echim & Budea, 2025); kapsamli performans ve
ekonomi agisindan ise i¢cten yanmali motorlarla heniiz etkin bicimde
rekabet edememektedir (Zhang et al., 2025).

Yakat Pillerinde Olcek Biiyiitmenin Giicliikleri

Yakit pili teknolojisinin laboratuvar o6l¢eginden gemi
Olcegine tasinmasi tek bir adimdan olusmaz; miihendislik acisindan
birbirinden farkli sorunlar igeren ii¢ diizeyde ele alinabilir (Tablo 4):
hiicrenin aktif alaninin biiyiitiilmesi, hiicrelerden yakit pili yi1gim
(stack) olusturulmasi ve y1gin ile modiillerden gemi gii¢ sisteminin
kurulmasi. Bir diizeyde elde edilen performansin ve en iyi ¢calisma
kosullarmin  bir sonraki diizeye dogrudan aktarilabilecegi
varsayilamaz.

Tablo 4. PEM Yakut Pillerinde Olcek Biiyiitmenin Ug Diizeyi

Diizey Temel mithendislik sorunu

Hiicrenin aktif alanini Akis, su, sicaklik ve sikistirma dagilimlarinin
biiyiitme homojenligi

Hiicrelerden y1gin Hiicreler arasi reaktan dagilimi, manifoldlar ve
olusturma hiicre gerilimi farkliliklar

Modiillerden gemi giig Yardimct sistemler, yiik paylasimi, batarya
sistemi olugturma entegrasyonu ve dayaniklilik
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Kaynak: Yazar tarafindan (Klebanoff, 2024, Wang et al., 2011; Wang, 2015;
Zhang et al., 2025) kaynaklarina dayanarak diizenlenmistir.

Birinci diizeyde sorun, aktif alan biliytidiik¢e akis, su, sicaklik
ve sikistirma dagilimlarinin homojenligini korumaktir. Diizensiz
akis dagilimi, 6lgek biiyiitmede dayaniklilik ve giivenilirlik kaybinin
kok nedenlerinden biri olarak gosterilmekte, akis alani tasarimi bu
sorunun stratejik ¢6ziimii olarak degerlendirilmektedir (Wang,
2015). 225 cm?lik genis aktif alana sahip bir PEMFC iizerinde
yapilan caligma, 0,35-1,55 MPa araliginda sikistirmanin akim
yogunlugu ve sicaklik dagilimimin homojenligini artirdigini, sicak
nokta riskini azaltti§ini, ancak yiiksek akim yogunlugu ve bagil
nemde agirt sikigtirmanin su yonetimi sorunlarina yol agabilecegini
gostermistir (Khetabi & Bouziane, 2025). Uretim tarafinda da benzer
giicliikler goriilmektedir: ABD Enerji Bakanligi destekli bir agir
hizmet yakit pili projesinde, aktif alanin olagan uygulama olan 500
cm?nin iizerine, 900 cm*'ye ¢ikarilmasi ve yliksek basing hedefleri
bipolar plaka tasarim ve {iretim siireclerinde revizyonlar gerektirmis;
siirli ¢evre uzunlugu manifold yerlesimini kisitlamig; mevcut pres
kapasitesi ve biiylik plaka daha diisiik sikistirma kuvvetine yol
acmustir (U.S. Department of Energy, 2022).

Ikinci diizeyde hiicreler seri baglanarak yakit pili yigim
olusturulur ve sorun hiicreler arast dagilima kayar. PEMFC
yigilarinda akis dagilimindaki diizensizligin akim yogunlugu ve
gerilim homojenligini ciddi bi¢gimde etkileyebildigi, bu konudaki
caligmalarin ise dagimik ve zaman zaman celiskili oldugu
bildirilmistir (Wang et al.,, 2011). Ticari boyutlu yiginlarda
manifolddaki hava dagilimini inceleyen bir ¢aligma, hiicreler arasi
gerilim esitsizliginin hiicre sayisi ve akim yogunlugu arttik¢a
belirgin bi¢cimde yiikseldigini ve U tipi diizenin Z tipine goére daha
homojen gerilim sagladigini gostermistir (Huang et al., 2020).
Gemilerde PEMFC bozunmasina iliskin derleme de hiicreden yi1gina
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olgek biiyiitmeyi, bozunma mekanizmalariyla birlikte ayr1 bir baslik
altinda incelemektedir (Broer et al., 2025).

Ucgiincii diizeyde yiginlar modiillere, modiiller de gemi giic
sistemine donustiiriilii. Bu diizeyde sorun yalnizca yiginin
performansi degil, yardimci sistemlerin (hava, hidrojen, sogutma),
yiik paylasiminin @ ve  batarya entegrasyonunun  birlikte
tasarlanmasidir. Yakit pilinin yavas dinamik yaniti nedeniyle
sistemlere batarya veya bagka bir enerji depolama birimi
eklenmekte, giic dagilimi icin kural tabanli veya optimizasyon
tabanli enerji yonetim stratejileri kullanilmaktadir (Zhang et al.,
2025). Sea Change'de gii¢, 30 kW'lik modiillerin 120 kW'lik raflarda
birlestirilmesi ve ii¢ rafin 360 kW'lik sistemde toplanmasiyla elde
edilmistir (Klebanoff, 2024); Blue World ise 200 kW'lik HT-PEM
modiillerinin bes adetle birlestirilerek 1 MW'lik pilot sistem
olusturulacagin1 duyurmaktadir (Blue World Technologies, 2024).
Gemi ortaminin tuz, titresim ve uzun siireli kesintisiz ¢alisma gibi
kosullar1 dayaniklilik sorununu bu diizeye tagimaktadir (Broer et al.,
2025; Zhang et al., 2025). Bu nedenle laboratuvar ve yigin
diizeyinde belirlenen c¢alisma kosullarimin modiil ve sistem
diizeyinde, gemi isletme profilinde yeniden dogrulanmasi
gerekmektedir.

Sonu¢ ve Gelecek Perspektifi

Denizcilikte karbonsuzlasma yolu tek bir yakit veya
teknolojiye degil, gemi tipine ve sefer profiline gore farklilasan bir
portfoye isaret etmektedir. Kiiresel diizenlemenin yeniden ele
alimmasi beklenirken (IMO, 2025), 2026'nin ilk yarisinda alternatif
yakitli gemi siparigleri 155'ten 137'ye gerilemis ve siparislerin
yariddan fazlast LNG'ye yonelmistir (MarineLink, 2026).
Diizenleyici belirsizligin, sifira yakin emisyonlu yakitlara yonelik
yatirim kararlarin1 yavaglatmis olabilecegi belirtilmektedir (Argus
Media, 2026).
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Ayni hesap smirinda bakildiginda yakitin degeri iiretim
yoluna baglidir: gri metanol, amonyak ve hidrojen MGO'dan daha
yiiksek sera gazi yogunluguna sahipken yesil yollar yaklasik %86-
89 azalma sunabilmektedir (Tablo 3) (European Commission, 2025).
Hidrojen, Hydra ve Sea Change orneklerinde goriildiigii gibi kisa
mesafeli ve diistik gii¢lii yakit pili uygulamalarinda ticari referanslar
olusturmustur; genis Olgekli yayginlagsmasi ise depolama hacmi,
bunkerleme altyapisi ve yesil hidrojen arzina bagli goriinmektedir.
Metanol, ¢ift yakitli motorlarla en olgun sifira yakin segeneklerden
biri haline gelmis, bunkerleme ag1 genislemekte, ancak cevresel
faydasi yesil metanol tedarikine bagli kalmaktadir. Metanoliin yakit
pili ile birlikte kullanimi ise test asamasindaki HT-PEM
sistemleriyle verim agisindan yeni bir yol agmaktadir.

Gelecek caligmalar i¢in {i¢ dncelik 6ne ¢ikmaktadir: (i) gemi
isletme kosullarinda yakit pili sistemlerinin bagimsiz verim ve
dayaniklilik verilerinin yayimlanmasi, (ii) hiicre, yigin ve modiil
diizeylerinde belirlenen calisma kosullarinin gemi gii¢ sistemi
Olceginde dogrulanmasi ve (iii) yesil yakit tedarik zincirini ve
bunkerleme altyapisini birlikte ele alan yasam dongiisli analizleri.
Bu ¢ alanin birlikte ilerlemesi, yakit pili temelli ¢oziimlerin
denizcilikte pilot uygulamalardan ticari Olgege  gecisini
belirleyecektir.
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BOLUM 2

EFFECT OF TORREFACTION PRETREATMENT
ON GASEOUS EMISSONS FROM COMBUSTION
OF SUGARCANE BAGASSE

ZUHAL AKYUREK!

Introduction

Energy is a key driver of sustainable development. The
increasing global demand for energy has led to substantial fossil fuel
consumption. In the last decades, the adverse environmental impacts
of fossil fuel-based energy systems have become a major global
concern due to their significant contribution to climate change and
the intensification of global warming. The persistent rise in
atmospheric carbon dioxide (CO:) concentrations highlights the
urgent need to develop and implement more effective climate change
mitigation strategies.

The global energy-related carbon dioxide emissions reached
an unprecedented level of nearly 38.1 gigatonnes (Gt) (IEA, 2026).
Reducing atmospheric carbon dioxide (CO:) concentrations and
facilitating the transition away from fossil fuels require the
widespread adoption of clean energy technologies and the increased
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utilization of renewable energy sources. These measures are
essential for mitigating greenhouse gas emissions, limiting global
warming, and promoting the development of sustainable and low-
carbon energy systems.

Fossil fuels dominates the global energy supply, accounting
for approximately 82% of total primary energy supply in 2022
(Statistica, 2026). According to 1.5 °C climate scenario, global
primary energy supply from fossil fuels is projected to decline
substantially by 2050, while renewable energy sources are expected
to contribute around 78 % to the global energy supply (Figure 1).

Figure 1. The share of fossil fuels, renewables and nuclear in
global total primary energy supply (a) 2022, (b) 2050 projections by
1.5 °C climate scenario (Statistica, 2026).
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Renewables and Biomass Energy

Renewable energy technologies have gained increasing
global attention due to concerns over the depletion of fossil fuel
resources, the need to achieve sustainable development goals, and
the growing importance of energy security. In this context,
deployment of renewable energy systems offers significant
opportunities to diversify energy supplies and to reduce the
environmental impacts associated with energy production and
consumption (Amjith and Bavanish, 2022).

Biomass, a carbon-rich material derived from a wide range
of organic feedstocks and waste streams, represents a promising and
reliable alternative to fossil fuels. Bioenergy plays a significant role
in meeting energy demand across the electricity, transportation, and
heating sectors. The global electricity generation from bioenergy
reached 711 TWh in 2024, accounting for approximately 7% of total
renewable electricity production worldwide (Global Bioenergy
Statistics Report, 2025).

Nevertheless, biomass-based energy production involves
complex processes and various technical challenges that are
primarily associated with the physicochemical properties of the
feedstock, including moisture content, particle size, bulk density,
chemical composition, lignocellulosic structure, ash content, and the
presence of alkali metals or other inorganic constituents, as well as
the type and operating conditions of the conversion technology
employed, such as thermochemical or biochemical processes, which
collectively influence conversion efficiency, energy yield, process
stability, by-product formation, and the overall sustainability of the
system (Akytirek 2021, Anukam and Matsakas, 2026).

Depending on their physicochemical properties and fuel
quality, certain biofuels can be directly utilized as renewable
alternatives to conventional solid fuels in energy conversion
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systems, whereas others require appropriate pretreatment to improve
their suitability for practical energy applications (Mignogna et al.,
2024).

Biomass Upgrading

Pretreatment plays a crucial role in biofuel upgrading by
modifying the structural and compositional characteristics of
biomass, reducing moisture content, improving energy density and
calorific value, and enhancing combustion performance and fuel
handling properties. These improvements can facilitate more
efficient energy conversion and support the development of
sustainable energy systems based on biomass resources.

Physical pretreatment and upgrading methods such as
grinding, pelleting, briquetting and torrefaction have been developed
to improve biofuel quality and suitability for energy generation
applications (Anukam and Berghel, 2020).

Among the available biomass upgrading techniques,
torrefaction has gained considerable attention due to its ability to
upgrade the structural characteristics and modify thermal
decomposition behavior of biomass. Torrefaction 1s a
thermochemical pretreatment method that involves heating biomass
at relatively low temperatures, typically between 200 and 300 °C,
under an inert atmosphere (Niu et al., 2019, Du et al., 2013).

Torrefaction enhances the physicochemical structure and
chemical composition of biomass, increasing its potential as a solid
biofuel and improving its suitability as an alternative to conventional
solid fuels. The resulting changes may include increased energy
density and carbon content, decreased oxygen content and H/C and
O/C atomic ratios, improved hydrophobicity and grindability, and
enhanced storage stability (Altintas, 2025).
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Sugarcane Bagasse as an Energy Source

Sugarcane bagasse (SB), a by-product of sugar production, is
an economically significant agricultural commodity cultivated on a
large scale in several Asian countries, including Pakistan, Iran, and
Bangladesh, where favorable climatic conditions support its
production and contribute to its importance in regional agricultural
economies (Tahir et al., 2021). SB has also emerged as a promising
renewable energy resource for electricity and heat generation with
its widespread availability combined with advances in cogeneration
technologies, enables conversion of this biomass into useful thermal
and electrical energy (Ojo-kupoluyi et al., 2024).

The efficient utilization of SB can contribute to the reduction
of energy-related greenhouse gas emissions. Consequently, the
sustainable valorization of sugarcane bagasse offers considerable
potential to support the transition toward low-carbon energy systems
while promoting resource efficiency and the productive use of agro-
industrial residues.

In this context, in this study, a combustion model capable of
predicting the steady-state performance of a 1 MWth atmospheric
fluidized bed burning biomass was developed for understanding the
effect of thermochemical pretreatments on combustion behavior.
The model is used to predict the effect of torrefaction temperature on
stack gas composition during sugarcane bagasse combustion under
bubbling fluidized bed combustion conditions.

Materials and Methods

Fluidized bed combustion (FBC) technology has been widely
employed for the efficient utilization of low-rank fuels in thermal
energy conversion systems operating at temperatures ranging from
800 to 900 °C, with the fuel introduced into a bed of inert solid
particles that are fluidized by an upward-flowing gas. The resulting
intensive gas—solid interactions promote uniform temperature
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distribution and improve combustion efficiency (Farooq et al.,
2017).

Mathematical modeling provides a valuable approach for
predicting combustion behavior and identifying potential
operational challenges in fluidized bed combustion (FBC) systems.
In the present study, a model based on the assumptions of chemical
equilibrium and isothermal operation was developed to investigate
the combustion process. The model incorporated major gaseous
species, including O:, CO., H.0, SO:, and NOy, to evaluate
combustion characteristics and predict the composition of flue gases.
The combustion mechanisms and stack gas emissions were
subsequently analyzed using MATLAB, enabling the assessment of
combustion performance and the formation of gaseous emission
components of raw and sugarcane bagasse.

The experimental torrefaction data of sugarcane bagasse used
in the developed combustion modeling is collected from a previous
study (Torres et al., 2027). The physicochemical characteristics of
raw and torrefied sugarcane bagasse are summarized in Table 1 and
operational parameters of the fluidized bed combustion system are
presented in Table 2.

Table 1. Elemental Analysis (As received basis) (Torres et al., 2027)

C% H % N% S % O %*
Raw SB 37.5 4.8 0.2 0.2 45.1
TSB-200 43.9 52 0.2 0.0 43.9
TSB-240 50.3 5.1 0.3 0.0 37.3
TSB-280 47.9 3.3 0.4 0.0 243
*by difference
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Table 2. Operational Conditions of FBC system

Raw SB feeding Rate (kg/h) 207.13
TSB200 feeding Rate (kg/h) 186.63
TSB240 feeding Rate (kg/h) 171.02
TSB280 feeding Rate (kg/h) 153.13
Bed Temperature, °C 800
Excess Air Ratio 1.2
Carbon Conversion % 100
Ash split % 70
Fuel N to NOx conversion % 5

Results and Discussion

The increase in torrefaction temperature resulted in a
decreasing trend in atomic ratios of H/C and O/C indicating
progressive structural modification and enhanced carbonization of
the biomass (Torres et al., 2027). Furthermore, torrefaction led to an
increase in carbon and nitrogen contents, accompanied by a
reduction in hydrogen and oxygen contents. These changes reflect
the release of volatile compounds and oxygen-containing species
during thermal treatment, resulting in a more carbon-rich solid
product with improved fuel characteristics. Higher torrefaction
temperatures result in lower char yields; therefore, optimizing the
torrefaction temperature is essential to balance fuel quality
improvements with solid product yield (Deng et al., 2026). Higher
heating value of the SB has seen to increase with increasing
torrefaction temperature (Figure 2).
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Figure 2. Effect of torrefaction temperature on calorific value of
sugarcane bagasse (Torres et al., 2027).
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Fluidized bed combustion (FBC) technology offers a
promising approach to biomass utilization because of its fuel
flexibility and capacity to accommodate a wide range of solid fuels.
This study employs a mathematical modeling approach to estimate
gaseous emissions from a 1 MWth bubbling fluidized bed combustor
(BFBC) operating without limestone addition.

Furthermore, the influence of biomass torrefaction at
different temperatures on combustion behavior and the resulting
gaseous emission profiles is investigated. The predicted
concentrations of gaseous species at the combustor outlet under the
considered operating conditions are illustrated in Figure 3.

--32--



Figure 3. Flue gas composition from model results of combustion.
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As illustrated in the figure, CO. and N: constitute the
predominant components of the flue gas generated during sugarcane
bagasse combustion. Although biomass is generally regarded as a
potentially carbon-neutral energy source because the CO: released
during combustion may be offset by carbon uptake during plant
growth, its actual climate impact depends on factors such as biomass
sourcing, land-use changes, and the emissions associated with
harvesting, processing, and transportation (Tobiasen et al., 2007).
Torrefaction has seen to result in increase in N2 emissions and
decrease in H>O emissions in the stack gas.

In addition to CO: emissions, the release of air pollutants
from biomass combustion must be assessed to ensure compliance
with applicable environmental regulations. In the European Union,
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Directive (EU) 2015/2193, known as the Medium Combustion Plant
Directive (MCPD), establishes emission limit values for certain air
pollutants from combustion plants with a rated thermal input equal
to or greater than 1 MWth and less than 50 MWth (EU Directive).
Accordingly, Figure 4 presents the model-predicted emissions of
nitrogen oxides (NOy).

Figure 4. The model results for NOx emissions from raw and
torrefied sugarcane bagasse combustion.
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The model predictions indicate that NOx emissions from raw
and torrefied sugarcane bagasse combustion remain substantially
below the applicable the European Union (EU) emission limits (<
650 mg/Nm3). The predicted dust emissions are below the
corresponding regulatory limits (<50 mg/Nm3), indicating that
particulate emissions are within the specified thresholds under the
modeled operating conditions. SO> emission of the raw sugarcane
bagasse was determined to be higher than the EU emission limits

indicate that the addition of additives such as limestone to the
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combustion system may be necessary to reduce SO: emissions
during raw sugarcane bagasse combustion.

Figure 5 illustrates the predicted dust emissions from FBC of
sugarcane bagasse. Dust emissions were found to remain below the
limits established by EU (50 mg/Nm?). Fluidized bed combustion of
the sugarcane bagasse torrefied at 200 and 240 °C has determined to
emit lower dust emissions compared to combustion of raw feedstock,
on the other hand, sugarcane bagasse torrefied at 280 °C, has result
in higher dust emissions.

Figure 5. The model results for dust emissions from raw and
torrefied sugarcane bagasse combustion.
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The emission results indicate that torrefaction at 200 and 240
°C provides a suitable balance in terms of emission characteristics,
suggesting that increasing the pretreatment temperature beyond 240
°C may not be necessary to achieve satisfactory combustion and
emission performance of sugarcane bagasse in fluidized bed
combustors. These model predictions are also in good agreement
with previous studies that employed thermogravimetric analysis and
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bench-scale combustion tests to investigate the effect of torrefaction
on combustion behavior (Torres et al., 2027, Deng et al., 2026).

Conclusion

Predicting biomass combustion behavior and emission
characteristics remains challenging because of the complex
physicochemical composition of biomass and its potential to cause
operational difficulties in combustion systems. In this study, a
mathematical combustion model was developed to evaluate the
combustion performance and gaseous emissions of raw and torrefied
sugarcane bagasse in a | MWth bubbling fluidized bed combustor.

The model predictions indicated that NOx emissions
remained below the applicable EU emission limits, suggesting
favorable performance with respect to nitrogen oxide release under
the investigated operating conditions. On the other hand, the
predicted SO: emissions for raw sugarcane bagasse exceeded the
prescribed regulatory thresholds, highlighting the need for
appropriate sulfur emission control measures. The incorporation of
limestone or other suitable sorbents into the combustion system may
provide an effective approach for sulfur capturing in raw sugarcane
bagasse combustion.

Furthermore, the predicted dust emissions remained within
the applicable EU limits. Overall, considering the emission
characteristics, 200 and 240 °C were identified as suitable
torrefaction temperatures indicating that higher pretreatment
temperatures may not be necessary to achieve satisfactory
combustion and emission performance of sugarcane bagasse in
fluidized bed combustors.
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BOLUM 3

KARABUK UNIVERSITESI KAMPUSUNDE ISO
41001 TESIS YONETIMI YONETIM SiSTEMI:
UYGULANABILIRLIK, FAYDALAR VE
ONERILER

EKREM SABIR GEZER'

Giris
Universite kampiisleri, literatiirde kiiciik 6lcekli bir kent
olarak nitelendirilmektedir. Karabiik Universitesi (KBU) yedi
yerleskede yaklasik 255 bin metrekare kapal alan isletmektedir. Bu
yapili cevrede 39 bin 6grenci ve 2.155 personel egitim ve calisma
faaliyetlerini siirdiirmektedir (Karabiik Universitesi [KBU], 2026b,
s. 2, 18). Dersliklerin 1sitilmasi, laboratuvar giivenligi, yemekhane
hijyeni, asansor bakimi ve kampiis aydinlatmasi siireklilik gerektiren
destek hizmetleridir. Uluslararasi literatiirde bu hizmetlerin biitiinii
tesis yonetimi (facility management, FM) kavrami altinda ele
alinmaktadir. ISO 41011 tesis yonetimini, insani, mekani ve siireci
yapili cevre icinde biitiinlestiren bir orgiitsel islev olarak

tamimlamaktadir (International Organization for Standardization
[ISO], 2024b).
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Bu iglev igin bir yonetim sistemi standard: gelistirilmistir.
ISO 41001:2018, Tiirkiye'de TS EN ISO 41001 adiyla 2018 yilindan
bu yana yiiriirliiktedir (Tiirk Standardlar Enstitiisii [TSE], 2018).
Standart, tesis yonetiminin kurulusun ana faaliyetini nasil
destekleyecegine iliskin  sartlar1  belirlemektedir.  Standart
belgelendirmeye aciktir. Ancak Tiirkiye'de heniiz hicbir {iniversite
bu belgeye sahip degildir. Uluslararasi 6lgekte de érnekler sinirhidir.
RMIT Universitesi 2021 yilindan bu yana belgelidir (RMIT
University, 2024). Khalifa Universitesi 2023 yilinda ISO 9001, ISO
55001 ve ISO 41001 belgelerini birlikte almistir (SGS, 2023).

Bu calismada ii¢ uygulamaya doniik soru ele alinmaktadir.
KBU'niin standardin sartlar1 karsisindaki mevcut durumu nedir?
Standardin KBU'ye saglayacag) faydalar nelerdir? Uygulamaya
hangi adimlarla baslanmalidir? Bu sorular KBU'niin kamuya agik
kurumsal belgeleri iizerinden yanitlanmistir. Standardin maddeleri
ozelinde Ilgili idarelerin faaliyet raporlar, kurum ic degerlendirme
raporlari, kurumsal akreditasyon raporu, birim gérev tamimlari, ic
kontrol ve risk belgeleri incelenmistir.

Bir Tesis Olarak Kampiis: KBU'niin Tesis Profili

Karabiik Universitesi 2007 yilinda kurulmustur. Merkez
yerleske (Kampiis) Baliklarkayas1 mevkiinde yer almaktadir.
Kampiis disinda Safranbolu, Eskipazar, Yenice, Eflani, Organize
Sanayi Bolgesi (KARORSAN) ve Ovacik lokasyonlarinda meslek
yiiksek okullari bulunmaktadir (KBU, 2026a, s. 9-20). Merkez
yerleske kapali alanin yiizde 74'iinii barindirmaktadir. Derslikler 44
bin metrekare, laboratuvar alanlar1 toplamda 17 bin, spor alanlart ise
35 bin metrekare diizeyindedir (KBU, 2026a, Tablo 1, s. 21).
Kampiiste yogun olarak derslik, laboratuvar, ve konferans/toplanti
salonlar1 bulunmaktadir. Universiteye ait yurt ve hastane yoktur.
Ogrencilerin barinma hizmeti KYK yurtlariyla, saghk hizmeti ise
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afiliasyon protokoliiyle karsilanmaktadir (KBU, 20264, s. 87; KBU,
2026c¢, s. 43). Bahsi gecen veriler Tablo 1'de 6zetlenmektedir.

Tablo 1: KBU profili (2024-2025)

memur; 81 sozlesmeli; 304 isci)

Gosterge Deger Kaynak
Yerlegke sayist 7 KBU, 2026b, s. 2
Acik alan / kapal 975.138 m? / 255.663 m? KBU, 20264,
alan Tablo 1, s. 21
Ogrenci (2025) / 39.044 /10.681 (91 iilke) KBU, 2026b, s. 2
uluslararasi 6grenci

Personel (2025) 2.155 (1.165 akademik; 605 KBU, 2026b, s. 2

Egitim mekam

350 derslik, 28 bilgisayar lab.,
171 lab., 48 atdlye

KBU, 2026b,
Tablo 5, s. 21

Yemekhane / kantin

13/ 19; yemek hizmeti ihale ile
(65,3 milyon TL, 2025)

KBU, 2026, s.
45; KBU, 2026d

GES iiretimi (2023)

cat1 GES)

Temizlik ve giivenlik | 161 temizlik + 105 giivenlik KBU, 2026b,

isglicii siirekli isci (kadrolu) Tablo 34, s. 47

Tasit / is makinesi 26/6 KBU, 2026b,
Tablo 2-3, s. 19

Mal ve hizmet alimi 172,6 milyon TL; enerji KBU, 2026b, s.

harcamasi (2025) alimlar1 66 milyon TL; bakim- 126-127

onarim % 9,2 milyon TL
Elektrik tiiketimi / 4,81 GWh /0,96 GWh (1 MW | KBU, 2024a, s.

12-13

Kamu binalarinda
enerji tasarrufu

%20,74 (hedef 2030'a kadar en
az %30)

KBU, 2026¢, s. 51

(2025)

Yonetim sistemi ISO/IEC 27001 (Bilgi islem); KBU, 2024a, s.

belgeleri Sifir Atik Belgesi (2021); 6 17; KBU, 2026¢,
TURKAK akredite laboratuvar | s. 17, 54

YOKAK kurumsal Kosullu akreditasyon, 2026— KBU, 2026j

akreditasyon 2028

UI GreenMetric 2024: 951. / 2025: 806. / 2026: KBU, 2026c¢, s. 4;
715. (diinya) Gazete Birlik,

2026

Kaynak: KBU acik erigim kurumsal belgelerinden yazar tarafindan derlenmistir.

Universite tesis hizmetlerinin yonetimi baslica alti birim
arasinda dagilmaktadir. Yapr Isleri ve Teknik Daire Baskanligi
(YITDB) yapim islerinden, biiyiikk onarim, kazan daireleri,
jeneratorler, havalandirma ve giines enerjisi santralinden
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sorumludur. Aym birim Enerji Verimliligi Komisyonu'nun
sekretaryasini da yiiriitmektedir (KBU, 2024b). Idari ve Mali isler
Daire Bagkanlhigi (IMID) temizlik, giivenlik, elektrik ve yakit
odemeleri, tasitlar, lojmanlar ve Rektorliik asansorlerinin
bakimindan sorumludur (KBU, 2026e).

Saglik Kiiltiir ve Spor Daire Bagkanlig1 yemekhane ve kantin
hizmetlerini yonetmektedir.

Bilgi Islem Daire Bagkanlig1 ariza kayit sistemini ve bina ag
altyapisini isletmektedir.

Atik Yonetimi ve Geri Doniisiim Koordinatorliigii 2024
yilinda kurulmustur.

Is Saghg ve Giivenligi Koordinatérliigii ayr1 bir yénerge
kapsaminda faaliyet gdstermektedir (KBU, 2023).

Bu yap1 kamu tiniversiteleri icin olagan bir isletme bi¢imidir.
Standardin terminolojisiyle ifade edildiginde KBU'de tammli bir
"tesis yonetimi kurulusu" bulunmamaktadir. Tesis hizmetleri
yliritilmektedir, fakat tesis yonetimi  yonetim  sistemi
isletilmemektedir. Sekil 1 mevcut yapiy1 standardin talep kurulusu—
tesis yonetimi kurulusu modeline yerlestirmektedir.



Sekil 1: KBU'de tesis hizmetinin bugiinkii yapist ve ISO 41001'in

talep kurulusu—FM kurulusu modeli

TALEP KURULUSU: UNIVERSITE YONETIMI

Rektorlik - Senato - Genel Sekreterlik - fakiilte ve MYO yonetimleri
2026-2030 Stratejik Plani - bitge - Risk Strateji Belgesi - Strdurilebilirlik Kom.

A

A
ihtiyag, butge, hedef / hizmet, rapor
Y
TESIS HiZMETi — BUGUN ALTI BiRIMDE
(ISO 41001: "FM kurulusu"; hentz tek sistem degil)
YITDB iMiD SKS DB
yapim, biyiik onarim temizlik (161 isgi) yemekhaneler (13)
kazan, jeneratér, iklim. | guvenlik (105 isci) . yemek ihalesi
GES isletme elektrik, yakit 6demesi kantinler (19)
Enerji Ver. Komisyonu tasitlar, lojmanlar spor, kltir
Ariza Kayit Sistemi sivil savunma kres
T T 1
] H ]
BILGi ISLEM DB ATIK YON. KOORD. iSG KOORD.
ag ve sistem odasi sifir atik sistemi iSG kurullari
AKS, EBYS, TKYS | Atik Getirme Merkezi | risk degerlendirme
kamera (=1.430) karekodlu takip acil durum plani
1SO 27001 Surdirdlebilirlik R. hizmet alimi personeli
KABIS
K 8.2 esgldliim ve 8.3 entegrasyon: gérev tanimlariyla, sistem olmadan (kesik gizgi) /
A

A

A 4

Y

DIS SAGLAYICILAR

ILGILI TARAFLAR (4.2)

yemek firmasi (65,3 milyon TL)
elektrik tedarikgisi - asansor bakimi
kantin kiracilari - yapim yiklenicileri
sozlesmelerde SLA / performans maddesi yok

39.044 6grenci - 2.155 personel
75 engelli 6grenci - YOKAK
ETKB (%30 enerji) - Tarim ve Orman Bak. (su)
Belediye - KYK - Teknokent firmalari

Kaynak: KBU gérev tammlart ve TS EN ISO 41001 (TSE, 2018) Giris boliimiine
dayanarak yazar tarafindan AutoCAD ortaminda ¢izilmistir.

Bu yapida ilk fark edilen, temizlik ve giivenlik hizmetlerinin

dis kaynak

kullanimi
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karsilanmasidir. 2025 yilinda 161 temizlik ve 105 giivenlik iscisi
kadrolu olarak istihdam edilmektedir (KBU, 2026b, Tablo 34, s. 47).
Bu durum pek c¢ok kamu iniversitesinden farklilik
gostermemektedir ve standardin "i¢ tesis yonetimi kurulusu”
modeline karsilik gelmektedir. Bir diger husus, enerji ve
stirdiiriilebilirlik alaninda giiclii bir kurumsal birikimin varhgidir.
Universite bir megavat kurulu giicte cat1 tipi giines enerjisi santraline
sahiptir. Universiteleraras1 enerji verimliligi yarismasinda birincilik
elde etmis ve Enerji ve Tabii Kaynaklar Bakanlhigi'ndan iistiin basar1
belgesi almisur (KBU, 2024a, s. 13; KBU, 2026a, s. 99). KBU,
Yiiksek Ogretim Kurulu tarafindan temiz enerji alaninda
uzmanlasan {iniversite olarak belirlenmistir. Bu birikim, standardin
uygulanmasi i¢in elverisli bir kurumsal zemin olusturmaktadir.

Degerlendirme Yaklasimi

Bu  calismadaki  degerlendirme  belge  analizine
dayanmaktadir. Standardin maddeleri (4-10) tek tek ele alinmistir.
Her madde i¢in KBU'de karsihk gelen uygulama aragtirilmugtir.
Incelenen belgeler sunlardir:

* 2024 ve 2025 Idare Faaliyet Raporlar

e 2024 ve 2025 Kurum i¢ Degerlendirme Raporlar
*  YOKAK Kurumsal Akreditasyon Raporu

* 2026-2030 Stratejik Plan1 ve Risk Strateji Belgesi

o Kamu I¢ Kontrol Standartlarina Uyum Eylem
Planlar1

¢ Siire¢ Yonetimi El Kitab1

* YITDB ve IMID gérev tammlar, hassas gorev
formlar ve is akis semalar1

e 2023 Siirdiiriilebilirlik Raporu
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e [ISG ve atk yonetimi y6nergeleri.

Her maddeye ii¢ seviye belirlenmistir. "Var" ifadesi, sartin
belgelenmis bir uygulamayla karsilandigimi = gostermektedir.
"Kismen" ifadesi, uygulamanin bulundugunu ancak tesis yonetimine
ozgli ya da sistematik olmadigim ifade etmektedir. "Yok" ifadesi,
belgelerde karsilik bulunamadigini belirtmektedir. Bu yaklasim,
Kolombiya ve Ispanya hastanelerinde uygulanan ISO 41001 tam
araclarinin sadelestirilmis bir uyarlamasi olarak hazirlanmistir
(Madrofial-Ortiz et al., 2025). Belgelere yansimamis ya da
belgelerine ulasilamayan uygulamalarin bulunmasi olasiligi goz ardi
edilmez. Bu sebeple ortaya cikan bulgular bir 6n tani niteligindedir
ve saha dogrulamasi gerektirdigi bir gercektir.

Uygulanabilirlik: ISO 41001 Maddeleri Karsisinda KBU

Degerlendirmenin 6zeti Tablo 2'de sunulmaktadir. Yirmi ii¢
alt maddenin ikisi "var", dordii "yok", on yedisi "kismen" diizeyinde
degerlendirilmistir. Tablo, KBU'deki eksikliklerin uygulama
seviyesinden ziyade sistem diizeyinde oldugunu ortaya koymaktadir.
Maddeler agagida sirasiyla ele alinmaktadir.

Tablo 2: ISO 41001 maddeleri karsisinda KBU'niin mevcut durumu

Madde Durum | KBU'deki karsihg (kamit) | Bosluk
4.1 Baglam Kismen | Stratejik planda PESTLE ve | Tesise 6zgii
i¢ analiz; Risk Strateji baglam analizi
Belgesi bulunmamaktadir
4.2 Tlgili Kismen | Ogrenci memnuniyet anketi | Talep kurulusu—
taraflar (fiziki mekan %52); FM kurulusu
RIMER; akreditasyon saha ayrimi taniml
bulgular degildir
4.3 Kapsam | Yok — Tesis yonetimi tek
bir sistem olarak
tamimlanmamistir
4.4FM Kismen | Siirec El Kitabi'nda bakim- Siire¢ akislar
yonetim onarim, temizlik, giivenlik, mevcut; sistem
sistemi peyzaj, tasit, yemekhane tanimh degil
akiglar
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Madde Durum | KBU'deki karsihg (kamit) | Bosluk
5.1 Liderlik | Kismen | Rektorliik diizeyinde enerji Tesis yonetimine
ve siirdiiriilebilirlik liderligi | iliskin iist yonetim
taahhiidii
bulunmamaktadir
5.2 Politika | Yok Siirdirilebilirlik, atik, bilgi | Tesis yonetimi
giivenligi politikalar1 mevcut | politikas1
bulunmamaktadir
5.3 Roller Var Gorev tanimi, hassas gorev —
Ve organizasyon semast
formlar1 (UNIKA-FRM)
6.1 Risk Kismen | Risk Yonetimi Yonergesi; Tesis risk
Risk Strateji Belgesi'nde envanteri
fiziki alan (R24), altyap1 bulunmamaktadir
yatirimi (R22), afet riskleri
6.2 Hedefler | Kismen | SP gostergeleri: 6grenci Bakim, ariza
basina kapali alan, GES siiresi,
tretimi, GreenMetric; %30 kullanilabilirlik
enerji hedefi hedefi
bulunmamaktadir
7.1 Kismen | Biitce kalemleri; Bakim Personel
Kaynaklar Onarim Subesi 15 teknik yetersizligi beyan
personel; teknik kadro 95 (iMiD)
dolu / 32 bos
7.2 Yeterlilik | Kismen | KBU Akademi egitimleri Tesis yetkinlik
(vangin, GES, kamera, matrisi
TKYS) bulunmamaktadir
7.3-7.4 Kismen | Tasarruf ve sifir atik Enerji/su
Farkindalik, egitimleri; AKS; RIMER; farkindalig riski
iletisim EBYS kayithdir
7.5 Var Numarali gérev tanimi, —
Belgelenmis talimat (TL-004...TL-032)
bilgi ve is akisi sistemi; ISO
27001
7.5.4 Bilgi Kismen | AKS, TKYS, ABS, EBYS Biitiinlesik tesis
ve veri ayn sistemlerde; KABIS verisi
gelistirilmektedir bulunmamaktadir
8.1 Kismen | Bakim Onarim is akis1 ve Periyodik bakim
Operasyon talimatlari; aylik bina programi belgesine
kontroli; sivil savunma ulagilamamugtir

planlar
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Madde Durum | KBU'deki karsihg (kamit) | Bosluk
8.2 Esgiidiim | Kismen | YITDB-IMID ortak Hizmet diizeyi
gorevler; biiytik/kiiciik anlagmasi
onarim ayrimi; dig bulunmamaktadir
saglayicilar (yemek,
elektrik)
8.3 Yok — CAFM/TWMS
Entegrasyon bulunmamaktadir;
hizmetler ayr1
birimlerdedir
9.1 izleme, Kismen | Elektrik, su, atik, karbon Tesis gosterge seti
6lcme verileri (2023); yok; 2024-2025
GreenMetric; memnuniyet nicel verisi
anketleri yayimlanmamigtir
9.2 i¢ tetkik | Kismen | i¢ denetim; kurum ici akran | Tesis yonetimine
degerlendirme (2024, 2025) | o6zgii tetkik
bulunmamaktadir
9.3 Kismen | Senato degerlendirmeleri; Tesis yonetimi
Yonetimin alt1 aylik SP izleme; i¢ girdi/ciktilart
gozden Kontrol izleme ve tanimh degildir
gecirmesi Yonlendirme Kurulu
10.1 Kismen | AKS: ariza kaydi — Kok neden analizi
Uygunsuzluk gorevlendirme — rapor; bulunmamaktadir
Siirekli Iyilestirme Plam
10.2 Siirekli | Kismen | LED, termostatik vana, Tesis yonetimi
iyilestirme kazan yenileme, EKB; iyilestirme
UNIPUKO siireg kartlar: dongiisii tammli
(2026) degildir
10.3 Kismen | Yangin sistemleri biiyiik Bina bazli 6nleyici
Onleyici onarimi; fore kazik; lojman | bakim programi
faaliyet karot ve tahliye bulunmamaktadir

Kaynak: KBU, 2024a, 2024b, 2026a, 2026b, 2026¢, 2026e, 2026f; YOKAK, 2026.
Yazar degerlendirmesi.
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Sekil 2: KBU'niin ISO 41001 madde haritasindaki konumu

oz
4 4.1 Baglam 4.2 ilgili taraflar 4.3 Kapsam 4.4 FM sistemi
BAGLAM SP analizi memnuniyet anketi = Siireg El Kitabi
Risk Strateji B. RIMER, KAR akiglar
oz
5 5.1 Liderlik 5.2 Politika 3
LIDERLIK enerji / stird. FM politikasi yok gbrev tanimi
liderligi formlar
2727777
6 6.1 Risk 6.2 Hedefler
PLANLAMA |Risk Yon. Yénergesi|[ SP gostergeleri
R22, R24 %30 enerji
7 7.1 Kaynaklar 7.2 Yeterlilik 7.3-7.4 Fark., ilet.||7.5 Belgelenmis b.|| 7.5.4 Bilgi ve veri
DESTEK biitge; 15 teknik KBU Akademi AKS, RIMER TL-004...032 AKS, TKYS, ABS
personel; 32 bos egitimleri egitimler 1SO 27001 ayri sistemler
8 8.1 Operasyon 8.2 Esgidim 8.3 Entegrasyon
OPERASYON | AKS akisi; aylik YiTDB-IMID CAFM yok
bina kontroli SLA yok
9 9.1 izleme 9.2 i¢ tetkik 9.3 YGG
PERFORMANS | enerii, su, atik ic denetim Senato; SP
GreenMetric akran deg. izleme
10 10.1 Uygunsuzluk || 10.2 Srekli iyil. 10.3 Onleyici
iYILESTIRME AKS; Stirekli LED, vana, kazan || yangin sist.; fore
iyilestirme PI. UNiPUKO kazik; lojman
var: belgelenmis uygulama W kismen: tesise 6zgli / sistematik degil |:| yok

Kaynak: Tablo 2'ye dayanarak AutoCAD ortaminda ¢izilmistir.

Baglam bagligi olan kurulusun baglami ve ilgili taraflar
(madde 4) maddesinini incelenmesiyle baslanilmistir. KBU'niin
2026-2030 Stratejik Plam1 kapsamli bir i¢/dis husus analizi
icermektedir (KBU, 2025). Risk degerlendirmesi kapsaminda
hazirlanan Risk Strateji Belgesi, fiziki alan yetersizligini ve altyapi
yatirimlarinin gerceklestirilememesini yiiksek diizeyli risk olarak
kaydetmektedir (KBU, 2026g, s. 52-55). Ogrenci memnuniyet
anketinde fiziki mekanlar yiizde 52 ile en diisiik puanh husus olarak
belirlenmistir; kiitiphane yiizde 73, yemekhane yiizde 65

seviyesindedir (KBU, 2026c, s. 46). Akreditasyon degerlendirme
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takimi spor tesislerini yetersiz bulmus, kampiis i¢i ulagim ve
medikososyal merkez taleplerini kaydetmistir (YOKAK, 2026, s.
23-24, 37-38). Bu bulgularla, ilgili taraflarin beklentilerinin
kurumsal belgelere yansidigin1 gérmekteyiz. Ancak bu veriler bir
tesis yonetimi yonetim sisteminin girdisi olarak tanimlanmamusgtir.
Standardin 4.3 maddesinde = 6ngoriillen  kapsam  tanimi
bulunmamaktadir. Kapsamin yalnizca merkez yerleskeyle mi sinirh
oldugu, kampiis dis1 yerleskeleri kapsayip kapsamadig: belirsizdir.
Bu durum, tesis yonetiminin bir sistem olarak degil, bir dizi gorev
olarak ele alindigim gostermektedir.

Liderlik maddesinde Liderlik ve politika (madde 5)
incelendiginde su bulgular ortaya gkmustir. KBU'de roller ve
sorumluluklar acik bicimde tamimlanmistir. Her birimin gorev
tamimi, hassas gorev formu ve organizasyon semasi bulunmaktadir.
Bu durum standardin 5.3 maddesini dogrudan karsilamaktadir. Ust
yonetim enerji ve siirdiiriilebilirlik alaninda goriintir bir liderlik
sergilemektedir. Siirdiiriilebilirlik Yonetim Komisyonu kurulmus ve
yillik siirdiiriilebilirlik raporu yayimlanmigtir (YOKAK, 2026, s. 4—
5). Ancak yine bir tesis yonetimi politikasi bulunmamaktadir.
Cevresel siirdiiriilebilirlik, atik yoOnetimi ve bilgi giivenligi
politikalar1 mevcuttur. Tesis hizmetinin amacini, kapsamini ve iist
yonetim taahhiidiinii ortaya koyan herhangi bir belge yoktur.
Standardin 5.2 maddesi ise yazili hale getirilmis belge sarti
kosmaktadir. Politika olmadan hedef, hedef olmadan performans
gostergesi olusturulamaz.

6.Madde Planlama kapsaminda Risk ve hedefler (madde 6)
degerlendirilmistir. Risk yonetimi altyapisi kurulusta giicliidiir. KBU
Yonergesiyle, risk koordinatorleri, birim risk ekipleri ve beg yillik
risk strateji belgesi tammlanmisur(KBU, 2021; KBU, 2026g).
Kurulusta tesisle ilgili riskler bu belgede yer almaktadir. Bununla
birlikte 2024 eylem planinda risklere yonelik eylem planlarinin
heniiz olusturulmadigi belirtilmektedir (KBU, 2024c). Stratejik
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planda tesisle (iiniversite) ilgili dort gosterge bulunmaktadir.
Birincisi 6grenci basina kapali alan, ikincisi 6grenci basina egitim
alani, ticiinciisli glines enerjisi tiretimi ve sonuncusu GreenMetric
siralamasi. 2024 yilinda 6grenci basina kapali alan 6,69 metrekareye
ulasmig ve hedef asilmistir (KBU, 2026a, s. 156).Ancak burada
dgrenci sayisinin azalmasindan mi1 yoksa yeni ingaa siireglerinden mi
bu hedef gerceklesmesi saglanmistir bilinememektedir. Kiimiilatif
giines enerjisi iiretimi 6.787 megavat-saat diizeyindedir (KBU,
2026b, s. 168). Kamu binalarinda enerji tasarrufu 2025 yilinda yiizde
20,74 olarak gerceklesmistir; 2030 hedefi yiizde 30'dur (KBU,
2026¢, s. 51). Bu gostergeler niteliklidir ancak tiimii alan ve enerji
gostergesidir. Yani ariza giderme siiresi, planli bakim orani ve
ekipman kullanilabilirligi gibi tesis performansi gostergeleri
belirlenmemistir. Standardin 6.2 maddesi bu bagliklardan 6l¢iilebilir
ve ulasilabilir hedefleri sart kosmaktadir.

Standardin siradaki maddesi “Destek”dir (madde 7). 2025
yilinda mal ve hizmet alimlarina 172,6 milyon TL harcanmistir. Bu
tutarin 66 milyon TL'si enerji alimlarina aittir. Bakim ve onarim
harcamalar yaklasik 9,2 milyon TL diizeyindedir (KBU, 2026b, s.
126-127). Enerji harcamasi bakim harcamasinin yaklasik yedi
katidir. Bu oran tek basina bir 6ncelik siralamasina isaret etmektedir.
Teknik hizmetler sinifinda 95 dolu ve 32 bos kadro bulunmaktadir
(KBU, 2026a, s. 50). Idair Mali Igler Dairesi kendi raporunda
giivenlik, cevre temizligi ve ara¢ bakimi alanlarinda personel
yetersizligini beyan edip raporlamisur (KBU, 2026e, s. 28).
Yeterlilik, yetkinlik agisindan KBU Akademi hizmet igi egitimler
diizenlemektedir. Bunlardan o6rnek olarak yangin riskleri, giines
enerjisi sistemleri ve kamera sistemleri egitimleri gosterilebilir
(KBU, 2026h). Ancak bir tesis yetkinlik matrisi ya da benzer bir
matris bulunmamaktadir. Dokiimante edilmis bilgi acisindan ise yap1
saglam ve giicliidiir. Gorev tamimlari, talimatlar ve is akiglarn
numaralandirilmis bir dokiiman sistemi iginde yer almaktadir.
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Jenerator, kesintisiz giic kaynagi, kazan dairesi ve temizlik igin
calisma talimatlarn kurum web sayfasinda yazilhi olarak
yayimlanmaktadir (KBU, 2024d). ISO/IEC 27001 Bilgi Giivenligi
Standarti dokiiman kontrolii kiiltiiriinii kuruma kazandirmistir.
Burada da temel bosluk veri yonetimindedir. Ariza kayitlari, taginir
kayitlari, ara¢ bilgileri ve belge yonetimi ayrn sistemlerde
tutulmaktadir. YOKAK Akreditasyon raporu bilgi yonetim
sisteminin sinirli oldugunu ve yazilimlarin biitiinlesik olmadigini,
tespit etmistir (YOKAK, 2026, s. 9, 35-36). Standardin 7.5.4
maddesi ise bdyle bir biitiinlesmeyi sart kosmaktadir.

Sahada uygulanmasi gereken calismalar ise standardin
Operasyon (madde 8) bashginda incelenmistir. Bakim ve onarim
siirecleri tammlanmistir. Aktif olarak Arnza Kayit Sistemi
isletilmektedir. Ariza Kayit Siireci talep, gorevlendirme, kesif, ariza
giderme ve raporlama adimlarindan olusmaktadir (KBU, 2026f).
Binalarin  ayhik  kontroliinii  Hassas gorev  formu ile
degerlendirilmektedir. Bu uygulamalar standardin 8.1 maddesinin
reaktif (diizeltici) bakim beklentisini karsilamaktadir. Planh
(6nleyici) bakim calismalari ise belgelerde yoktur. Asansor, kazan,
jeneratdr ve yangin sistemleri icin bir periyodik bakim takvimine
acik kaynaklarda ulasilamamisti. Bu kontroller mevzuat geregi
yiiriitiiliyor ~ olabilir; ancak yayimlanmigs bir  program
bulunmamaktadir. ki birim arasinda gorev tanim diizeyinde
esglidim kurulmustur. Enerji, 1sitma ve su sistemleri YITDB ile
IMID'in ortak sorumlulugundadir. Tedarikgilerle iligki ihale
sozlesmesiyle simrhdir. Ogrenci ve Personele verilen yemek hizmeti
65 milyon TL tutarinda bir ihaleyle temin edilmektedir (KBU,
2026d). Burada da bir hizmet diizeyi anlasmas1 ya da performans
gostergesi belgelerde yer almamaktadir. Hizmetler alti birime
dagilmis durumdadir. Tesis, varlik ve hizmet bilgileri ayrn
sistemlerde tutulmaktadir. Bilgisayar destekli tesis yoOnetimi
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(CAFM) yazilimi bulunmamaktadir. Bunun sonucunda Entegrasyon
(8.3) KBU'niin en belirgin boslugunu olusturmaktadr.

Yapilan c¢alismalarin kontrol mekanizmasi performans
degerlendirme ve iyilestirme (madde 9-10) baslhklar ile saglanir.
KBU ol¢me faaliyetleri yiiriitmektedir. FElektrik tiiketimi, su
tiiketimi, karbon ayak izi ve atik miktar1 verilerini igeren
Siirdiiriilebilirlik Raporu mevcuttur (KBU, 2024a, s. 12-15).
GreenMetric siralamasinda KBU ii¢ yilda 236 basamak yiikselmistir
(Gazete Birlik, 2026). Memnuniyet anketleri diizenli olarak kurum
ici sistemler vasitasiyla uygulanmaktadir. Ancak bu 6l¢iimlerde tesis
performans yapisi heniiz olusmamstir. I¢ tetkik faaliyetleri i¢
denetim ve kurum i¢i akran degerlendirmesi yoluyla
yiiriitiilmektedir (KBU, 2026¢, s. 21). Yonetimin gézden gecirmesi
faaliyeti Senato degerlendirmeleri ve alti aylik stratejik plan
izlemesiyle karsilanmaktadir. Bu mekanizmalar standardin
ongordiigii girdi ve ciktilari icermez. lyilestirme acisindan KBU'niin
enerji ve insaat kalemlerinde somut uygulamalari bulunmaktadir:
LED doniistimii, 2.012 termostatik vana, kazan yenileme, yangin
sistemleri biiyiik onarimi, lojmanlarin deprem degerlendirmesi ve
tahliyesi, toprak kaymasina karsi fore kazik uygulamasi (KBU,
2024a, s. 12-13; KBU, 2026b, s. 23, 105, 129). Bu uygulamalar
onleyici faaliyet niteligindedir. Her biri ayr1 bir karar olarak
alinmistir ancak bir 6nleyici bakim programindan tiiretilmemistir.
2026 i¢ kontrol eylem plam UNIPUKO yazilimiyla siire¢ kartlarinin
olusturulmasim  hedeflemektedir (KBU, 2026i). Bu hedef,
standardin 10. maddesine gecis icin uygun bir zemin
olusturmaktadir.

Degerlendirmenin genel sonucu su sekilde 6zetlenebilir.
KBU, standardin 6éngordiigii bilesenlerin ¢oguna sahiptir. Gorev
tamimlari, dokiiman sistemi, risk yonetimi, i¢ kontrol, ariza siireci ile
enerji ve ¢evre dlciimleri mevcuttur. Ancak dort bilesenin eksikligi
giderilmelidir. Bunlar; tesis yonetimi politikas1 ve kapsami; tesis
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performansi gosterge seti; planli bakim programi; hizmetleri tek cati
altinda toplayan bir entegrasyon mekanizmasidir. Bu dort eksiklik
uluslararasi o6rneklerle kiyaslandiginda Kosta Rika'da bir teknoloji
iniversitesinin tanisinda en diisiik puanlar farkindalik, esgiidiim ve
i¢ tetkik maddelerinde gozlenmistir (Solano Quesada, 2019, s. 111).
Malezya'da ise bir laboratuvar binasi "operasyonel olarak yetkin
ancak reaktif" olarak degerlendirilmistir (Roslizuri & Abdul
Rahman, 2026, s. 94). KBU'niin durumu da benzer bigimde
tanimlanabilir. KBU’de operasyonel kapasite mevcut, yonetim
sistemi ise eksiktir.

ISO 41001'in KBU Agisindan Beklenen Faydalari

ISO 41001 standardinin saglayacagi fayda aslinda soyut bir
kalite iddiasiyla siirh degildir. KBU 6zelinde alti somut kazanim
tamimlanabilmektedir (Tablo 3).

Birinci kazamim, yasal yiikiimliiliiklerin takibinin tek bir
yonetim sisteminde biitiinlestirilmesidir. KBU bugiin en az dort ayr
yiikiimliiliik altindadir. Kamu binalarinda 2030 yilina kadar yiizde
30 enerji tasarrufu saglanmasi zorunludur (Cumhurbaskanhgi,
2023). Universite kampiisleri i¢in bes yil i¢inde yesil su verimliligi
belgesi alinmasi oOngoriilmektedir (Su Verimliligi Yonetmeligi,
2024, md. 7). Sifir atik yonetim sisteminin siirdiiriilmesi ve is saglig1
ve giivenligi kurullarinin isletilmesi zorunludur. Her yiikiimliiliik
ayri plan, ayri izleme ve ayri raporlama gerektirmektedir. Enerji igin
Enerji Yénetim Birimi, atik i¢in Koordinatérliik, iSG igin ayr bir
Koordinatorlik kurulmustur. ISO 41001 bu doért dongliyii tek bir
planla—uygula—kontrol ~ et-6nlem al (PUKO) cevrimine
baglayabilmektedir. Ust diizey yap1 (High Level Structure), yonetim
sistemlerinin tek bir biitiinlesik sistemde birlestirilmesini,
entegrasyonunu kolaylastirmaktadir (Francisco et al., 2024).
ISO/IEC 27001 igin kurulan dokiiman ve tetkik altyapisindan
vazgecilmeyecek aksine yeniden kullanilabilecektir. Béylece dort
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ayr1 sistem yerine tek entegre bir sistem, dort ayri rapor yerine tek
entegre bir yonetimin gdzden gecirmesi miimkiin olmaktadir.

Ikinci kazamm kurumsal akreditasyon siirecine katki
saglamasidir. YOKAK, KBU'ye 2026-2028 dénemi icin kosullu
akreditasyon vermigtir (KBU, 2026j). Raporda gelismeye agik
yonler arasinda siire¢ kartlarinin eksikligi, bilgi sistemlerinin
biitiinlesik olmamasi ve tesis kapasitesi sayllmaktadir. YOKAK'mn
A.3 olciitii, kurumun "kaynaklari ile siireclerini yonetmek iizere bir
sisteme sahip" olmasini 6ngérmektedir (YOKAK, t.y.). ISO 41001
tam olarak bu nitelikte bir sistemdir ve kaynaklarin ve siireclerin
yonetimi i¢in tasarlanmustir. Bir tesis yonetimi yonetim sistemi, 2028
yeniden degerlendirmesinde A.3 ve B.3 6lciitleri i¢in dogrudan kanit
tiretebilecektir.

Ucgiincii kazamm biitce taleplerinin veriye dayandirilmasidr.
Bakim ve onarima ayrilan pay 9,2 milyon TL, enerjiye ayrilan pay
ise 66 milyon TL diizeyindedir. Spor kompleksi insaati iki kez fesih
nedeniyle tamamlanamamistir; tamamlanma maliyeti 207 milyon
TL olarak hesaplanmakta ve 6denek yetersiz kalmaktadir (KBU,
2026b, s. 105). Risk Dbelgesi altyapi  yatirnmlarinin
gerceklestirilememesini yliksek diizeyli risk olarak
degerlendirmektedir. Bu sartlarda tesis biriminin biitce talebini
veriyle gerekcelendirmesi zorunludur. Standardin 9.1 maddesi
finansal ve finansal olmayan gostergelerin birlikte izlenmesini sart
kosar. Ertelenmis bakim maliyetleri, planli bakim tasarruflar1 ve
ariza siklig1 gibi veriler bir sistem mevcutsa toparlanabilir. Amerika
Birlesik  Devletlerinde {iniversitelerin ertelenmis yenileme
birikiminin briit metrekare basina 156 dolara ulagmasini yapisal
yatirim eksikligiyle aciklanmaktadir (Gordian, 2026).

Dérdiincii kazanim ise hizmet tutarhligidir. Temizlik ve
giivenlik hizmetleri kadrolu personelle, yemek hizmeti dis kaynak
kullamimiyla, asansor bakimi ise hizmet alimiyla yiiriitiildiigiinden

bahsedilmistir. Bu ¢ hizmet {i¢ ayr1 yonetim bigimiyle
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ilerlemektedir. Standardin 8.1 maddesi tiim hizmetler igin hizmet
seviyesi tanimlarini sart kosar. Dersliklerin temizlik sikligi, ariza
giderme siiresi ve yemekhane hijyen denetim 6lciitleri bu tanimlarla
yazih hale gelmelidir. Ogrenci memnuniyet anketinde fiziki
mekanlarin en diigsiik puani (yiizde 52) almasimi bu baglamda
degerlendirmek gerekir. Tesis kalitesinin 6grenci memnuniyetinin
anlamhi  bir belirleyicisi oldugunu Norve¢ ve Finlandiya
tiniversitelerinde gérmekteyiz (Hanssen & Solvoll, 2015; Kéarnd &
Julin, 2015). Derslik i¢ mekan kalitesinin 6grenme performansini
dogrudan etkiledigi ile ilgili deneysel olarak ortaya konmusg
calismalar mevcuttur (Sarbu & Pacurar, 2015). Tiim bunlar tesis
yonetiminin {iniversitenin ana faaliyeti olan egitim O6gretim
hizmetlerinin disinda degil, tam merkezinde ana faaliyetin altyapisi
oldugunu gostermektedir.

Besinci  kazamim  kurumsal  bellegin  korunmasim
saglamasidir. Standardin 7.5.4 ve 7.6 maddeleri tesis bilgisinin ve
kurumsal bilginin sistemde tutulmasini beklemektedir.

Alina  kazamm ise kurumsal goriiniirliiktir. KBU
GreenMetric siralamasinda ve bagka metriklerde yiikselmektedir.
Temiz enerji alaninda ihtisaslasan {iniversite statiisiinii elinde
tutmakta ve siirdiiriilebilir, iklim dostu kampiis pilot uygulamasina
dahildir. Tiirkiye'de heniiz higbir tiniversitenin sahip olmadig: bir
belge (ISO 41001) bu profili tamamlayacaktir. RMIT Universitesi,
tesis yonetimi ve varlik yonetimi standartlarim birlikte uygulayarak
kampiis stratejisini belgelendirmis bir iniversitedir (RMIT
University, 2024). Belgelendirme, siralamalardan farkli olarak
bagimsiz {iciincii taraf dogrulamasina dayanmaktadir.
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Tablo 3: KBU i¢in beklenen kazammlar, géstergeleri ve ilgili

maddeler
Kazanim KBU'deki dayanak | izlenecek gosterge Madde
Yiikiimliiliiklerin | %30 enerji hedefi; Dort yiikiimliiliik icin | 4.3, 6.2,
tek sistemde yesil su belgesi; sifir | tek plan ve tek 9.3
biitiinlestirilmesi | atik; ISG yonetimin gézden
gecirmesi
Akreditasyon Kosullu 2028 4.4,7.5.4
kaniti akreditasyon 2026— | degerlendirmesinde
2028; A.3ve B.3 stire¢ kart1 ve
olciitleri biitiinlesik bilgi
sistemi
Biitce Bakim 9,2 / enerji Ertelenmis bakim 7.1,9.1
taleplerinin 66 milyon TL; R22 | birikimi (TL/m?);
veriye yiiksek risk planli bakim oranm
dayandirilmasi
Hizmet Fiziki mekan Hizmet diizeyi 8.1,8.2
tutarhligy memnuniyeti %52 tanimlari; ariza
giderme siiresi;
memnuniyet
Kurumsal 32 bos teknik kadro; | Bina ve ekipman 7.54,7.6
bellegin kisiye bagh bilgi kiitiigli; bakim
korunmasi gecmisi
Kurumsal GreenMetric 715.; Tirkiye'de ilk ISO 4.1,10.2
gortiniirlitk ihtisaslasan 41001 belgeli
tiniversite; pilot tiniversite
kampiis

Kaynak: Yazar tarafindan derlenmistir.

Kars1 goriisler de dikkate alinmalidir. Standart ek dokiiman
yiikii getirebilmektedir. Endiiliis hastanelerinde yoneticiler, sistemin
"faydadan cok biirokratik formalite" iiretebilecegi yoniinde kaygi
belirtmistir (Madrofal-Ortiz et al., 2022, s. 26). Yiiksekdgretimde
ISO 9001 deneyimi de benzer bir is yiikii riskine igaret etmektedir
(Kamusoko, 2020). KBU'de bu riskin daha diisiik oldugunu
degerlendirebiliriz. Kamu Universitesi ve koklii bir ge¢mise sahip
olmas1 dokiiman sisteminin hdlihazirda mevcudiyetinin varligi
goriilmektedir. Standart yeni belgelerden ziyade mevcut belgeleri
biitiinlestiren bir ¢at1 olarak degerlendirilmelidir. Tkinci kars1 goriis

maliyetle ilgilidir. ISO 41001 Standarti Bagimsiz belgelendirme
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kuruluglar1 ~ tarafindan  denetlenerek  belgelendirilmektedir.
Belgelendirme iicreti, danismanlik ve yazihim giderleri biitce kalemi
olarak ortaya c¢ikacaktir ancak kazanimlarinin avantajlari iizerine
karar vermek zor olmayacaktir. Ugiincii kars1 goriis insan kaynagina
iliskin olandir. Teknik kadro yeterliligi nemli bir konudur ve sistem
kurulumu ek is yiikii anlamina gelmektedir. Bu ii¢ kars1 goriis
izerine asamali bir yol haritas1 ve ¢oziimler iiretilebilir.

Oneriler: KBU icin Bir Yol Haritasi

KBU icin 6nerilen yol haritas1 iic asamalidir (Tablo 4).
Birinci asama alt1 ay siirmektedir ve ek biitce gerektirmemektedir.
Bu asamada Rektérlik bir tesis yoOnetimi politikasi
yayimlamyacaktir. Politika, siirdiiriilebilirlik politikasiyla aym
bicimde tek sayfalik bir belge olarak hazirlanabilir. Sistemin
kapsami mutlaka belirlenmelidir. Ik olarak merkez yerleske,
sonrasinda ise diger yerleskeler kapsama dahil edilmelidir. YITDB
ve IMID'in tesis gorevleri tek bir sorumluluk matrisinde
birlestirilmelidir. Mevcut gostergelere sirayla yazili olan performans
gostergeleri eklenmektedir. Bunlar; ariza giderme siiresi, planh
bakim orani, asansoér ve jenerator kullanilabilirligi, metrekare bagsina
enerji tiikketimi ve metrekare basina bakim harcamasidir. Bu
gostergelerin verisi halihazirda {retilmektedir, fakat sistematik
olarak toplanmamaktadir. Bu asamada standardin metni yeterlidir ve
dis damigmanlik ihtiyaci goriinmez.

Ikinci asama altinci ile on sekizinci aylar arasini kapsar. Bu
asamada periyodik bakim programi hazirlanmalidir. Asansor, kazan,
jenerator, yangin sistemleri ve iklimlendirme icin yasal kontrol
tarihleri tek bir takvimde birlestirilerek takip edilmelidir. Bina ve
ekipman envanteri olusturulmali ve Arnza Kayit Sistemi bu
envanterle iliskilendirilmelidir. Yemek, asansor bakimi ve elektrik
tedariki sozlesmelerine hizmet diizeyi maddeleri mutlaka
eklenmelidir. Enerji Yonetim Birimi, Atik Koordinatérliigii ve ISG
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Koordinatorliigii ortak bir yilhik gozden gecirme toplantisi
diizenlemelidir. UNIPUKO siire¢ kartlar1 éncelikle tesis siirecleri
icin doldurulmalhidir ve bu agsamada bir 06z-degerlendirme
gerceklestirilmelidir. Fransiz arastirmacilar tarafindan gelistirilen 88
olciitli ara¢ gibi 0©z-degerlendirme araclar1 {icretsiz olarak
erisilebilirdir (Laaroussi et al., 2023). Oz-degerlendirme, bosluk
analizi sonucu, belgelendirmeye gerek olup olmadigimi ortaya
cikacaktir.

Uciincii asama on sekizinci ile otuz altnci aylar arasim
kapsamaktadir. Bu asamada iki secenek bulunmaktadir. Birinci
secenek {ciincii taraf belgelendirmedir. Tiirkiye'de ISO 41001
kapsaminda TURKAK akreditasyonlu belgelendirme kurulusu
bulunmadigindan belge yabanci akreditasyonlu bir kurulustan
alinmaktadr. ikinci secenek tedarikci uygunluk beyanidir. ISO/IEC
17050-1 uyarinca kurulus standarda uygunlugunu kendisi beyan
etmektedir. Belgelendirme goriiniirliilk saglarken uygunluk beyani
maliyet gerektirmemektedir. KBU icin 6nerilen siralama su
sekildedir: 6nce uygunluk beyani, ulusal akreditasyon altyapisi
olustugunda belgelendirme. Bu asamada Safranbolu yerlegkesi
ikinci kapsam olarak sisteme dahil edilmektedir. Safranbolu'nun
tarihi doku icindeki binalari, 6nceki boliimlerde ele alinan koruma—
erisilebilirlik iliskisi acisindan ayr1 bir sinama alani olusturmaktadur.
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Tablo 4: KBU igin énerilen yol haritasi

Asama Eylem Sorumlu Cikt

1 (0-6 ay) | Tesis yonetimi politikasi; Rektorliik; Genel | Politika
kapsam (merkez yerleske); | Sekreterlik; belgesi;
sorumluluk matrisi; bes YITDB; iMID; gosterge
tesis performans gostergesi | Strateji tablosu; SP

Gelistirme DB izleme
raporuna ek

1 (0-6 ay) | Tesis baglam ve ilgili taraf | YITDB; idare Risk kaydi
analizi; tesis risk envanteri | Risk giincellemesi
(Risk Strateji Belgesi'ne Koordinatorii
ek)

2 (6-18 Periyodik bakim programi; | YiTDB; Bilgi Bakim

ay) bina ve ekipman kiitiigi; islem DB takvimi; kiitiik
AKS baglantisi veri tabam

2 (6-18 Sozlegmelere hizmet SKS DB; IMID; | Sartname

ay) diizeyi maddeleri (yemek, | Hukuk ekleri
asansor, elektrik) Miisavirligi

2 (6-18 Enerji, atik, ISG ve tesis Kalite Gozden

ay) icin ortak yillik gézden Koordinatorliigii; | gecirme
gecirme; UNIPUKO tesis | Siirdiiriilebilirlik | tutanag; siireg
siirec kartlar Komisyonu kartlan

2(6-18 Oz-degerlendirme (ISO Kalite Bosluk raporu

ay) 41001 madde 4-10) Koordinatorliig;

YITDB

3(18-36 | Uygunluk beyani Rektorliik; Kalite | Uygunluk

ay) (ISO/IEC 17050-1) ya da Koordinatorliigii | beyani / belge
belgelendirme; Safranbolu
yerlegkesinin kapsama
alinmasi

3(18-36 | Bilgisayar destekli tesis Bilgi islem DB; Biitiinlesik

ay) yonetimi (CAFM) yazilimi | YITDB tesis verisi
degerlendirmesi; KABIS
ile biitiinlesme

Kaynak: Yazar tarafindan derlenmistir.

Yol haritas1 temelde ii¢ ilkeye dayanmaktadir. Birinci ilke
mevcut yapinmn yeniden kurulmamasidir. KBU'niin dokiiman
sistemi, risk yonetimi, i¢ kontrol altyapisi ve enerji birikimi zaten
mevcuttur ve standardin iizerine insa edilecegi zemini
olusturmaktadir. Ikinci ilke zorunluluk dogmadan baslanmasidir.
Enerji tasarrufu hedefi ve mavi su, yesil su belgesi mevzuat geregi
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zaten karsilanmak durumundadir ve bunlarin sistemin ilk hedefleri
olarak tanimlanmas1 ek is yiikii yaratmayacakur. Uciincii ilke
belgenin amag degil sonug olarak goriilmesidir. Standardin degeri
belgede degil, kurdugu yonetim dongiisiinde yani islevselliginde
yatmaktadir.

Sonuc¢

Bu cahsmada ISO 41001'in KBU'de uygulanabilirligi
erisilebilen acik  kaynakli  kurumsal belgeler {izerinden
degerlendirilmistir. KBU standardin bilesenlerinin 6nemli bir
boliimiine sahiptir. Roller tanimlanmius, dokiimanlar
numaralandirilmis, riskler kayit altina alinmis, enerji ve cevre
verileri Ol¢lilmektedir. Eksik olan ise biitiinlestirici bir catidir. Tesis
yonetimi politikasi, tesis performans gostergeleri, planli bakim
programi ve hizmetlerin entegrasyonu bu catidir. Bu dort eksiklik
uluslararas1 tam1 calismalarinda da gozlenen eksikliklerle
ortiismektedir.  Standardin KBU'ye saglayacagi kazammlar
yiikimliiliiklerin tek sistemde biitiinlestirilerek entegre olmasi,
akreditasyon kaniti olarak destek vermesi, biitce taleplerinin veriye
dayandirilmasi, hizmet tutarhiligi, kurumsal bellegin korunmasi ve
kurumsal goriiniirliik olarak siralanmaktadir. Onerilen {i¢ agamali yol
haritasinda ise ek biitce gerekmemektedir. KBU, temiz enerji
alanindaki birikimiyle, Tiirkiye'de ISO 41001'i kampiis 6lgeginde
uygulayan ilk {iniversite olma potansiyeline ve firsatina sahiptir. Bu
degerlendirmeler belge analizine dayanmaktadir. Detayli ¢calismalar
icin teknik personelle yapilacak goriismeler ve saha dogrulamasi
degerli olacaktr.
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BOLUM 4

COMPARATIVE 4E ASSESSMENT OF A
MANZANARES-TYPE SOLAR CHIMNEY ACROSS
METEOROLOGICAL PROFILES

ATILGAN TEMIR! and iBRAHIM UCGUL?

Introduction

A solar chimney power plant channels air heated beneath a
transparent collector toward a chimney through buoyancy and
converts the resulting flow energy into electricity by means of a
turbine-generator. Although its fuel and cooling-water requirements
are low, its low conversion efficiency and need for a large collector
and tall chimney make decisions regarding its use highly dependent
on location and scale (Zhou et al., 2010). The principal experimental
basis for this technology is the 50 kW-class Manzanares pilot plant,
which operated for an extended period in Spain; its temperature,
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velocity, pressure, and power measurements provided benchmark
data for subsequent models (Haaf, 1984; Haaf et al., 1983). This
experience demonstrated technical feasibility but did not establish
commercial viability.

Modeling studies have progressed from simple energy
balances to coupled transient solutions. Pasumarthi and Sherif
(1998) developed a model for a small-scale setup, while Gannon and
von Backstrom (2000) formulated a collector solution incorporating
system losses. The importance of heat transfer, friction, the turbine
operating point, and geometry has been demonstrated by Pastohr et
al. (2004), Pretorius and Kroger (2006), and Li et al. (2012). This
chapter adopts the one-dimensional transient approach of Bernardes
et al. (2003) as its basis. In Bernardes’s (2004) validation for 7-8
June 1987, the calculated daily outputs were 274.5 and 360.9 kWh,
respectively, compared with measured outputs of 268.0 and 366.8
kWh; the corresponding deviations were +2.4% and —1.6%. The
annual implementation is not a complete reproduction of the
distributed solution, but rather a “Bernardes-based reduced-order
hourly comparison model”; the original validation does not provide
an annual-error guarantee for the present implementation.

Applying the same geometry to different climatic inputs
separates location effects from design effects. Several cities in
Tiirkiye have previously been examined at different scales (Ikhlef,
Uggﬁl, et al., 2022), and the influence of climate has also been
demonstrated experimentally (Kasaeian et al., 2011). Tekirdag,
Aydin, Mersin, Konya, Rize, Erzurum, and Diyarbakir were selected
from Tiirkiye’s seven geographical regions. In this chapter, the 4E
framework comprises energy, exergy, economic, and environmental
assessments. The Manzanares geometry, the 2005-2023 typical
meteorological year (TMY) product, the model constants, and the 4E
system boundary were held constant at all locations.
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The objective is to compare annual gross electricity
generation and capacity factor, Petela-based system exergy
efficiency, LCOE under common cost assumptions, and avoided grid
operational CO: emissions. The outputs do not constitute a project
design or a bankable feasibility assessment; rather, they show the
relative performance of the fixed reference system across the
selected meteorological profiles.

Physical Basis of the Solar Chimney Power System

The system comprises a collector, a chimney, and a turbine-
generator. Irradiance transmitted through the transparent cover is
absorbed by the dark ground surface, and the density of the heated
air decreases as it moves toward the center. The hydrostatic
difference between the warm air column inside the chimney and the
external atmosphere drives the flow; the turbine converts part of the
pressure drop into mechanical power, which the generator
subsequently converts into electrical power (Gannon & von
Backstrom, 2000; Haaf et al., 1983).

The collector also acts as a radial-flow duct. As the flow
cross-section narrows toward the center, the velocity and heat
transfer change; although the temperature rise increases buoyancy,
the increasing flow rate may shorten the air residence time. This
coupling makes the effects of geometry and materials nonlinear (Li
et al., 2012; Maia et al., 2009). The ground stores part of the daytime
energy and attenuates fluctuations. Additional water or gravel
storage may increase nighttime production but introduces new
design and cost requirements; experiments on small prototypes have
shown how this effect is reflected in temperature and velocity
(Ikhlef, Larbi, & Uggiil, 2022). In the present analysis, only natural
ground is represented, using the same time lag for all cities.

A solar chimney turbine is not a free-stream turbine but a
pressure stage within the flow path; therefore, the Betz limit does not
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apply directly. Increasing the turbine pressure fraction raises the
specific work but may reduce the flow rate, so the optimum
operating point is determined jointly with the system losses (von
Backstrom & Fluri, 2006). The behavior of the power conversion
unit has been investigated by Gannon and von Backstrém (2003) and
Fluri and von Backstrom (2008). The constant turbine-generator
efficiency used in this study is solely a common model parameter.

Compressibility and vertical atmospheric stratification
become important in very tall towers (von Backstrom & Gannon,
2000). In the Manzanares-scale reduced-order model, the vertical
profile is not solved separately, and the buoyancy pressure is
calculated from a single density difference; this assumption should
not be extrapolated to towers in the 750—1000 m class.

Manzanares Reference Geometry

The Manzanares pilot plant has a collector diameter of 244
m, a chimney height of 194.6 m, a chimney internal diameter of
10.16 m, and an average cover height of 1.85 m. The net collector
aperture area is 46,678.4 m?, the chimney cross-sectional area is
81.07 m?, and the rated generator power is 50 kW (Haaf, 1984; Haaf
et al., 1983). The availability of experimental data has established
this geometry as a benchmark for numerical studies (Pastohr et al.,
2004).

Geometric similarity does not imply that results can be
transferred between small and large solar chimneys using a simple
scale factor. Because the flow regime, surface-to-volume ratio,
friction, and natural convection vary with scale, the conditions for
dynamic similarity must also be satisfied (Koonsrisuk &
Chitsomboon, 2007). Therefore, the Manzanares geometry was used
without modification for all cities in this chapter; no data from a
small prototype were scaled directly by area or height ratios.
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The system’s energy conversion pathway and principal
dimensions are shown schematically in Figure 1.

Figure 1. Components and energy-conversion pathway of the
Manzanares-type solar chimney

Dyy=10.16 m

f
I

Heated air H., =194.6 m

Solar radiation T

Turbine—generator | Transparent collector cover
— > bﬁd R e e ——

> < <

Natural ground / thermal mass

D.=244 m Not to scale

Source: Schematic based on Haaf et al. (1983) and Bernardes et al. (2003).
SDU-YEKARUM Solar Chimney Prototypes

The first prototype documented by Siileyman Demirel
University Research and Application Centre for Renewable Energy
Resources (SDU-YEKARUM, n.d.) was developed for the climatic
conditions of Isparta and constructed on the university's West
Campus between 2003 and 2005 under DPT Project No.
2003K121020. The installation comprised a 15 m steel chimney, a
16 m-diameter glazed collector with an area 0f 200.96 m?, a chimney
cross-sectional area of 1.19 m?, a peripheral inlet area of 31.148 m?,
and a 400 W wind turbine. The collector was divided into 12 flow-
isolated sectors to reduce turbulence caused by non-uniform ground
heating and to direct the heated air toward the central turbine. The
experimental program monitored incident solar radiation, surface
and air temperatures beneath the collector cover, chimney air
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velocity, and the kinetic energy of the heated airflow (Uggiil &
Koyun, 2010).

SDU-YEKARUM completed fabrication of a second
prototype in early 2020. The institutional notice attributes its design
to Ibrahim Uggiil and reports collaboration with the Faculty of
Technology at Isparta University of Applied Sciences and the
LGMD Laboratory of Ecole Nationale Polytechnique (SDU-
YEKARUM, 2020). The notice provides no dimensions or measured
performance for this second installation, so Figure 2 documents
prototype development rather than model validation. In a related
experiment at SDU-YEKARUM, Ikhlef, Larbi, and Uggiil (2022)
investigated how thermal-storage arrangements affected a small
solar chimney prototype; those results are not assigned to the
photographed installation here.

Figure 2. SDU-YEKARUM prototypes: (a) collector and lower
chimney of the first West Campus installation; (b) second prototype
completed in 2020

Source: Panel (a), cropped from SDU-YEKARUM (n.d.); panel (b), adapted from
SDU-YEKARUM (2020) by digitally removing identifiable individuals.

These two prototypes document the experimental
development of solar chimney technology in Tiirkiye. Their
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geometries and experimental measurements were not used to
calibrate or scale the Manzanares-based 4E calculations presented in
this chapter.

City Selection and Basis for Comparison

The selected locations are Tekirdag for the Marmara Region,
Aydin for the Aegean Region, Mersin for the Mediterranean Region,
Konya for the Central Anatolia Region, Rize for the Black Sea
Region, Erzurum for the Eastern Anatolia Region, and Diyarbakir
for the Southeastern Anatolia Region. The selection criteria were:
one city per region; representation of coastal-inland, humid-arid,
low-high elevation, and temperate-cold contrasts; availability of a
complete 8760-hour series from the same PVGIS version; and
inclusion of the local horizon for a fixed coordinate near each city
center. These choices yielded, respectively, coastal-windy, high-
irradiance-temperate, hot-humid, plateau-continental, highly humid-
low-irradiance, high-elevation-cold, and hot-arid profiles.

The cities are not statistical averages of their respective
regions, and a single coordinate cannot represent microclimates in
coastal, wvalley, plateau, and mountainous environments.
Accordingly, the findings are neither “regional results” nor a ranking
for energy-policy purposes; they are results for selected
meteorological profiles evaluated wusing the same plant
configuration.

Meteorological Data

Hourly inputs were obtained from the PVGIS 5.3 TMY
generator. The method combines representative months into a
synthetic 8760-hour year; it does not produce a chronological
average, an observed calendar year, or a forecast (Huld et al., 2018).
The source period was 2005-2023. Irradiance came from SARAH-
3, and the other weather variables came from PVGIS 5.3's ERAS-

Land/ERAS stream, which supplements land data with ERAS near
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coasts (Gounari et al.,, 2024). SARAH-3 is a Meteosat-based
radiation record evaluated against surface measurements (Pfeifroth
et al., 2024). ERAS assimilates observations into an atmospheric
model (Hersbach et al., 2020); ERAS5-Land is an offline land
reanalysis driven by ERAS5 meteorology (Mufoz-Sabater et al.,
2021). These gridded products provide consistent comparison inputs
but do not replace site measurements.

The variables G(h), Gb(n), Gd(h), IR(h), T2m, RH, WS10m,
and SP were retained from the output; G(h), T2m, and SP were used
in the power calculation. No independent performance effect was
attributed to wind or humidity. The UTC timestamp, irradiance time
offset, and local horizon were obtained from the metadata (European
Commission, Joint Research Centre, n.d.). Each series was checked
for 8760 records, within-month hourly completeness, TMY month
ordering, aggregate values, and physical ranges using the same
period and surface definition.

The data represent grid-cell profiles. Although the PVGIS
point elevation for Rize is 15 m, its mean SP is 94.17 kPa; grid-cell
orography is a possible explanation for this mismatch. Multiplying
the hourly pressure series by a common factor to set its annual mean
to 101.325 kPa increased annual generation by 0.094% without
changing the ranking. Table 1 summarizes the inputs. Overbars
denote arithmetic means over all 8760 TMY hours; GHI is the annual
global horizontal irradiation total.
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Table 1. TMY meteorological summary of the selected city locations

Lat. GHI
. . (ON) (kWh sz RI:I WSIO SI_)
City Region Lon. m? | (CC)| (%) | (m/s) | (kPa)
(°E) year™)
Tekirdag | Marmara ‘2“7)2?13 1,574.4 | 158 |72.0 | 4.18 | 101.45
37.845
Aydin Aegean 27 840 1,874.9 | 18.6 | 56.7 | 1.39 |100.26
Mersin Mediterranean 36.812 1,793.7 120.6 | 64.8 | 2.82 | 101.18
34.642 o ’ ) ‘ '
Central 37.875
Konya Anatolia 32493 1,769.9 [12.3 545 | 2.42 | 88.94
. 41.026
Rize Black Sea 40518 1,265.1 [12.5]80.4 | 1.87 | 94.17
Eastern 39.904
Erzurum Anatolia 41268 1,563.5 | 5.7 | 67.7| 1.41 | 79.15
. Southeast 37.914
Diyarbakir Anatolia 40231 1,775.8 [ 16.9 | 51.4 | 1.54 | 92.98

Source: PVGIS 5.3 TMY (2005-2023) data; values compiled for the selected
locations.

Bernardes-Based Reduced-Order Performance Model

Bernardes et al. (2003) divided the collector into radial
volumes and the chimney into vertical volumes, solving the
temperatures and flow rate in a coupled manner; the complete
relationships are provided by Bernardes et al. (2003) and Bernardes
(2004). The distributed solution was not reproduced in full here.
Instead, useful heat, the air energy balance, buoyancy, equivalent
losses, and power conversion were retained, while the cover—
absorber—ground network and spatially distributed losses were
reduced to explicit lumped terms.
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The net horizontal collector aperture area was calculated
from the collector and chimney diameters:

A = (Di=D}, (1)

Here, D, and D, denote the collector and chimney diameters.
A fixed reference coefficient of 0.289 was inspired by the
instantaneous value reported for 10:00 on 7 June 1987 by Bernardes
(2004, pp. 81-82). The source defines that efficiency using incident
radiation plus heat released from the ground. Applying the same
numerical value to lagged irradiance here is an explicit reduction
assumption, not an exact transfer of the source definition or a
measured annual efficiency. The air energy balance is:

Qu = nc,refAcGlag = mcp(Tf.o_Tf.i) ()

Here, m is the mass flow rate, ¢, = 1006 J/(kg-K), and the
temperature difference is that between the collector outlet and inlet
air. The thermal and buoyancy-flow closures were solved
simultaneously at each hourly step. Because the detailed heat-
transfer coefficients dependent on wind and temperature were not
updated, the effect of the selected correlation on annual energy
(Pretorius & Kroger, 2006) constitutes a principal model uncertainty.

In the reduced-order implementation, the hourly lag imposed
by the natural ground on the irradiance input was represented using
the following energy-conserving periodic filter:

_ = exp (Z28) 1 = dact
Glag,n = aGlag,n—I + (]_a)Gn’a = eXp( - )'T = ag (3)

The effective ground depth of 0.060 m is a common
researcher-defined assumption, the ground thermal diffusivity of
2.91 x 1077 m?/s is an input from the Bernardes validation, and t =
3.436 h. Multilayer conduction was not solved; to remove the
initialization effect, the cycle recorded for analysis followed five

preliminary TMY cycles. The filter conserves energy while
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smoothing short-term variability, but it does not provide a detailed
representation of nighttime generation.

For the reduced-order chimney model, continuity and the
closure between available pressure and flow losses were
implemented as follows:

m = phAChv (4)

1 He
(I=x)Apror = Emeflowvz' Kriow = Koue + Kin + fD_c: ®)

Buoyancy was calculated from Ap;,; = gH(pg — pp)- The
mean density was p,, = (pg + pn)/2. Densities followed p =
p/(RT) at the common hourly pressure. Collector inlet temperature
was ambient and outlet temperature was higher by AT. Constants
were R =287.05 J/(kg-K) and g = 9.80665 m/s>. The assumed outlet
and inlet loss coefficients were 1 and 0.14, and the Darcy friction
factor was 0.020, giving a total flow-loss coefficient of 1.523.
Bisection coupled the heat balance and flow closure at each hour.

When x denotes the fraction of the total pressure potential
extracted by the turbine, the electrical power is related to the pressure
difference and volumetric flow rate as follows:

Py = min [Pr» Ccalntgxﬂptot pﬂm] (6)

Because the turbine pressure fraction also changes the flow
rate in the coupled model, the simple power term alone does not
identify the true optimum (von Backstrom & Fluri, 2006). Equation
6 is evaluated in watts with P, = 50,000 W; power is then divided by
1000 for the kW-based energy sum in Equation 7. The pressure
fraction and turbine-generator efficiency were both assumed to be
0.80. This efficiency is consistent with the literature on the power-
conversion unit (Fluri & von Backstrom, 2008) but does not
represent the historical equipment. Power was normalized to 50 kW
at 1000 W/m?, 20 °C, and 101325 Pa using a factor of 0.931229.

--77--



Because the same turbine-generator efficiency appears in both the
raw power and the normalization, it cancels algebraically during
normalization and therefore does not affect the ranking; this
operation is not an experimental calibration.

Bernardes (2004) used a 250 m collector, a 200 m chimney
with a 10 m diameter, a 600 s time step, and 200 radial volumes for
the published validation. Here, the corresponding Manzanares
dimensions were 244 m, 194.6 m, and 10.16 m, with a 1 h step. Table
2 lists the parameters.

Table 2. Main model parameters used in the annual comparison

Parameter Value Implementation note
Model formulation Reduced-order Bernardes-based screening
hourly
Referel}ce collector 0.289 Fixed across cities
coefficient
Turbine-generator efficiency 0.80 Cancelg n 'the S0kw
normalization
Turbine pressure fraction, x 0.80 Share of total available
pressure
Chimney friction factor 0.020 Model assumption
Inlet local-loss coefficient 0.14 Model assumption
Outlet loss coefficient 1.00 Model assumption
Soil thermal diffusivity 2.91x107 m?*s | Bernardes (2004)
Effective soil depth 0.06 m Model assumption
Time step 1 hour 8,760 steps per city
Periodic initialization > TMY spin-up Subsequent cycle retained
cycles
Design-point normalization 0.9312 50 kW reference point

Source: Bernardes et al. (2003), Bernardes (2004), and the stated model
configuration.

The original two-day comparison constitutes supporting
evidence from the source; it is not a new validation of the reduced-
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order chain. For each city, the 8760-hour record, energy total, power
limit, units, thermal closure, and reconciliation between hourly and
annual results were checked. The output is not a production
guarantee but a relative ranking under a common design.

4E Assessment Method

The 4E system boundary extends from the irradiance incident
on the horizontal collector aperture to the gross electricity generated.
Net generation was not calculated because data on auxiliary
consumption, switchgear losses, and availability were unavailable.

Annual generation and capacity factor were calculated from
hourly electrical power:

8760
Eel,y = th[ Pel,tAt (7
_ _FEey
CF = P (8750%) X 100 (8)

Here, the time step is 1 h, the rated power is 50 kW, and
annual electrical energy is expressed in kWh; the factor of 1/1000 in
the CO: calculation converts the value to MWh. Energy efficiency is
the ratio of annual electricity to the annual solar energy incident on
the collector aperture and encompasses the complete conversion
chain.

The Petela (1964) irradiance exergy factor, evaluated using
the hourly ambient temperature and Ts = 5772 K (Williams, 2024),
is:

_ o 4Toe  1(Tor)*
Ve = 3TS+3(TS) ©)
Annual irradiance exergy was calculated using the hourly
factors, and exergy efficiency was defined as the ratio of electricity

to this input; the energy and exergy values of electricity are identical.
Petela (2009) applied energy and exergy balances to a simplified
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solar chimney power plant. Here, the ideal blackbody expression
was applied to global horizontal irradiance without spectral or
directional decomposition; therefore, the result is a comparative
indicator under common assumptions rather than a component-level
exergy-destruction analysis.

The economic dimension is a screening analysis under
common assumptions, not an investment quotation; a prototype cost
cannot be treated as a commercial cost (Fluri et al., 2009). The
primary output is an LCOE index that is inversely proportional to
generation under the same annualized cost, while the absolute values
constitute only a historical EUR/kWh screening range.

The capital recovery factor and simplified LCOE were
calculated using the following relationships (Short et al., 1995):

_i(+0)"
CRF = (10)
LCOE — ¢o|CRF (i, n)+fom| (11)
Eely

The relationships use the initial investment, real discount
rate, economic lifetime, and fixed maintenance rate. The cost anchor
is the ratio of the rounded EUR 668.4 million and 66 MW values in
Fluri et al. (2006, Section 2 and Table 4), giving EUR 10,127.27/kW
and an assumed 50 kW investment of EUR 506,363.64. This ratio is
calculated here, not quoted as the paper's specific cost. Its linear
application to 50 kW is only a common screening benchmark. The
price-base year is unverified; it is neither a current quotation nor a
cost estimate for the historical Manzanares plant. The assumed
values for the cost multiplier, real discount rate, lifetime, and annual
fixed maintenance as a share of initial investment were 0.60, 5%, 40
years, and 1% for the optimistic scenario; 1.00, 8%, 30 years, and
2% for the reference scenario; and 1.40, 12%, 20 years, and 3% for
the conservative scenario. Fuel and variable maintenance costs were
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set to zero, and annual generation was assumed to remain constant
and degradation-free throughout the plant lifetime. These are
researcher-defined screening assumptions; Hernandez-Moro and
Martinez-Duart (2013) provide the methodological basis for the
sensitivity analysis of these variables. NPV, IRR, and payback period
were not calculated because no sales price or financing structure was
specified.

The environmental indicator is the avoided operational
emissions obtained by assuming that the generated electricity
displaces marginal grid generation. The combined-margin emission
factor published for new solar and wind generation for the 2023
calculation period is 0.6242 tCO’MWh (T.C. Enerji ve Tabii
Kaynaklar Bakanligi, 2025):

Eey,
Mco,avoided = 1203)/ EFgrid (12)
This gross-output estimate exceeds the corresponding net-
output estimate under the same emission factor; it is not a statistical
uncertainty bound. Auxiliary consumption, switchgear losses,
availability, and life-cycle effects are excluded.

Results and Discussion

The PVGIS TMY profiles span a pronounced climatic range.
Annual global horizontal irradiation was highest in Aydin at 1874.9
kWh/m? and lowest in Rize at 1265.1 kWh/m?; the difference
between these extremes was 609.8 kWh/m?, equivalent to 48.2% of
the Rize value. Mersin, Diyarbakir, and Konya formed a high-
irradiation group at 1793.7, 1775.8, and 1769.9 kWh/m?
respectively. The irradiation totals for Tekirdag and Erzurum were
similar, at 1574.4 and 1563.5 kWh/m?, respectively.

The temperature and humidity rankings did not follow the
irradiation ranking. Mersin was the warmest profile at 20.6 °C, while
Erzurum was the coldest at 5.7 °C. Annual mean relative humidity
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reached 80.4% in Rize, compared with 51.4% in Diyarbakir. The
mean wind speed at 10 m was highest in Tekirdag at 4.18 m/s and
lowest in Aydin at 1.39 m/s. Because wind and humidity do not enter
the principal reduced-order power equation directly, these two
variables were reported to characterize the city profiles and provide
inputs for future studies employing more detailed heat-loss models.

Under the same Manzanares geometry, annual gross
electricity generation ranged from 65.34 to 93.91 MWh. Aydin
ranked first, with 93.91 MWh/year and a capacity factor of 21.44%.
Mersin and Konya produced 90.27 and 90.20 MWh/year,
respectively; because these values differed by only 0.08%, they were
considered practically equivalent within this reduced-order
comparison. The study did not produce a quantitative uncertainty
interval. The remaining order was Diyarbakir, Erzurum, Tekirdag,
and Rize. Generation in Aydin was 43.7% higher than in Rize.
Annual energy and flow results are presented in Table 3.

Generation generally increased with GHI, but the ranking
was not strictly linear. Although irradiation in Erzurum was 0.7%
lower than in Tekirdag, Erzurum generated approximately 2.0%
more energy; within the reduced-order model, this difference is
consistent with the contribution of cold air to density and buoyancy.
The highest hourly power, 42.14 kW, occurred in Erzurum, whereas
the highest annual energy was obtained in Aydin because of its
greater irradiation total. No hourly value reached 50 kW; therefore,
clipping did not affect the ranking.

The monthly distribution was summer-dominant in all cities.
Peak monthly generation was 12.2 MWh in July for Aydin and 12.6
MWh in July for Konya; Tekirdag reached its maximum of 11.9
MWh in June. Monthly generation in Rize remained within the range
of 2.5-8.5 MWh. The energy-conserving 3.436 h lag representing
the natural ground smooths irradiance fluctuations, but because it
does not solve the multilayer grcglzmd temperature, it should not be



interpreted as a detailed estimate of nighttime generation. The
monthly generation matrix is presented in Figure 3.

Table 3. Annual energy performance by city

City E, CF Pnax AT Mean

(MWh/yr) (%) (kW) (K) (kg/s)
Aydin 93.9 21.44 40.61 7.35 297.6
Mersin 90.3 20.61 40.00 7.07 294 .4
Konya 90.2 20.59 41.50 7.50 273.7
Diyarbakir 88.8 20.28 41.90 7.38 274.5
Erzurum 81.6 18.63 42.14 7.22 246.3
Tekirdag 80.0 18.26 40.11 6.28 281.0
Rize 65.3 14.92 40.28 5.59 251.6

Source: Calculations based on PVGIS 5.3 TMY inputs and the Bernardes-based
reduced-order model. E, denotes annual gross electricity; AT and mass flow are
means over all 8760 TMY hours.

Figure 3. Gross electricity generation by city and month

Unit: MWh/month; rows are ordered by annual generation

Mersin 3.7 46 e 10.2 102 65 42 17
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g
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Source: Calculations based on PVGIS 5.3 TMY inputs and the Bernardes-based
reduced-order model.

System energy efficiency ranged from 0.107% to 0.112%,
and Petela-based exergy efficiency ranged from 0.115% to 0.120%.
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The energy and exergy efficiencies were 0.1073% and 0.1152%,
respectively, for Aydm; Erzurum produced the highest
corresponding values, 0.1118% and 0.1197%, consistent with the
contribution of cold air. The slightly higher exergy efficiency arises
because the Petela factor is less than unity, so the same electricity
output is divided by a smaller denominator.

When the same plant cost was assumed for all cities, the
LCOE index followed the inverse order of generation: Aydin, 100;
Mersin, 104.0; Konya, 104.1; Diyarbakir, 105.7; Erzurum, 115.1;
Tekirdag, 117.4; and Rize, 143.7. Expressed on a historical
EUR/kWh basis, the reference screening value ranged from 0.587 in
Aydin to 0.843 in Rize; the optimistic scenario ranged from 0.221 to
0.317, and the conservative scenario ranged from 1.237 to 1.778.
These values are not current quotations. In the one-at-a-time
sensitivity analysis for Aydin, the investment-cost multiplier
produced the widest range, varying the LCOE between 0.352 and
0.822 historical EUR/kWh.

Avoided operational emissions were directly proportional to
generation and ranged from 40.79 to 58.62 tCO-/year. This indicator
represents the operational emissions assumed to be displaced by
gross TMY generation, not life-cycle emissions. Because a common
cost and grid factor are imposed, the LCOE and avoided-emission
rankings follow algebraically from the energy ranking; they are not
independent evidence of site suitability. City-level indicators are
summarized in Table 4.



Table 4. 4E indicators by city

(EUR/KWh)
Aydm 0.107 0.115 100.0 0.587 58.62
Mersin 0.108 0.116 104.0 0.610 56.35
Konya 0.109 0.117 104.1 0.611 56.30
Diyarbakir | 0.107 0.115 105.7 0.620 55.46
Erzurum 0.112 0.120 115.1 0.675 50.94
Tekirdag 0.109 0.117 117.4 0.689 49.92
Rize 0.111 0.119 143.7 0.843 40.79

Source: Calculations based on the stated assumptions. LCOE values use a
historical cost proxy with an unverified price-base year, not current EUR prices.

Sensitivity, Model Limitations, and Uncertainty

Uncertainties arise from the data, model, and 4E
assumptions. A PVGIS TMY is a synthetic year and does not
represent exceptional events or interannual variability. SARAH-3
and ERAS5-Land/ERAS gridded products are not field sensors; a city-
center coordinate may not represent an actual plant site or, in
particular, coastal and mountainous microclimates.

Partial shading, three-dimensional wind and flow separation,
turbine-blade aerodynamics, and multilayer ground conduction are
unresolved. CFD can address more of this detail at greater
computational cost (Pastohr et al., 2004). Heat-transfer correlations,
materials, and geometry remain sources of uncertainty (Li et al.,
2012; Maia et al., 2009; Pretorius & Kroger, 2006). The +10%
annual-energy variation is an LCOE-response scenario, not a model
error band.

Absolute LCOE remains uncertain because large-scale
historical costs do not capture the fixed costs of a 50 kW plant.
Avoided emissions exclude future grid changes and embodied
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impacts of construction, transport, and end of life. Commercial
decisions require site measurements, current cost quotations, and
life-cycle assessment.

Conclusions

Annual gross generation ranged from 65.34 MWh in Rize
(14.92% capacity factor) to 93.91 MWh in Aydin (21.44%). Mersin,
Konya, and Diyarbakir produced 88.85-90.27 MWh/year. Erzurum
had the highest energy and exergy efficiencies, consistent with the
model's cold-air contribution. Under common costs and grid factors,
Aydin had the lowest LCOE index (100) and highest avoided
operational emissions (58.62 tCO:/year); Rize had an index of 143.7
and avoided emissions of 40.79 tCO:/year. These metrics describe
different aspects of the same screening calculation.

The comparison holds geometry, TMY product, model
assumptions, and system boundary constant. The fixed 0.289
collector coefficient, 3.436 h ground lag, and 50 kW normalization
remain screening assumptions, not independent annual validation.
Further work should test the rankings with field measurements,
resolved ground and turbine models, and site-specific cost and life-
cycle data.
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BOLUM 5

Al-Based Forecasting of Solar Energy Production and
Electricity Demand in Turkiye: A 2027-2030 Battery
Energy Storage Scenario Analysis

Ekim KULUM!

Introduction

The number of devices causing energy demand in the world
is increasing every hour. With the advancement of technology, the
variety of devices requiring electricity is expanding. Many
operations that were previously performed manually can now be
accomplished through electrical devices. Numerous necessities that
people require in daily life can be met with tools and equipment that
consume electricity. Equipment such as electric vehicles, household
appliances, digital measurement systems, and information
technology devices are creating an increasing momentum in
humanity's electricity demand day by day. According to a study
conducted using electricity consumption data from 1980-2019,
global electricity consumption will increase by 18.46% between
2020-2029 (Abu Al-Haija, 2021). On the other hand, air conditioning
consumption resulting from global warming is also increasing. It has
been determined that air conditioning usage increases household
electricity consumption by 36%. With temperature rise, this value
can reach 57%. While a household's cooling consumption was 1610
kWh/year in 2020, it is calculated to be 1869-2069 kWh/year in

2050. The electricity that households spend on cooling will increase
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by 16-29% (De Cian et al., 2025). Currently, dependence on fossil
fuels remains at a high level. Consequently, CO2, SOX, and NOX
emissions continue to exert pressure on the environment. How to
meet the increasing energy consumption has become a critical
question. There is a direct correlation between economic growth and
energy demand. The economy, along with population, is among the
significant drivers of energy consumption (Thomas & Rosenow,
2020). Studies indicate that solar energy is projected to achieve an
average annual growth rate of 9.1% globally through 2040 (Bilgen,
2014).

1 Asst. Prof.,, Kirsehir Ahi Evran University, Kaman Vocational School
Department of Electronics and Automation, Orcid: 0000-0002-5411-3161

Artificial intelligence and digitalization have evolved into a
fundamental transformation domain to which institutions and society
must adapt in line with technological developments worldwide.
These two factors are the primary drivers that increase and will
continue to increase energy consumption within the existing
technology landscape. A study has clearly demonstrated that the
energy consumption of enterprises utilizing Al and IT has increased.
Based on data from a specific number of companies, Al-driven
electricity consumption is projected to reach TWh levels (Stoniec et
al., 2025). Although technological developments directly affect
consumption, optimization is being achieved. By comparing
different models and methods over time, carbon footprint can be
reduced on one hand while energy savings can be achieved on the
other (Li et al., 2023; Zhang & Wang, 2023). Artificial intelligence

generates high energy consumption due to its requirement for
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superior performance hardware and the need for continuous
operation. Digitalization has also become one of the primary factors
directly increasing energy demand. When artificial intelligence and
digital transformation converge;

- Data centre and operations

- Deep learning and machine learning supported application areas
- High-speed communication infrastructures

- Integration of objects into communication networks

- Uninterrupted online services and smart city development
initiatives
- Information technology and security

factors such as these are among the primary drivers behind the
significant surge in energy demand experienced in recent years.

In line with increasing energy demand, ensuring
supply/demand balance and meeting the needs by electricity utilities
has become a significant and critical issue worldwide. One of the
problems that has emerged in the last century, during which the
transition to renewable energy sources has gained importance, is the
production imbalance in renewable energy sources. Accordingly, the
increasing energy demand and the need to address supply/demand
balance are creating new areas of study. Another area of study is
directly related to ensuring grid security (Boruah & Chandel, 2023).
In a study conducted with 90% round-trip efficiency, it has been
demonstrated that a one-to-one ratio between the installed capacity
and storage capacity at power plants is not mandatory to achieve
ideal storage efficiency. Consequently, the study has contributed to
the feasibility of the planned scenarios (Beltran et al., 2012). In the
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solar energy storage study where load balancing was achieved, the
performance ratio was evaluated as 85% in the solar power plant that
included battery storage (Maka & Chaudhary, 2024). Load balancing
has increased system reliability. A study conducted in Libya
examined the performance of a PV + Storage system. The plant
capacity factor was calculated as 15.4% and the performance ratio
as 85%. With battery contribution, the specific yield is 1353
kWh/kW-year. The contributions of storage systems to generation,
balancing, and time-shifting have been demonstrated (Kar et al.,
2024). In a study conducted by Li and colleagues, a cost-benefit
analysis was performed for a solar power plant with an installed
capacity of 1.2 MW and approximately 450 kW storage capacity.
The storage ratio corresponds to 37% of the plant capacity. The
comprehensive 10-year analysis results show that with the storage
effect, there is a benefit of $1,410,514 against an additional cost of
$566,400 (Li & Wu, 2020).

In this book chapter, Turkiye’s consumption and grid-
connected solar energy production have been analysed to provide
forecasts for the coming years. The results have been evaluated from
the perspective of solar power plant storage, and the necessity of
requirements has been established. Turkiye’s energy consumption
and solar energy production have been forecasted and compared
using deep learning models including GRU, Transformer, and
NeuralProphet models. By taking the values of successful models as
reference, the distribution of storage needs has been provided,
establishing the storage requirements for solar power plants. Hourly
electricity consumption data for Turkey between January 1, 2016,
and January 1, 2026, has been used. Total consumption and solar
power plant production have been evaluated together. Similarly, the
production of grid-connected solar power plants between January 1,
2017, and January 1, 2026, has been utilized. Both datasets have
been separately forecasted using DL methods up to 2030. All data
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have been obtained from official sources of EPIAS (EPIAS, 2026).
The results were analysed under three different scenarios. Analyses
were conducted with 0%, 25%, 50%, and 75% storage capacity by
the target date. The necessity of storage in solar power plants has
been demonstrated.

Analysis and DL Modelling of Turkiye's Energy
Consumption and Production Values

Figure 1 illustrates the 10-year graph of Turkiye’s energy
consumption change and growth. It is observed that energy demand
has generally shown continuous increase compared to previous
years. The reason for this steady increase is attributed to
technological developments as well as the rise in exports. The 0.4%
and 0.9% decreases in 2019 and 2022 are attributed to exchange rate
fluctuations and changes in the natural gas supply ratio from
neighboring countries. The 12.3% increase in 2021 is evaluated as a
return to normalcy following the pandemic. In the 10-year
assessment, it is observed that Turkiye’s total energy demand has
increased by 28.3%. This figure is considerably high and exceeds
that of many countries worldwide. When evaluating countries that
have made technological progress, combined with the effect of
population, the consumption increase in China and India during the
same period is approximately 60%. When examining developed and
developing countries such as Ireland, Singapore, South Korea, the
USA, the Netherlands, and Japan, the 10-year increase varies
between 5-40% (International Energy Agency, 2025; U. S. Energy
Information, 2025). These countries have experienced increased
consumption due to breakthroughs in battery technology, artificial
intelligence research, expansion of data centres, advanced industrial
technology, and semiconductor manufacturing.
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Figl. Turkiye's Annual Total Energy Consumption and Year-over-
Year Growth Chart
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Another significant factor in the increase of energy
consumption is the growing variety of electrical household
appliances due to the expansion of residential areas (Duzgun et al.,
2022). When examined on a monthly basis, double-digit percentage
increases are observed in July, September 2017, June 2024, and April
2025 compared to the same period in the previous year. This
assessment excludes the post-pandemic anomaly period. Table 1
shows the double-digit consumption increases on the specified dates.
When examining the causes of monthly changes, the record increase
in 2024 stands out. The other increases are attributable to
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technological developments and digitalization (Yu & van Son,
2023).

Table 1. Monthly Percentage Change in Turkiye's Energy
Consumption for the Years 2016 — 2026

Month 2017 2018 2019 12020 2021 2022 2023 2072
January 0.057 ]0.032 |-0.021 |0.031 0.027 0.053 -0.035 0.0
February 0.061 [0.017 |-0.009 |0.070 |-0.001 ]0.051 -0.049 0.0
March 0.065 10.023 |-0.014 |-0.002 |0.162 0.023 -0.073 0.0
April 0.030 ]0.037 |-0.007 |-0.153 ]0.339 0.004 |-0.077 10.0
May 0.043 10.014 10.016 |-0.167 [0.261 0.016 ]0.033 0.0
Jun -0.032 [0.031 ]0.001 |-0.022 0.173 0.024 |-0.082 [0.1
July 0.139 10.017 |-0.009 [-0.027 |0.110 -0.053  0.097 0.0
August 0.047 [-0.031]-0.009 |0.035 0.174 -0.020 ] 0.051 0.0
September 0.121 10.016 |-0.003 |0.087 0.042 -0.005  |0.039 -0.(
October 0.060 -0.020]0.008 ]0.049 0.086 -0.038 |0.025 0.0
November 0.051 ]-0.022]-0.010 |0.057 0.087 -0.067 |0.037 0.0
December 0.017 [-0.017]0.014 |0.031 0.098 -0.078 10.043 0.0

When examining the period between 1960 and 2003, the
primary causes of the increase are identified as residential
consumption, industry, and transportation. Increases of 2%, 7%, and
5% were observed, respectively. The critical point is that despite
significant developments in energy efficiency from these periods to
the present day, growth in these sectors has increased energy
consumption (Jobert & Karanfil, 2007).

Figure 2 presents the graph of Turkiye’s hourly electricity

consumption variation by year. The hourly trends of energy
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consumption show similarity throughout the years. The consumption
that increases during morning hours continues to rise until evening
hours. Maximum consumption hours are observed to be between
17:00-21:00. The majority of these hours fall outside the ideal hours
for solar panels. Solar energy in Turkiye's generation capacity has
reached a 20.5% share. The installed solar power capacity is 25,109
MW. Solar power plants rank second in installed capacity among
total resources (T.C. Enerji ve Tabii Kaynaklar Bakanligi, 2026).

Fig 2. Change in Turkiye's Hourly Energy Consumption by Year

Daily Load Curve — All Years (Avg. MWh)
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Figure 3 illustrates the variation in hourly generation of grid-
connected solar power plants by year. The substantial increase in
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solar energy since 2021, resulting from the implemented policies, is
clearly evident.

Fig 3. Distribution of Solar Energy Hourly Production by Years
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As clearly shown in Table 2, there is an inverse relationship
between the hours of intensive production in the heat map and the
consumption peak hours indicated in Figure 3. The accelerating
investment rate in solar power plants and their current position as the
second largest among installed renewable energy sources in Turkiye
poses a significant imbalance risk. Additionally, it slows down the
reduction of dependence on fossil fuels.
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Table 2. Average monthly % hourly Heat Map by Year (2017-2025).

Month/Hour(MWh) 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18
January

0 0 0 0 0 0 1 8 72 265 397 446 463 454 420 351 181 26 0
February

0 0 0 0 0 0 3 24 167 407 536 565 486 342 113 5
March

0 0 0 0 0 1 10 95 531 552 441 222 34
April

0 0 0 0 0 3 51 269 509 329 92

May

b 000t e s e e e e e

June
0 0 0 0 1 21 211 557

July
0 0 0 0 1 12 | 158

August
ugus 0 0 0 0 0 4 8 412

September

October
o oo s o
November
o 0 o o o o o s o Il N s

D
ccember 0 0 0 0 0 0 1 11 112 358 519 580 .578 520 385

In this study, Turkiye's energy consumption and solar energy
production were forecasted in parallel up to the year 2030.
Transformer, GRU, and NeuralProphet models were utilized in the
forecasting processes. The successful model was selected based on a
hybrid score distribution. The percentage success rates were
calculated with equal weights for R2, MAE, RMSE, MAPE, and
SMAPE scores. NeuralProphet yielded the most successful results.
Turkiye’s energy demand will increase by 6.4% in 2030. There is an
acceleration rate of 1.72 consumption units/hour®. For solar energy
production, the most successful model was GRU. In the scoring
conducted using the same statistical methods, solar energy
production reached 32.4% with GRU modelling. The growth
potential of solar energy appears to be 5 times greater by 2030.

The battery requirement has been demonstrated through the
scenario of supplying the excess load occurring during hours of high
solar generation to the system during hours when generation is
absent or low. Figure 4 shows the simulation conducted for the years
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2027-2030 under scenarios without storage and with storage at 25%,
50%, and 75% of installed capacity. The storage need in solar power
plants is clearly evident. In the case of a 75% storage target, 35% of
Turkiye's energy demand will be able to be met by solar power
plants. An average difference of 10% is observed between the
segments.

Fig 4. Production-Consumption Forecast Results for 2027-2030

2027-2030: Effective Share of Solar Energy in Electricity Const
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Table 3 presents the equivalent of the 3-year forecast results
in Turkiye’s total consumption according to storage scenarios. While
the investment to be made without storage systems would meet
20.8% of Turkiye’s consumption in 2030, with a modest investment
of 25%, this ratio is 20.48% in 2027. Rather than waiting 3 years for
a similar ratio, with 25% storage investments, this ratio can be
achieved within 1 year. With 75% storage, more than one-third of the
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total consumption demand will be supplied from solar power plants

in 2030.

Table 3. Impact of Solar Generation with and without Storage on
Total Consumption

Year (No Storage %25 Storage %350 Storage %75 Storage
2027 (%16,72 %20,48 %24,24 %28,00
2028 (%18,13 %22,21 %26,29 %30,37
2029 (%19,50 %23,88 %28,27 %32,66
2030 (%20,80 %25,48 %30,16 %34,84

In the absence of storage, due to reasons such as consumption
being limited only to the hours when production occurs and excess
energy that can be produced during these hours causing grid
overload, the maximum consumption ratio may be only 20.80% in

2030. With a 25% storage contribution, solar energy consumption
increases by 22.5%. The most striking ratio is observed in solar
power plant production with 75% storage, where solar consumption
is utilized 67.5% more. These values are shown in Table 4.

Table 4. Effective Contribution of Solar Energy to Consumption in

2030
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.. .. |Additional ]

Scenario Solar contnbutmncontribution to nO_Relatlve

to consumption increase

storage state
No o
2 _ -

Storage 720,80
(1)
/025 %25,48 +4,68 %22,5
Storage
(1)
/030 %30,16 +9,36 %45,0
Storage
%75
/o %34,84 +14,04 %67,5
Storage

Demonstrating the Necessity and Importance of
Storage in Solar Power Plants

In this section, the necessity for storage has been revealed
within the framework of supply-demand mismatch, grid security,
and regulatory requirements. Solar power plants under suitable
meteorological conditions (Sarmah et al., 2023) achieves energy
production with maximum efficiency. However, daylight is essential
for solar panels to generate electricity. Energy demand reaches peak
levels during evening hours. In addition to solar panels being unable
to generate electricity at night, fluctuations experienced during
daytime due to cloud cover and different meteorological conditions
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place this resource in the unstable category. Energy storage systems
not only eliminate fluctuations but also enable the establishment of
time-demand balance. Therefore, new regulations in electricity
trading for energy production are beginning to necessitate storage
systems. Solar power plant generation generally peaks during
midday hours. However, energy demand in Turkiye peaks between
18:00 — 22:00 hours. Production that peaks during midday hours
presents major problems in solar power plants, such as exceeding
committed demand and surpassing transmission capacity. The
primary advantage of storage systems is called energy shifting
(Figure 5). Cheap and abundant energy during midday hours is
transferred to storage and fed back into the grid during evening hours
when value and demand are high. Energy exceeding commitment
and transmission capacity increases the plant's annual production
and capacity factor. Storage system stabilize power fluctuation
events at the second/minute level that occur due to instantly
changing weather conditions. Contribution is made to system
stability by providing ancillary services such as frequency and
voltage regulation, fast frequency response, and synthetic inertia.
Storage systems belonging to solar power plants that are kept
charged without neglecting battery health can be used as backup
power plants that maintain the national grid's power quality.
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Fig 5. While solar generation peaks during midday hours, demand
rises in the evening. The battery charges during midday surplus
(green) and discharges during evening peak hours (orange),
thereby eliminating the generation-demand mismatch and
preventing curtailment.
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As energy sources with unstable natural resources such as
solar and wind increase, the frequency of the interconnected system
becomes fragile. Since many storage methods have response times
at the millisecond level, they represent a robust solution for taking
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measures against frequency imbalances. This situation will enable
the stable integration of renewable energy sources at high rates into
the national grid (Hu et al., 2022; Xu et al., 2017). In Turkey, Law
No. 5346 on Renewable Energy Sources (YEK Law) enacted in 2005
provided direct purchase guarantees for wind and hydroelectric
power plants. At the end of 2010, the law was revised to include solar
energy within the incentive scope. In 2013, Law No. 6446 on the
Electricity Market paved the way for unlicensed electricity
generation. Within the same year, applications for 600 MW of
licensed solar energy projects were received (Cebeci, 2017).
Regulations made in 2019, 2023, and 2026 established provisions on
many aspects regarding the use and sale of solar energy. Two solar
energy incentive mechanisms stand out in Turkey. These are the
Renewable Energy Resources Support Mechanism (YEKDEM) and
Renewable Energy Resource Zones (YEKA). YEKDEM is an
incentive mechanism that provides investors with a guaranteed
purchase at a fixed price for a certain period and offers domestic
equipment support. YEKA enables the rapid commissioning of
large-scale renewable energy projects through the tender method.
Within the scope of YEKA, there are domestic production,
technology transfer, and R&D obligations. EPIAS and Turkish
Electricity Transmission Inc. (TEIAS) play a major role in ensuring
sector balance and security. TEIAS is responsible for the supply-
demand, security, and operation of the national system. EPIAS is the
organization that ensures the execution of market transactions. In
energy trading, apart from YEKDEM and YEKA, there are two types
of transactions. The first is the Day-Ahead Market (GOP), which is
an organization where electricity is bought and sold for each hour
one day in advance. The second is the Intraday Market (GIP), which
consists of trading positions executed close to the delivery hour.
Deviations occurring in GOP planning are balanced in the GIP
market. Through storage systems, investors can free themselves
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from the hourly dependency of solar energy and integrate into the
GIP market during evening hours.

Conclusion

As a result of the studies conducted in this section, the
necessity of storage incentives and regulations has been established,
alongside steps to increase solar energy installed capacity. The study
clearly demonstrates that with storage scenarios, it is possible to
meet up to 35% of the total energy consumption projected for 2030
from solar sources. Solar energy investment, which will increase
with storage, has the potential to significantly reduce energy imports.
For this action to be effective, solar contribution needs to be
increased during peak energy consumption hours.

Considering the growing battery market in electric vehicles,
raw material and equipment exports will be of critical importance in
the coming years. Given the increasing supply for electric vehicles
and energy storage, early policies must be developed and measures
must be taken. Policies regarding battery and cell raw material
procurement should be developed. The domestic pricing incentive
currently available for panels and other components in solar power
plants should be established in detail for storage components.
Turkiye’s installed solar and wind power capacity is 42GW. Its share
in total consumption is around 33%. This ratio poses a significant
imbalance risk. At the same time, it complicates the determination of
supply/demand balance. When current policies are evaluated, it is
evident that installed capacity will increase rapidly. The primary way
to eliminate this imbalance is to accelerate storage processes in
renewable energy sources.
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