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SCRUBBER SIiSTEMLERI iLE KUKURT
EMIiISYONLARININ AZALTILMASI VE
DENIZCILIK SEKTORUNE ETKILERI

Yeliz CELIK!
Turgay BATTAL?

1. GIRIS

Deniz tagimaciligi, mallarin uzun mesafelerde verimli bir
sekilde taginmasini garanti ederek kiiresel ticaret alaninda ¢ok
onemli bir rol oynamakta; boylece ¢esitli pazarlara erisilebilirligi
artirmakta ve lojistik harcamalar1 en aza indirmektedir. Bu
yonuyle, uluslararasi tedarik zincirlerinin iglevselligi i¢in gerekli
olan ihracat-ithalat faaliyetlerinin temelini olusturmaktadir.
Ozellikle mallarin farkli noktalara etkin bir sekilde ulastiriimasini
saglayarak pazarlara erisimi tesvik etmekte ve lojistik
maliyetlerin azaltilmasina katki sunmaktadir. Bu da uluslararasi
tedarik zincirlerinin biitiinligiinii korumada kritik bir islev
tistlenmesini  saglamaktadir (Menbauk, 2023). Nitekim,
uluslararas1 pazarda tasman mallarin yaklasik %90’ 1nin deniz
tasimacilig1 yoluyla gergeklestiriliyor olmasi, kiiresel denizcilik
sektorliniin  6nemini agikca ortaya koymaktadir (Yagci ve
Noordali, 2024). Bu tasimacilik tiirii mallarin uluslararasi sularda
serbestce hareket etmesini saglayarak ticaretin gelismesine ve
ekonomik kalkinmanin desteklenmesine olanak tanimaktadir
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(Oguz, 2024). Bu baglamda, gemi, liman, altyap1 ve lojistik
siireglerini de kapsayan deniz tasimaciliginin siirekli olarak
gelismesi, sadece ticaret verimliligini artirmakla kalmamakta,
aymi zamanda kiiresel ekonominin siirdiiriilebilirligine katk1
saglamakta ve iilkelerin uluslararasi deniz tasimacilig1 alaninda

daha etkin bir aktér olmalarina olanak tanimaktadir. (MenpHUK,
2023).

Ancak tim bu ekonomik ve lojistik katkilarina ragmen,
deniz tasimacilifi ¢evresel agidan birtakim olumsuz etkiler de
barindirmaktadir. Deniz tagimacilig1 ekolojik sistemler tizerinde
Oonemli bir etkiye sahiptir ve hava kalitesinin bozulmasina, sera
gazlarinin emisyonuna yol agmaktadir (Walker ve arkadaglari,
2019). Ayrica, gemilerinin seyir faaliyetleri, iklim degisikligi
Uzerinde belirgin bir etkiye sahip olan karbondioksit
emisyonlarinin  olusumunda O6nemli bir rol oynamaktadir
(Kosowska-Stamirowska, 2020). Deniz ve liman faaliyetleri
bolgesel atmosferik ve su kalitesini bozma potansiyeline
sahipken, balast suyunun degistirilmesi gibi siireclerde istilaci
tirlerin yayilmasini da kolaylastirabilmektedir. Ayrica, rekabet
dinamiklerinin tirmanmasi liman faaliyetlerini artirmakta ve
savunmasiz ekosistemlere miidahale eden daha biiylik yolcu
gemilerinin ekolojik olarak hassas Arktik rotalara yonelmesine
sebep olmaktadir (Kruse ve arkadaslari, 2018). Bu zorluklarin
ustesinden  gelmek,  vyenilikgi  teknolojik  ¢Ozumlerin
gelistirilmesini ve g¢evresel yansimalart hafifletmeyi amacglayan
diizenleyici ¢erg¢evelerin olusturulmasini gerektirmektedir.

2. DENIZCILIKTE CEVRESEL STANDARTLAR:
MARPOL EK-VI’NIN GETIiRDIiGi
YUKUMLULUKLER

1990’larin ikinci yarisinda Corbett ve Fischbeck (1997),
uluslararas1 deniz tagimaciliginin hem kiiresel hem de yerel
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ol¢ekte kiikiirt ve azot oksit emisyonlarinda kayda deger bir artisa
neden oldugunu ortaya koymustur. Bu bulgular, Uluslararasi
Denizcilik Orguti’nin (IMO) gemilerden kaynaklanan hava
kirliliginin 6nlenmesine yonelik MARPOL So6zlesmesi’ne Ek
VI’'nin eklenmesini zorunlu kilmistir. S6z konusu ek, deniz
yakitlarindaki  kiikiirt igeriginin  sinirlandirilmast  yoluyla
atmosfere salinan asit olusumuna neden olan kiikiirt oksit
emisyonlarinin  azaltilmasini  hedeflemektedir (International
Maritime Organization [IMO], 1997). Cevre, 21. yiizyilda alinan
tiim kararlarda etkili olmus ve ¢ok sayida hiikiimet, karbondioksit
(CO2), metan (CH4) ve nitrojen oksit (N2O) dahil ancak bunlarla
sinirlt olmamak tizere sera gazi emisyonlarin1 azaltmayi
amaglayan yasal ¢ergeveler yiiriirliige koymustur (Gossling et al.,
2021).

MARPOL EK-VI, 1997 Protokolii ile kabul edilmis olup,
19 Mayis 2005 tarihinde yiiriirlige girmistir. Boylece deniz
yakitlarinda izin verilen emisyonlara iliskin giderek daha kati
diizenlemeler kademeli olarak uygulanmaya baslanmistir ve
atmosfere salinan asit olusturucu kiikiirt oksitler (SOx), azot
oksitler (NOx) ve partikiil maddeler (PM) emisyonlarinin
azaltilmas1 amacglanmistir. 2008 yilinda, Uluslararast Denizcilik
Orgiti'niin Deniz Cevresini Koruma Komitesi (MEPC), ilgili
NOx Teknik Kodu 2008 (MEPC.176 Karari) ile birlikte revize
edilmis MARPOL Ek-VI'y1 yiiriirliiliige koymustur. S6z konusu
degisiklik, yakitlarin igerdigi kiikiirt miktarinin kiiresel dlgekte
%3,50’den %0,50’ye diislirilmesini kapsamaktadir (IMO, 2016).
Ayrica, ekolojik olarak hassas bir bolge olan Baltik Denizi, ilk
Kiikiirt Emisyon Kontrol Alan1 (SECA) olarak belirlenmis ve bu
bolgede faaliyet gosteren gemiler i¢in deniz yakitlarinda izin
verilen maksimum kiikiirt i¢erigine ek sinirlamalar getirilmistir.
Bu kapsamda, Baltik Denizi’nde kullanilan yakitlarda kikirt
igerigi, kiiresel diizeyde gegerli olan %4,5’lik sinira kiyasla %1,5
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olarak belirlenmis ve 2015 yil1 itibari ile sinirlandirilmistir (IMO,
2016).

Her ne kadar denizyolu tasimaciligi, ton-mil basina goérece
diisiik emisyon tiretmesi nedeniyle ¢evresel acidan diger ulasim
tirlerine goére daha avantajli kabul edilse de, bu durumun
gelecekte degismemesi ve emisyonlarin artmamasi amactyla
Uluslararas1 Denizcilik Orgiitii (IMO), sera gazi emisyonlarini
azaltmaya yonelik GHG Azaltim Stratejisini (Greenhouse Gas
Reduction Strategy) baslatmis ve uygulamaya koymustur (IMO,
2009; IMO, 2018). Bu cercevede denizcilik sektord,
stirdiiriilebilir uygulamalar1 hayata ge¢irmek ve IMO tarafindan
belirlenen diizenleyici cer¢evelere uyum saglamak konusunda
ciddi bir baski ile kars1 karsiyadir (Rauca ve Nicolae, 2022). Bu
baskinin somut bir yansimasi olarak, Ocak 2020’de yiiriirliige
giren IMO 2020 diizenlemesi, kiikiirt oksit emisyonlarin
azaltmak amaciyla deniz yakitindaki kiikiirt i¢erigine kiiresel bir
smir getirmistir (Pereira, 2025; Sigalas, 2022). Ticari deniz
gemilerinden kaynaklanan emisyonlarda izin verilen kukurt
miktar1 %3,5 m/m'den %0,50 m/m'ye diistiriilmiistiir. Tablo 1.’de
yillar bazinda degerler gorilebilmektedir. Bu diizenleme,
denizcilik sektoriinde ¢ok diisiik kiikiirtlii yakit yagi (VLSFO) ve
ultra diistik kiikiirtli akaryakit karisimlar1 (ULSFO) dahil olmak
lizere uyumlu yakitlarin kullanimini veya egzoz gazi temizleme
sistemlerinin (EGCS) uygulanmasina gecis yapilmasini gerekli
kilmistir (Singh ve Shanthakumar, 2023). Bu dogrultuda,
yonetmelik ulasim faaliyetlerinden kaynaklanan atmosferik
kirlenmeyi azaltmak ve yenilenebilir yakitlar, disiik kiikiirtlii
yakitlar ile emisyon kontrol cihazlar1 gibi alternatif ¢oziimlere
yonelimi tesvik ederek sektor tizerinde 6nemli bir etki yaratmayi
amaclamaktadir (Wijayanto ve Antara, 2022).
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Tablo 1. MARPOL EK-VI Kapsaminda Yillara Gore Yakit
Kiikiirt icerigi Limitleri

SECA Alanlarinda Izin Kiiresel Olarak izin
Yil Verilen Kiikiirt Orant (% Verilen Kiikiirt Orant (%
m/m) m/m)
2000 1.5% 4.5%
2010 1.0% 3
Temmuz
2012 - 3.5%
2015 0.1% -
2020 - 0.5%

Kaynak: (International Maritime Organization [IMQ], 2022)

3. DENIZCILIKTE NOx VE SOx
EMISYONLARININ AZALTILMASINA
YONELIK SiISTEMLER

Denizcilikte NOx ve SOx emisyonlarinin azaltilmasinda
yaygin kullanilan sistemlere Egzoz Gaz1 Resirkiilasyon Sistemi
(EGR), Secici Katalitik Azaltma (SCR), Scrubber Sistemi,
Silindir Igine Su Piiskiirtme, Skaven¢ Havasi Nemlendirme
(SAM) yontemi, LNG Cift Yakit Sistemi, Atik Is1 Kazanim
Sistemi ve Miller Cevrimi gibi teknolojiler etkin 6rnekler olarak
gosterilebilir (Zincir, 2014). Asagida Egzoz Gazi1 Resirkiilasyon
Sistemi (EGR), Secici Katalitik Azaltma (SCR) sistemleri kisaca
aciklanmis, Scrubber Sistemi hakkinda detayli bilgi verilmistir.

3.1. Egzoz Gaz1 Resirkiilasyon Sistemi (EGR)

Gemi Egzoz Gazi Devridaim (EGR) sistemi, icten
yanmali motorlardan kaynaklanan nitrojen oksit (NOXx)
emisyonlarin1 azaltmayi amaclayan gelismis bir teknolojik
yaklagim sunmaktadir. Bu mekanizma, motorun egzoz gazlarinin
bir kismin1 yanma odasina geri dondiirerek caligmakta, boylece
yanma sicakligini diisiirmekte ve nitrojen oksit (NOX) iiretimini
azaltmaktadir (Zhivljuk ve Ilerpos, 2023).
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Yiiksek egzoz gazi basincina dayanikli olacak sekilde
tasarlanan EGR yikayici, geleneksel yikayicilara kiyasla daha
kompakt boyutlara sahip olmakta, partikil maddeleri etkili
bicimde tutmakta ve atik su desarjinda su kalitesine iliskin
Uluslararas1 Denizcilik Orgitii (IMO) diizenlemelerine tam uyum
saglamaktadir. Ayrica, diger egzoz gazi aritma metodolojileri ile
entegre sekilde calismaktadir (Zannis et al., 2022). Gemi dizel
motoruna entegre edilen EGR (Egzoz Gazi Resirkiilasyon)
sisteminin yapisal diizeni Sekil 1°de gdsterilmistir.

Sekil 1. Gemi dizel motoruna entegre edilen EGR (Egzoz Gaz1
Resirkiilasyon) sisteminin yapisal diizeni (Turbo, 2017;
Andreasen et al., 2014).

3.2. Secici Katalitik Azaltma (SCR)

Gemi Secici Katalitik Azaltma (SCR) sistemi,
Uluslararas1 Denizcilik Orgiitii (IMO) tarafindan belirlenen kati
standartlara uymak icin nitrojen oksit (NOx) emisyonunu
azaltmay1 amaglayan deniz dizel tahrik sistemlerinde kullanilan
gelismis bir teknolojidir (Zhu et al., 2022).

Islem, yiiksek sicakhiktaki egzozun igine bir iire
¢Ozeltisinin enjekte edilmesini ve nitrojen oksitlerin ayrismasini



Deniz ve Gemi Miihendisligi Degerlendirmeleri

icerir. Secici Katalitik Indirgeme (SCR) sistemleri, 260 ila 450 °C
sicaklik araginda tutulup optimum caligma kosullar1 saglanirsa
%90'a varan bir nitrojen oksit (NOx) azaltma verimliligi elde
edecek sekilde tasarlanmistir (Osterman ve Magnusson, 2013).
Sekil 2’de Selective Catalytic Reduction (SCR) sisteminin
calisma prensibi gosterilmektedir.

Urea solution T
o ) Fas i N
aust gas { (1]
0 e
% & e -
P - .
NH, s -
~ -
PN - -
¥ -~ - }
= (NN

Sekil 2. Selective Catalytic Reduction (SCR) Sisteminin Calisma
Prensibi (MAN Diesel ve Turbo, 2017)

SCR sistemi uygulanmasinda karsilagilan en biiyiik
zorluk, sistemin hacminin biiylikk olmasi sebebiyle yer
kaplamasiyla beraber amonyak ve sulu iire ¢ozeltisinin kullanimi
icin bir depolama yerinin olma zorunlulugudur (Kristensen,
2012).

3.3. Scrubber Sistemi

Scrubber olarak adlandirilan sistemler, yanma gibi ¢esitli
islemlerin sonunda iiretilen gazlari, istenmeyen kirleticileri ve
NOx ile SOx dahil =zararli maddeleri temizlemek igin
kullanilmaktadir. Bu sistemler, endiistriyel operasyonlardan
kaynaklanan zararli emisyonlar1 6nemli Olgiide azaltmakta,
boylece hem insan sagligim1 hem de cevreyi korumaktadir
(Tirkoglu ve Bayraktar, 2024). Kiikiirt icerigi ile 1ilgili
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uluslararasi1 standartlara uyacak sekilde tasarlanmigtir (Glick,
2022). Egzoz emisyonlarinda bulunan kiikiirt oksitleri (SOx)
etkili bir sekilde yakalamak ve nétralize etmek i¢in deniz suyu

veya sodyum hidroksit gibi sulu ¢ozeltiler kullanilmaktadir
(Zannis et al., 2022).

Gaz temizleme cihazlari, enerji liretim, kimyasal {iretim,
cimento Uretim ve yakma tesisleri gibi karasal sektorlerde, gelik
endiistrilerinde ve ayrica gemi egzoz gazi aritimi i¢in denizcilik
alaninda kullanilmaktadir.  Bu sistemin c¢esitli endiistriyel
baglamlarda yaygin olarak kullanimi dikkat ¢ekicidir (Tiirkoglu
ve Bayraktar, 2024).

3.3.1. Scrubber Sistem Trleri

Scrubber sistemleri kuru ve 1slak olmak {izere iki ana tipe
ayrilir.

3.3.1.1. Kuru Scrubber Sistemleri

Kikdart oksitler (SOX), karbondioksit (CO2) ve partikul
maddeler (PM), Kuru scrubber sisteminde kalsiyum hidroksit
(Ca(OH)2) gibi kimyasal maddeler kullanilarak sistem iginde
tutulmaktadir. Bu yontemde emisyonlar, kimyasal bir reaksiyonla
bertaraf edilmektedir (ABS, 2018).

3.3.1.2. Islak Scrubber Sistemleri

Islak tip scrubber sistemleri ise deniz suyu kullanan agik
devre yikayicilar ve tath c¢ozeltiler kullanan kapali devre
sistemlerden olusmaktadir (ABS, 2018). Bu sistemler de kendi
icinde {i¢ farkli tipe ayrilmaktadir; agik ¢cevrim, kapali ¢gevrim ve
hibrit sistemler.

3.3.1.2.1. Acik Cevrim Gaz Temizleyici Sistemleri

Agik devre tip scrubber, egzoz emisyonlarini saflagtirmak
(temizlemek) i¢in deniz suyunu (ortam sivisi) kullanmaktadir.
Genel olarak, gerekli deniz suyunu saglamak i¢in 6zel bir pompa
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kullanilmaktadir. Mekanizmanin ¢aligmasi sirasinda tiretilen sulu
karisim, sistemin tabaninda bulunan islak kartere (wet sump)
tasinmaktadir. Bazi sistemlerde, bu yikama suyu bir gaz giderici
(deaeratdr) tarafindan stiziiliirken, digerlerinde bir hidrosiklona
tabi tutulmakta ve daha sonra yercekimi kuvvetleri veya bir
pompalama mekanizmast yoluyla temizleyici karterinden
bosaltilmaktadir. Yikama suyu aritma isleminden kaynaklanan
kalintilar, gemi tizerinde bulunan 6zel olarak tasarlanmis atik
tanklarma taginmaktadir. Bu kalintilar, ¢ézliinmeyen kalsiyum
stilfat (CaSO4) ve yikama suyundan kaynaklanan silt ile birlikte
yakitin ayrigmasiyla olusan partikiil madde (PM), kiil, agir
metaller ve diger ¢esitli bilesenleri icermektedir (Balaji ve Girija,
2024). Bununla birlikte, bu sistem iginde operasyonun etkinligi,
geminin seyir ettigi deniz suyunun alkali (pH) oranina bagh
bulunmaktadir. Eger suyun alkali oran1 yeterince yiikselmemisse,
SOX gaz1 temizleme igleminin etkinliginde belirgin bir azalma
olmaktadir. (ABS, 2018). Sekil 3’te agik ¢evrim gaz temizleyici
sisteminin ¢aligma prensibi gosterilmektedir.

Exhaust gas
monitoring

Exhaust gas

Wash water
monitoring

SWinlet Discharge
| SW pump |

Sekil 3. Acik Cevrim Gaz Temizleyici Sisteminin Caliyma Prensibi
(MAN Diesel ve Turbo, 2017)
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3.3.1.2.2. Kapah Cevrim Gaz Temizleyici Sistemleri

Kapali devre tip scrubber, temizleme soliisyonu dolagimi
yoluyla calismakta, boylece kirleticilerin dis ortama salinmasini
onlemektedir. Temizleme soliisyonu Onceden belirlenmis
araliklarla degistirilmakte ve kirletici maddelerin uygun bir
sekilde sistemden atilmas1 saglanmaktadir. Bu sistemler i¢cindeki
egzoz gazlari, kimyasal ¢ozeltiler kullanilarak saflagtirilmaktadir.
Gazlar aynistirildiktan sonra, bu ¢ozeltiler sistem igerisinde
kalmakta ve kesinlikle c¢evreye tahliyesi yapilmamaktadir
boylece zararli maddelerin dogrudan emisyonu Onlenmektedir.
Kapali devre tip scrubber sistemlerinin kurulum ve bakim
maliyetleri, acik devre tip scrubber sistemlerine kiyasla daha
ylksek olmakta ve karmasik tasarimlari nedeniyle daha fazla
teknik bakim gerektirmektedir (Tiirkoglu ve Bayraktar, 2024).
Sekil 4’te kapali c¢evrim gaz temizleyici sisteminin c¢aligma
prensibi gosterilmektedir.

Exhaust gas

...... itoring

Exhaust gas

wash water
roulat monitoring
Circulation | Discharge
pump

WCu I

Sludge
tank

Sekil 4. Kapal Cevrim Gaz Temizleyici Sisteminin Calisma
Prensibi (MAN Diesel ve Turbo, 2017)

3.3.1.2.3. Hibrit Gaz Temizleyici Sistemleri

Acik deniz ortamlarinda bu sistemler acik devre
mekanizmasi olarak c¢alisirken, Emisyon Kontrol Alanlarinda

10
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(ECA) kapali devre mekanizmasi olarak kullanilmaktadir. Bu
sistem, geminin bulundugu cografi bolgeye ve ekolojik kosullara
bagl olarak uygun bir sekilde islev gorme yetenegine sahiptir.
Acik devre sistemleri, cesitli temizleme sollisyonu satin alma
ihtiyacim ortadan kaldirmakta ve yikama suyunu aritma
gerekliligi de barindirmamaktadir. Kapali devre sistemleri ise su
akisinin sinirlt ya da hi¢ olmamasi sebebiyle i¢ su, liman ve kiy1
sular1 i¢in uygun bir yap1 sunmaktadir. Hibrit yikama sistemleri
ise hem acik hem kapali sistemin avantajlarini biinyesinde
barindirmak {izere entegre edilmis bir sistem olarak
kullanilmaktadir (Tiirkoglu ve Bayraktar, 2024; Balaji ve Girija,
2024). Sekil-5’te hibrit gaz temizleyici sisteminin c¢alisma
prensibi gosterilmektedir.

Exhaust gas

Exhaust gas

Wash water
Coole culatio | manitaring
| tank

) R )
W Inlet Circulation Discharge
== pump
SW pump WCu
Sludge

tank

Sekil 5. Hibrit Gaz Temizleyici Sisteminin Calisma Prensibi
(MAN Diesel ve Turbo, 2017)

4. SONUC VE DEGERLENDIRME

Bu arastirmada incelenen scrubber sistemleri, deniz
tagimaciligr sektoriinde emisyonlar1 azaltmak ve ¢evresel
stirdiiriilebilirligi tesvik etmek i¢cin 6nemli bir sistem olarak 6ne
ctkmaktadir. Sistemin pek c¢ok avantaji bulunmaktadir. Yiiksek

11
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kiikiirtli akaryakit (HSFO), diistik kiikiirtli akaryakit (LSFO)
veya deniz gaz yagina (MGO) kiyasla daha ekonomik olmasi
yikayici sistemlerinde HSFO kullanmaya devam etmesine ve
boylece isletme giderlerinde énemli 6lglide azalma saglamasina
olanak tanimaktadir. Bu durum, wuzun vadede yakit
harcamalarinda kayda deger bir diislise imkan vermektedir.
Sistemle beraber atmosfere salinan kiikiirt oksitlerin (SOx) hacmi
onemli Ol¢lide azalmakta, bu da hava kalitesinin artmasina ve asit
yagmuru riskinin diigmesine katki saglamaktadir. Ayrica, bu
sistemin kullanimiyla gemilerin MARPOL Ek-VI’da belirtilen
kiikiirt emisyon simnirlarina uyumu garanti altina alinmakta ve
denetimlerde mevzuata uygunluk tesvik edilmektedir. Bunun
yani sira, gemilere yakit kullaniminda esneklik sunarak LSFO,
MGO veya HSFO gibi segeneklerin kullanilabilmesine imkan
tanimaktadir. Uzun bir siire boyunca, yakit fiyatlarindaki
esitsizliklerin yiiksek seviyelerde devam etmesi kosuluyla, sistem
yatirim maliyetlerini telafi edebilmektedir.

Sitemin getirdigi avantajlarin yani sira dikkate alinmasi
gereken bazi dezavantajlar1 da bulunmaktadir. Scrubber
sisteminin gemiye entegresi, geminin tlrline, tersane siresine ve
kurulum zamanima bagli olarak belirgin ve O6nemli finansal
yatirnm gerektirmekte ve bu da sonug olarak gemilerin uzun
siireler boyunca seyir i¢in kullanilamamasma ve sefer disi
kalmasina yol agmaktadir. Sistemlerin gemilere monte edilmesi
zaman zaman geminin yapisal ¢ergevesinde degisiklikleri ve ek
alanlarin tahsisini gerektirebilmektedir. Yapisinda bulunan
pompalar, sensorler, filtreler gibi karmagsik sistemler korozyon,
tikanma gibi bazi sorunlar yaratmasi sebebiyle diizenli bakim ve
onarim gerektirmektedir. Bunun yani sira, s6z konusu bakim ve
kontrollerin yapilabilmesi, gemi veya sirket biinyesinde kalifiye
personel istihdamini zorunlu kilmaktadir.

Sistem, atik yonetimiyle de alakali bazi sorunlari
beraberinde getirmektedir. Acik tip scrubber sistemleri, bazi
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liman otoritelerince yikama suyunun denize bosaltiimasi
nedeniyle yasaklanmaktadir. Bu suyun asidik olma olasilig1 ve
agir metaller icerebilme riski, deniz ekosistemi iizerinde zararl
etkilerin ortaya ¢ikmasina neden olabilmektedir. Bu durum, sz
konusu bolgelerde kapali tip scrubber sistemlerinin kullanimini
zorunlu kilmakta, ancak bu sistemlerde ortaya ¢ikan camurun
karada bertaraf edilmesi gerekmektedir.

Bununla birlikte, gelecekteki regulasyon belirsizlikleri
nedeniyle acik tip scrubber sistemlerinin tamamen yasaklanma
ihtimali bulunmakta ve bu durum, gemilere yapilan yatirimlarin
gecerliligini azaltma riski tagimaktadir.

Sistem ekonomik olarak degerlendirildiginde, baslangigta
satin alma, kurulum ve geminin hizmet dis1 kalma siiresi gibi
maliyetleri biinyesinde barindirmaktadir. Ayrica sistemin, enerji
tilketimi, bakim ve onarim, kapali tip scrubber sistemi ig¢in
kimyasal tiikketimi ve atik yonetimi gibi igletme giderleri de
bulunmaktadir. Yakat fiyat farki agildik¢a, uzun vadede yatirimin
geri dontis siiresi kisalmaktadir. Ancak, yiiksek kiikiirtli yakat
yagi (HSFO) ile diisiik kiikiirtlii yakit yagi (LSFO) arasindaki
fiyat farkinin azalma riski de, yatirrmin telafi siiresini uzatmakta
veya finansal kayiplara yol agabilmektedir. Bununla birlikte,
ekonomik 0mrii sinirli olan gemilere yapilan scrubber yatirimlari
riskli olabilmektedir.

Sistem c¢evresel olarak degerlendirildiginde, scrubber
kullanimi, kiikiirt emisyonlarin1 azaltarak g¢evresel avantajlar
saglamaktadir; ancak, ayni zamanda su kirliligi, yiiksek
karbondioksit seviyeleri ve atik yonetimindeki zorunluluklar
nedeniyle bazi problemleri beraber getirmektedir. Sistem
atmosferik kaliteyi artirmak icin ¢alisirken, ayn1 zamanda deniz
ekosistemini kirletme potansiyeline sahiptir. LNG, metanol,
amonyak gibi alternatif yakitlarin gelisimiyle beraber scrubbera
olan ihtiya¢c glin gectikce azalacaktir ve bu sistemler, alternatif
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yakitlarin yayginlasmasina kadar kisa vadede bir ¢6ziim
sunmaktadir. Bununla beraber kapsamli aritma saglayan ve atik
suyunu tamamen zararli bilesenlerden arindiran sistemlerin
gelistirilip gemilere entegre edilmesi scrubberlarin cevresel
olumsuz etkileri minimize edecek ve sistemin uzun sireli
kullanimin1 destekleyecektir.
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DENIZCILIiK ORGUTLERINDE DUYGUSAL
ZEKANIN VE EMPATININ ROLU

Yeliz CELIK!

1. GIRIS

Denizcilik sektorii; yiiksek risk, yogun stres, kiiltiirel
cesitlilik ve zorlu ¢alisma kosullariyla karakterize edilen bir
alandir. Bu nedenle, teknik bilgi ve yetkinliklerin yani sira,
duygusal zekd ve empati gibi sosyo-duygusal beceriler de
orgiitsel basarinin saglanmasinda temel bir gereklilik olarak one
cikmaktadir. Empati ve duygusal zeka (EI), denizcilik alaninda
yalnizca bireysel performanst degil, aynt zamanda deniz
operasyonlarinin kapsamli ¢alismasin1 da etkileyen Onemli
faktorleri olusturur.

Duygusal zeka, bireyin hem kendi duygusal durumunu
degerlendirme hem de baskalarinin duygularini gézlemleme ve
anlama ve bu bilgileri kisinin biligsel siire¢lerini ve davranigsal
tepkilerini yoOnlendirme amaciyla kullanma kapasitesi olarak
empati ise bu igsel yetenegin en somut disavurumu olarak kabul
edilir (Goleman, 1995; Mayer ve dig., 2004).

Denizcilik orgdtlerinde ister kara da ister deniz de
calisiyor olsun farkli milletlerden gemiadamlarinin bir arada
calismas1 meslegin uluslararast bir yapida olmasi, uzun seyir
stirelerinin ~ bulunmasi, psikolojik stres ve denizcilik
operasyonlarindaki ongoriillemezlik, sosyal hayattan izolasyon
gibi zorlu ve olumsuz kosullar i¢cin duygusal zeka ve empati

L Opr. Gor, Kocaeli Universitesi, Karamirsel Denizcilik Meslek Yiiksekokulu,
Motorlu Araglar ve Ulastirma Teknolojileri, Deniz Ulastirma ve Isletme,
yeliz.celik@kocaeli.edu.tr, ORCID: 0000-0002-4766-8249.
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kavrami 6n plana ¢ikmaktadir (Notteboom, 2016; Haralambides,
2019). Liderler ve ekip iyeleri tarafindan sergilenen duygusal
zeka, yalnmizca operasyonel siireglerin giivenligini saglamakla
kalmaz, ayn1 zamanda isyeri refahim1 destekleyen elverisli bir
ortamin olusmasina da 6nemli katki saglar.

Bu c¢alismada, duygusal zekd ve empati kavramlarinin
tanimi1 yapilmakta, denizcilik orgiitleri i¢indeki duygusal zeka ve
empatinin 6nemi ve etkileri incelenmektedir.

2. DUYGUSAL ZEKA

Goleman, baslangicta Thorndike tarafindan Onerilen
sosyal zekd yapisin1 detaylandirarak daha sonra duygusal zeka
kavramini gelistirmistir. Duygusal zeké incelendiginde, bireyin
olumsuz kosullar karsisinda ilerleme gosterebilme, diirtiilerini
diizenleyebilme, psikolojik durumunu doniistiirerek yeniden
dengeleyebilme, yasanan olumsuzluklardan kaynaklanabilecek
mantik ¢arpitmalarimi  6nleyebilme ve bu surecte kendini
rehabilite edebilme kapasitesini icerdigi goriilmektedir (Simsek
ve Eroglu,2013). Bu kavram bireysel ve mesleki basariyi,
empatik katilimi ve kisilerarasi iligkileri derinden sekillendiren
insan deneyiminin temel bir boyutunu olusturmaktadir (Shafik,
2024).

Olugan bir durum, mantiksal akil yiiriitmenin
uygulanmasindan 6nce duygusal =zeka tarafindan ele
alinmaktadir. Bu durum, duygusal zekanin iletisimin temel bir
bilesenini olusturdugunu ve iletisim caligmalar1 alanindaki en
kritik yapilardan birini temsil ettigini ortaya koymaktadir.
Bireyler ve kuruluslarla optimal ve etkili iletisimi tesvik
edebilmek igin, oncelikle muhatabin duygusal durumlarim
anlamak zorunludur. Bu noktada duygusal zeka, empati kurma ve
karsimizdakinin duygularini dogru sekilde yorumlama kapasitesi
olarak onemli bir rol oynamaktadir (Simsek ve Eroglu,2013).
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Kavram, bireylerin yasamin bir¢cok alanindaki basarilarinda
belirleyici rol oynayan ve mesleki ¢abalarini da i¢ine alan sosyal
ve duygusal yetkinlikleri kapsamaktadir (Chen, 2025). Kavram
bes temel bileseni kapsamaktadir: 6z farkindalik, 6z diizenleme,
motivasyon, empati ve sosyal yetkinlikler. Bu bilesenlerde
yeterlilik elde etmek, kisilerarasi iletigimi, iliskisel dinamikleri ve
karar verme siireglerini gelistirmektedir (Singh, 2025).

Duygusal zeka kavrami, 1990 yilinda psikologlar Peter
Salovey ve Mayer tarafindan ilk kez ortaya atilmistir. Duygusal
zekayr daha iyi tanimlayabilmek amaciyla, kavramin igerdigi
unsurlar agiklanmaya caligilmistir. Genel anlamda duygusal zeka
ile iliskilendirilen nitelikler sunlar1 kapsamaktadir:

* Empati

* Duygulari ifade etme ve anlatim
* Mizacini kontrol etme

* Bagimsizlik

* Uyum saglayabilme

* Begenilme

» Kisilerarasi sorunlari ¢dzme

* Sebat

* Sevecenlik

Bu baglamda, duygusal zeka bireyin hem kisisel hem de
sosyal yasamindaki basarilarinin temelinde yer alan ¢ok boyutlu
bir yetkinlik alani olarak degerlendirilmektedir (Shapiro, 1977).

Duygusal zeka, 20. yiizyilin baglarindan bu yana var olan
ve slirekli gelisim gosteren bir kavramdir. Egitim, is yasami ve
saglik hizmetleri gibi ¢esitli alanlarda kritik bir 6neme sahiptir.
Kisilerarast iligkileri gelistirmede, bilingli karar vermeyi
kolaylastirmada ve duygusal refahi tesvik etmede etkili olmasi,
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duygusal zekay1 hem bireysel hem de mesleki basari i¢in temel
bir unsur haline getirmektedir (Khan ve Khan, 2025).

3. EMPATI
3.1. Empati Nedir?

Goleman’a (2008) gore empati, baskalarinin duygularini,
bilissel stireclerini ve endiselerini fark etmeye yonelik 6nemli bir
kavramdir. Bu sayede bireylerin kendilerini gelistirmeleri
kolaylasmakta, bagkalarinin ihtiyaglarina karsi daha duyarh
olunmakta ve kisilerarasi iletisim onemli 6l¢iide giiclenmektedir.

Bagka bir deyisle, liderlerin empatiyi basarinin temel bir
bileseni olarak gérmeleri ve baskalarinin bakis agilarin1 mesleki
cabalarinda Oncelikli bir hedef olarak benimsemeleri
gerekmektedir. Calisan motivasyonunu artirabilmek i¢in
liderlerin, c¢alisma siireci boyunca olusan tiim durumlar
calisanlarinin bakis agisindan degerlendirme yetenegine sahip
olmalar1 6nem arz etmektedir (Eygu, 2008).

Etkili ve yapict bir iletisimin gergeklesebilmesi igin,
gondericinin alicinin bakis agisint benimsemesi ve iletecegi
mesaji buna gore uyarlamasi gerekmektedir. Bu uyarlama
saglandiginda, mesajin daha yiiksek bir hassasiyet ve netlikle
anlasilmas1 miimkiin olabilmektedir. Iletisim siirecinde konusma
ile isitme, dinleme ile anlama ve anlami dogru algilama
birbirinden farkli eylemler olarak degerlendirilmektedir.
Mubhatabin mesaj1 dogru bir sekilde algilamasi, onun mutlaka
kabul edildigi anlamma gelmemektedir. Iletisimde karsilasilan
cesitli zorluklar, empati ilkesinin benimsenmesiyle yani bireysel
diizeyde ve orgiitsel baglamda “benmerkezci” iletisimden “biz
merkezli” iletisime gecilmesiyle daha hizli asilabilmektedir
(Simsek ve dig., 2014)
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Etkili dinlemenin temel kosullarina bakildiginda, empati
kurma ve isitsel farkindalik unsurlar1 6n plana c¢ikmaktadir.
Karsidaki bireye soru sorma, anlamaya calisma ve geri bildirim
saglama, etkili dinlemenin kolaylastirilmasinda hayati bir rol
oynamaktadir. Bagka bir bireyin duygusal durumlarini anlama
stireci ise, 6fke ve kaygt gibi olumsuz duygusal belirtileri fark
edebilme becerisiyle yakindan iligkilidir ve bu siire¢ empati
yoluyla gergeklesmektedir. Etkili dinleme, kars:1 tarafa yonelik
sorularin dogru sekilde formiile edilmesini, alinan ifadelerin
kisinin kendi climleleriyle yeniden ifade edilmesini ve yapici geri
bildirim sunulmasini gerektirmektedir (McKay ve dig., 2006)

Bireylerin bir bagkasinin bakis agisin1 benimsemelerini ve
onlarin duygu ile diisiincelerini kendi merceginden anlamalarini
saglayan empati kavrami, farkli popiilasyonlar ve gruplar
arasindaki iletisimi giiclendirmektedir. Ornegin, bazi kadin
calisanlar ~ mesleki  ortamlarda  cinsiyet  kimliklerine
atfedilebilecek zorluklarla karsilagabilmektedirler. Sonug olarak,
bu tlir sorunlar cinsel ayrimcilik gibi daha ciddi boyutlara
ulagarak yargi sistemine taginabilmektedir. Oysa empatik bir
yaklagim, bu tiir problemlerin biiylimeden Onlenmesinde ve
¢cOziilmesinde en etkili yontemlerden birini olusturmaktadir.
Empati, duygusal zeka alaninda en kapsamli bigimde incelenen
yapilardan birini temsil etmektedir. Goleman tarafindan da
vurgulandig1 lizere, empatinin temeli 6z farkindaliktir. Bir birey,
kendi duygusal durumlarinin farkinda oldugu 6l¢iide baskalarinin
duygusal deneyimlerini anlama egilimini gelistirmekte ve
cevresindekilerin duygularini kavrama ¢abasina girmektedir (Can
ve dig., 2015). Empati kavram orgiitsel liderlik baglaminda ele
alindiginda  ise,  dikkatini  bagkalarinin  ihtiyaglarina
yogunlastirabilen yoneticilerle etkilesim kurmak daha anlagilir
hale gelmektedir. Bireylerle ortak bir temel {izerinden baglanti
kurmay1 hedefleyen, bagkalarinin bakis agilarin1 dikkate alan ve
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isbirlikei katilimi tesvik eden yoneticiler, yiiksek derecede empati
ile karakterize edilmektedir.

3.2. Empati Cesitleri Nelerdir?

Empati, farkli boyutlartyla incelendiginde cesitli
yetkinlikleri kapsayan c¢ok yonlu bir kavram olarak ortaya
¢cikmaktadir;

e Biligsel empati; baska bir bireyin bakis acisini anlama
kapasitesini ifade etmektedir.

e Duygusal empati; bagka bir bireyin yasadigi duygular
deneyimleme yetenegini belirtmektedir.

e Empatik ilgi; bir bireyin baska bir kisinin kendileriyle
ilgili sahip oldugu istek ve ihtiyaclar1 ayirt etme
yetenegini ifade etmektedir (Harvard Business Review
Press, 2018).

3.3. Orguitsel Alanda Empatinin Onemi

Orgiit, cesitli islevleri yerine getirmek ve bu cabalar
uyumlu bir sekilde birbirine entegre etmek amaciyla kurulmus,
belirli sayida kisiden olusan bir yapidir. Bu terim, belirli bir
hedefe ulagmak icin bir araya gelen bireylerin olusturdugu yapiy1
ifade etmektedir (Cakir, 2019). Kurumdaki ortak kimlik, is
birliginin temel anahtaridir.

Orgiitlerde, hem ise alm siirecinde hem de
organizasyonel tasarimda, duygusal zeka sergileyen ve etkili
yonetim yeteneklerine sahip bireylerin secilmesine vurgu
yapilmakta veya alternatif olarak, bu yetkinlikleri gelistirmeyi
amagclayan kurulus ic¢i gelisimsel ¢erceveler uygulanmaktadir.
Empati kapasitesi, 6zgiliven ve Ustiin iletisim becerileri, ise alim
baglaminda en 6nemli 6zellikler olarak kabul edilmektedir. Son
yillarda duygusal zekanin onemi giderek daha belirgin hale

25



Deniz ve Gemi Miihendisligi Degerlendirmeleri

gelmis ve orglitsel gelisim arayisindaki biligsel boyut bu kavram
ile tamamlanmistir (Yaylaci, 2006).

Psikoloji alanindaki aragtirmalar, duygusal durumlarin ve
duygusal egilimlerin performans sonuclar1 {izerinde Onemli
etkiler yarattifint agikca ortaya koymaktadir. Calisanlarin
duygusal durumunun igyerinde kritik bir rol oynadigi da
calismalarda sik¢a vurgulanmaktadir (Snaebjornsson ve
Vaiciukynaite, 2016).

Kurulus icindeki  tim  personelin  belirlenen
sorumluluklarin1 hem verimli hem de etkili bir sekilde yerine
getirmesinde en kritik faktor, empati gelistirmektir. Empati,
yasam boyunca gelistirilebilen; bireylerin karsilarindaki kisilerin
ihtiyac ve arzularini daha iyi anlamalarin1 saglayan ve onlara daha
nazik, yapic1 bir yaklagimi tesvik eden bir olgudur (Hughes, 2000,
S. 6).

Milton ve Westphal’e gore, karsilikli empati uyumlu
isbirligi yoluyla gorevlerin en iyi sekilde yerine getirilmesine
katkida bulunur. Sonu¢ olarak, empati, kurum igindeki farkli
gruplar arasinda stirekli ve yiiksek diizeyde iletisim ile etkilesimi
kolaylastiran ve boylece etkinlik ile verimliligin artmasina olanak
taniyan orgiitiin en 6nemli unsurlarindan biridir (Ensari ve Miller,
2006).

Empati, calisanlar  arasinda  gelismis  iletisimi
kolaylastirarak farkli bakis agilarin1 anlamalarini, dogru
degerlendirmeler yapmalarini, mesleki yetkinliklerini olumlu
yonde gelistirmelerini ve karsilikli takdir ile anlayisa dayali bir
ortamin olusmasini saglamaktadir (Aksoy, 2019).

Yukarida bahsedilen faktorlerin bir sonucu olarak,
duygusal zeka istihdam firsatlarinda 6nemli bir belirleyici haline
gelmektedir. Giiniimiizde, ise alim siirecinde bir bireyin yalnizca
pozisyonla ilgili sahip oldugu egitim niteliklerine degil, ayni
zamanda Kisisel gelisimi ve sosyal etkilesimlere katkilarina da
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giderek daha fazla 6nem verilmektedir. Bu siirecte, kisiye cesitli
kisilik testleri uygulanmakta ve profesyonel kariyeri boyunca
ylriitiilecek i¢ iletisim ile organizasyonel egitim programlari
birlikte ydratilmektedir. Stres yonetimini etkili bir sekilde
gerceklestirmenin en 6nemli nedeni, hem bireylerde hem de 6rgt
icinde giicli bir empati duygusunun olusturulmasidir. Bu
Ozelliklere sahip bireyler, zorluklar karsisinda dayaniklilik
gosterebilmekte ve hizli ¢oziimler iiretebilmektedir. Bir orgiitiin
gelisimi i¢in yoneticilerin, bu kiiltiirel anlayis1 tesvik etmeleri,
ekip icinde dengeyi saglamalart ve duygusal zekayi rasyonel
diisiince ile uyumlu hale getirmeleri gerekmektedir.

4. SONUC VE DEGERLENDIRME

Denizcilik orgutlerinde teknik bilgi kadar, insan
iligkilerinin 6nemi ortaya ¢ikmaktadir. Uzun siireli calisma
ortamlari, stres, kiiltiirel farkliliklar ve yogun sorumluluk
duygusu i¢inde ¢alisan insanlarin birbirini anlamasi, dinlemesi ve
desteklemesi blyuk bir ihtiyagtir. Bu noktada empati ve duygusal
farkindalik hem kisisel huzurun hem de isin kalitesinin temelini
olusturmaktadir.

Adalet, giiven ve saygi gibi degerlerin is ortaminda
yasatilmasi, empatinin gelismesi i¢in glicli bir temel
olusturmaktadir.  Calisanlarin ~ gosterdigi  performanslar
odiillendirmek, karar siire¢lerine katilimini saglamak, elestirileri
saygiyla dinlemek ve onlara samimi geri bildirimler vermek,
kurumda empatik bir kiiltiiriin olugsmasina katki saglamaktadir.
Insanlarin duygu ve diisiincelerini 6zgiirce ifade edebilmeleri,
ihtiyaclariin goriilmesi ve empatiyi bir kurumsal deger olarak
benimsemek, calisanlar arasinda karsilikli anlayis ve giivenin
yerlesmesini desteklemektedir.

Kisilerin orgiit i¢cindeki konumlarindan bagimsiz olarak
pozitif bir tutum sergilemeleri, giilimsemeleri ve anlayish bir
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iletisim dili kullanmalari, is ortamin1 daha insani hale
getirmektedir. Kurallarin 6nemli oldugu kadar duygular ve insani
degerler de olumlu sonuglar dogurmaktadir. Basarili galismalarin
bireysel olarak degil, ekip halinde kutlanmasi, “biz” duygusunun
giiclenmesine yardime1 olmaktadir.

[letisimin agik olmas1, samimiyetin ve giivenin 6n planda
tutulmasi, empatiyi kurumsal kiiltlirin bir parcast haline
getirmektedir. Kurum iginde insan faktoruni merkeze almak hem
tiretkenligi hem de mutlulugu artirmaktadir. Bu nedenle,
islemenin biitce planlamalarinda ¢alisanin  egitimine ve
gelisimine mutlaka 6ncelik verilmelidir. Ise alim siireclerinde
yalnizca deneyim ve egitim degil, adaylarin duygusal zekasi ve
empati kapasitesi de dikkate alinmalidir.

Kurumlarda yer alan bireylerin kisisel gelisim firsatlar
elde etmesi, onlarin alcakgoniilli ve anlayish davraniglar
sergilemelerine yardimci olmaktadir. Empatiyi gliclendirmek igin
beden diline, ses tonuna ve hitap tarzina 6zen gostermek;
elestiriye agik olmak ve dnyargilardan uzak durmak biiyiik 6nem
tasimaktadir. Farkliliklardan ¢ok ortak degerlerin bir araya
getirilmesi, giiclii ve uyumlu bir orgiit yapisi olusturmaktadir.
Emretme, suclama, asagilama ve tehdit gibi olumsuz iletisim
bicimlerinin ortadan kaldirilmasi ise, kurum i¢indeki giiveni
kalict hale getirmektedir.

Bir kurumun basarisi sadece kurallar ve teknik siireglerle
degil, calisanlarinin birbirine duydugu saygi ve anlayisla
mimkiindiir. Eger bir orgiit ilerlemek, c¢alisanlarinin mutlu ve
tiretken olmasini saglamak istiyorsa, geleneksel “emir-komuta”
anlayisini geride birakmali; yerine empatiye, anlayisa ve giivene
dayali bir yonetim anlayisini benimsemelidir. Kapali ve
anlayigsiz yonetim bigimleri uzun vadede olumsuz sonuglar
dogurmaktadir. Empatik  yonetim  kiiltlirliniin  yerlestigi
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kurumlarda hem iletisim kalitesi hem de rekabet giicii
artmaktadar.

Sonug olarak, empati ve duygusal farkindalik, denizcilik
orgiitlerinde sadece birer kisisel Ozellik degil, ayn1 zamanda
kurumsal siirdiiriilebilirligin temel unsurlaridir. Bu degerleri is
yasamina yansitabilen kurumlar, hem insan odakli bir ¢alisma
kaltura gelistirmekte hem de uzun vadede gucld, glvenilir ve
sayg1 duyulan orgiitler haline gelmektedir.
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ECONOMIC IMPACTS, COMPLIANCE AND
FUTURE PERSPECTIVES OF THE EU ETS IN
MARITIME SHIPPING

Yusuf Tarikk MUTLU!?

1. INTRODUCTION

Maritime shipping is the dominant channel for global
commerce, moving more than 80% of goods, and it is vital to
the EU economy (Lynce de Faria, 2024). Although it is among
the most energy-efficient transport modes, the sector is also a
significant and growing source of greenhouse gas emissions
(European Commission, n.d.-c). In 2018, shipping accounted for
about 2.9% of human-caused global emissions, and without
policy action these emissions are expected to rise markedly by
2050. Within the EU, maritime transport contributes roughly 3
to 4% of total CO2 emissions (European Commission, n.d.-c;
Lynce de Faria, 2024).

To tackle this environmental challenge and align with the
Paris Agreement, the European Union has rolled out a set of
ambitious measures under the European Green Deal to reach
climate neutrality by 2050 (Christodoulou et al., 2021; Lynce de
Faria, 2024; Vaca-Cabrero et al., 2024). A central element of
this plan is expanding the EU’s Emissions Trading System
(ETS) to include the maritime sector (European Commission,
n.d.-c). Effective from 1 January 2024, this measure integrates
shipping emissions into a regulated carbon market for the first

1 Research Assistant, Istanbul Technical University, Faculty of Maritime,
Department of Marine Engineering, ymutlu@itu.edu.tr, ORCID: 0009-0003-
0400-8659.
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time, creating a powerful economic incentive for the industry to
decarbonise its operations (European Commission, n.d.-b; Vaca-
Cabrero et al., 2024).

1.1. The ""Cap and Trade" Principle

The EU ETS is a key instrument at the heart of the EU’s
climate strategy. Created in 2005, it was the first large-scale
carbon market and remains among the largest worldwide. It
operates under a cap-and-trade model, a market-based tool
designed to cut GHG emissions at the lowest possible cost
(European Commission, n.d.-a; Lynce de Faria, 2024).

The cap sets the maximum total volume of certain
greenhouse gases that covered installations and operators may
emit. It declines each year in line with EU climate objectives,
ensuring a steady reduction in overall emissions. By 2023,
emissions from EU power and industrial plants had fallen by
roughly 47% compared with 2005, partly due to the EU ETS.
The cap is denominated in EU Allowances (EUAS), with each
allowance permitting the emission of one tonne of CO2
equivalent (CO2eq) (DNV, n.d.-c; European Commission, n.d.-
b, n.d.-a).

The trading component lets firms buy and sell
allowances on the market. Firms that can reduce emissions at
low cost can sell their extra allowances to others with higher
mitigation costs. This market flexibility drives reductions where
they are most economical. Each year, firms must measure and
report their emissions and surrender an equivalent number of
allowances. If they fail to comply, they face substantial penalties
and still have to submit the missing allowances (DNV, n.d.-a;
European Commission, n.d.-b, n.d.-a).

As the number of allowances falls, scarcity arises and,
together with demand, determines the carbon price. This price
signal gives firms a clear financial motive to adopt low-carbon
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technologies and improve energy efficiency, since cutting
emissions can become cheaper than buying permits. Proceeds
from allowance auctions largely go to EU Member States, who
are required to use them to advance the green transition, for
example, by funding renewables, energy efficiency, and low-
carbon innovation through instruments such as the Innovation
Fund and the Modernisation Fund (Christodoulou & Cullinane,
2024; European Commission, n.d.-a; Vaca-Cabrero et al., 2024).

1.2. Legislative Context

The EU ETS rests on Directive 2003/87/EC, which has
been amended multiple times to keep the system aligned with
the EU’s evolving climate goals (European Commission, n.d.-a).
The choice to include maritime transport was driven by the
European Green Deal, a broad strategy unveiled in late 2019 to
make the EU a climate-neutral continent by 2050. The EGD
raised overall ambition and requires all sectors, including
shipping, to contribute to the emission-reduction targets
(Christodoulou et al., 2021; Lynce de Faria, 2024; VVaca-Cabrero
et al., 2024).

To give legal force to this ambition, the European
Commission presented the Fit for 55 package on 14 July 2021.
This set of proposals aims to update EU legislation to achieve at
least a 55% cut in net GHG emissions by 2030 compared with
1990 levels. A key element was the plan to bring shipping
emissions into the EU ETS (European Commission, n.d.-a;
Lynce de Faria, 2024; Vaca-Cabrero et al., 2024). The EU
proceeded unilaterally in part because progress toward a global
market-based measure at the International Maritime
Organization had been slow (Christodoulou et al., 2021;
Christodoulou & Cullinane, 2024).

After the legislative process concluded, the amended
ETS Directive was formally adopted in May 2023 and entered
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into force on 5 June 2023, with the maritime rules applying from
1 January 2024. The system is flag-agnostic and route-based,
covering CO2 emissions from any vessel of 5,000 gross tonnage
(GT) or more that calls at EU ports (European Commission,
n.d.-c, n.d.-b). The scope includes (European Commission, n.d.-
c; Vaca-Cabrero et al., 2024):

* 100% of emissions from voyages between two EU
ports and from time spent at berth in an EU port.

* 50% of emissions from voyages that start or end at a
non-EU port.

2. ECONOMIC IMPACTS ON THE MARITIME
SECTOR

Expanding the EU ETS to shipping generates wide-
ranging economic effects, influencing everything from
individual vessels’ operating costs to the competitive landscape
of global trade routes. As a market-based instrument, the EU
ETS internalizes GHG externalities by imposing a mandatory
carbon price on shipping companies (Vaca-Cabrero et al., 2024).
This new financial reality is poised to influence investment
decisions, reshape port competition, create differentiated effects
across various shipping segments, and necessitate fundamental
changes in the contractual relationships between maritime
stakeholders (Christodoulou et al., 2021; Lynce de Faria, 2024).
Figure 1 summarizes the multifaceted nature of the EU ETS and
its far-reaching consequences for the port ecosystem, in terms of
the Social, Environmental and Governance dimensions, as well
as the Economic dimensions.
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- International coordination

» Regulatoty imcertainty « Traffic reduction

-+ Implementation of regulations
® - Impact on rates

- Monitoring and compliance - .
S » Reduced competitiveness

Governance Economic

Figure 1. The impact of the EU ETS on ports (adopted from
(Vaca-Cabrero et al., 2024)).

2.1. Direct Financial Costs

The EU ETS’s most immediate economic effect on
maritime transport is a direct cost for shipping firms, which
must buy and surrender EU Allowances (EUAS) to cover their
verified greenhouse gas emissions (Vaca-Cabrero et al., 2024).
Operating under a "cap and trade" principle, the EU ETS
establishes a carbon market where the price of EUAs fluctuates
based on supply and demand, introducing a new and potentially
volatile operational cost for ship operators. Shipping companies
will not be granted free allowances and must acquire EUAS
through auctions or secondary markets (DNV, n.d.-b, n.d.-c).

This new cost burden is significant. Early estimates using
2019 emissions data from the EU’s MRV system indicate the
maritime sector could incur an additional €1.7—€10.1 billion per
year, depending on the system’s geographic scope and
allowance prices (Christodoulou et al., 2021). At the voyage
scale, costs can be substantial: based on 2022 trading patterns
and an EUA price of USD 90 per ton, a VLCC on the Ras
Tanura—Rotterdam route would need roughly USD 200,000 in
allowances in 2024, about 4% of current freight costs, rising to
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around 10% by 2026 when the EU ETS is fully phased in
(Lynce de Faria, 2024).

These direct costs are amplified by external geopolitical
developments. Recent attacks by Houthi rebels in the Red Sea
have compelled many Asia—Europe routes to divert via the Cape
of Good Hope. This diversion adds approximately 9 to 14 days
and up to 9,000 nautical miles to a voyage, significantly
increasing fuel consumption and, consequently, the number of
EUAs a company must purchase to cover its emissions. This
confluence of regulatory and geopolitical pressures creates a
challenging financial environment for operators serving
European trade routes (Lynce de Faria, 2024).

2.2. Port Competitiveness and Carbon Leakage

A key concern with the EU ETS being applied
unilaterally is that it could erode the competitiveness of
European ports and trigger carbon leakage. Carbon leakage
arises when emission cuts in one area lead to increases
elsewhere, weakening the policy’s global environmental impact.
As a result, the higher costs of calling at EU ports may prompt
carriers to reconfigure routes and shift calls to nearby non-EU
ports in North Africa or Turkey to avoid or reduce their ETS
liabilities (Christodoulou & Cullinane, 2024; Vaca-Cabrero et
al., 2024).

Shipping companies can employ several -evasive
strategies. One method is to add a stop at a non-EU port before
calling in the EU, thereby shortening the voyage length subject
to the 50% emissions calculation. Another strategy is to use a
"hub-and-spoke™ model, where large mother ships unload cargo
at a non-EU transshipment port, and smaller feeder vessels
(potentially below the 5,000 GT threshold) transport the goods
to their final destination in the EU (Lynce de Faria, 2024; Vaca-
Cabrero et al., 2024). The financial incentive for such behaviour
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is significant. One study demonstrated that a route from
Montreal to Le Havre could save over €92,000 per stopover by
including an intermediate call at Liverpool (a non-EU port).
Another scenario showed a potential saving of over €211,000 on
a voyage by stopping at Tangier instead of the EU port of
Algeciras. Another clear example of changing routes is the route
of the Maersk Chicago vessel (Figure 2), which illustrates how,
the route changed from the logical Suez Canal passage (until
December 2023) to circumnavigating Africa via the Cape of
Good Hope (from January 2024) (Vaca-Cabrero et al., 2024).

Such a shift in traffic could lead to a reduction in cargo
volumes and transshipment activities at EU hub ports, resulting
in significant business and economic losses, including job losses
in port communities (Vaca-Cabrero et al., 2024). This diversion
could also undermine the environmental objective of the
directive, as longer, rerouted voyages may ultimately increase
overall GHG emissions (Lynce de Faria, 2024). To reduce this
risk, the EU now classifies certain high-transhipment non-EU
ports located within 300 nautical miles of an EU port as
“neighbouring container transhipment ports” (DNV, n.d.-c;
Vaca-Cabrero et al., 2024). Calls at these designated ports
(currently Tanger Med in Morocco and East Port Said in Egypt)
do not count as a non-EU port call for the purpose of avoiding
ETS obligations on the subsequent voyage to the EU. However,
this rule does not cover all potential non-EU ports, and
loopholes for evasion remain (European Commission, n.d.-b;
Lynce de Faria, 2024).
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MAERSK CHICAG vessel route 2023.2024 MAERSK CHICAGO vessel route until December 2023

Figure 2. Maersk Chicago vessel GPS position (adopted from
(Vaca-Cabrero et al., 2024)).

2.3. Differentiated Impact on Shipping Segments

Because the maritime sector is diverse, the EU ETS’s
economic effects will vary across the industry. The cost burden
will vary significantly between different shipping segments,
largely because of fundamental differences in their operational
profiles and energy efficiency, typically measured in CO2
emissions per unit of transport work (e.g., tonne-nautical mile)
(Christodoulou et al., 2021).

MRV data analysis indicates that Ro-Ro and Ro-Pax
ships (roll-on/roll-off and roll-on/roll-off passenger) have
notably high CO2 emissions per unit of transport work, partly

40



Deniz ve Gemi Miihendisligi Degerlendirmeleri

due to their operating characteristics and relatively low load
factors. In contrast, segments such as bulk carriers and oil
tankers are generally more energy-efficient. This disparity
means that an undifferentiated application of the ETS would
disproportionately penalize less energy-efficient segments
(Christodoulou et al., 2021).

This issue is particularly acute when considering the
methodology for allocating any potential free allowances in the
future. If a uniform benchmark based on average fleet efficiency
were used, it would heavily favour the most efficient segments
like bulkers, which could even receive a surplus of allowances.
Conversely, it would impose severe financial penalties on Ro-
Ro and Ro-Pax vessels. This could create significant
competition distortion within the maritime industry, rewarding
certain business models over others based on inherent
operational differences rather than efforts to improve efficiency
(Christodoulou et al., 2021).

Furthermore, for short-sea shipping (SSS), which faces
strong competition from land-based transport modes like
trucking, the increased operational costs from the ETS could be
critical (Christodoulou et al., 2021; Christodoulou & Cullinane,
2024). Given the high price sensitivity of demand for these
services, higher freight rates could push traffic from sea to
road—a modal shift that would undermine the EU’s broader
transport and environmental objectives by potentially increasing
overall emissions, congestion, and other negative externalities.

2.4. Contractual Implications

The substantial costs introduced by the EU ETS are
expected to be passed down through the maritime value chain,
meaning shipping companies will seek to include the cost of
allowances in the terms of commercial contracts with charterers
and cargo owners. This requires the development of new
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contractual clauses to manage the financial liabilities and
operational data-sharing required for compliance (DNV, n.d.-c,
n.d.-b; European Commission, n.d.-b).

Industry bodies like BIMCO have already proposed
standard clauses designed to protect shipowners from the costs
incurred by emissions generated under a charterer's operational
control. Such clauses typically establish a framework for the
owner and charterer to cooperate and exchange verified data on
emissions in a timely manner. In the case of a time charter, for
example, the owner would notify the charterer of the emissions
generated, and the charterer would then transfer funds or EUAS
to the owner to cover the corresponding compliance cost. This
necessitates a common and trusted basis of verified emissions
data to facilitate these commercial settlements (DNV, n.d.-c,
n.d.-b).

The ETS Directive itself provides a legal basis for this
cost pass-through. It stipulates that a shipping company can
recover the costs of surrendered allowances from the party
responsible for operating the vessel, such as a charterer who sets
the cargo, route, and speed. EU Member States are required to
provide access to justice to enforce this entitlement. Despite
these contractual arrangements allowing for the transfer of costs,
it is crucial to note that the ultimate legal responsibility for
monitoring emissions and surrendering the required allowances
remains with the designated "shipping company" (i.e., the
shipowner or the mandated ISM company) (European
Commission, n.d.-b).

3. COMPLIANCE OBLIGATIONS FOR
SHIPPING COMPANIES

Including maritime transport in the EU ETS creates a
binding legal regime that obliges shipping companies to assume
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direct financial liability for their GHG emissions (DNV, n.d.-c;
European Commission, n.d.-a). Unlike voluntary schemes,
participation is compulsory for all companies operating ships
within the regulation's scope (European Commission, n.d.-d).
Successful adherence to the EU ETS depends on a company’s
ability to navigate a structured set of obligations, which are
enforced through a clear annual compliance cycle, rigorous
monitoring and reporting protocols, the active management of
emission allowances, and significant penalties for non-
compliance. This section details these core compliance pillars
that shipping companies must understand and implement to
operate legally within the European Economic Area (EEA).

3.1. Monitoring, Reporting, and Verification (MRV)

The EU’s Monitoring, Reporting and Verification
(MRV) regulation underpins ETS compliance by supplying the
data framework for emissions accounting. In force since 2018,
the MRV rules were updated in 2023 to align with the ETS’s
expansion (European Commission, n.d.-c). Companies must
adhere to a three-step process (European Commission, n.d.-b,
n.d.-c):

» Monitoring: Each company must develop and maintain
an approved Monitoring Plan for every ship under its
responsibility. The plan sets out methods for measuring fuel use
and other voyage-level metrics such as distance, time at sea, and
cargo carried. As of 1 January 2024, monitoring has expanded
beyond CO2 to also include methane (CH4) and nitrous oxide
(N20).

* Reporting: Annually, companies must compile the
monitored data into an emissions report for each ship. These
individual ship reports are then aggregated into a company-level
emissions report, which forms the basis for the company’s ETS
obligations. All reports must be filed via THETIS-MRYV, the
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centralized online platform managed by the European Maritime
Safety Agency (EMSA).

» Verification: Before submission, both ship- and
company-level emissions reports must be reviewed by an
accredited verifier to confirm the data is sufficient and complies
with regulatory requirements. These verifiers are independent
entities accredited by the National Accreditation Bodies of EU
Member States. This third-party verification ensures the
accuracy and credibility of the emissions data that underpins the
entire system.

3.2. Acquiring and Surrendering Allowances

Under the EU ETS, shipping firms must manage their
carbon exposure by purchasing and surrendering EU
Allowances (EUAs), with each allowance authorizing the
emission of one tonne of CO2 equivalent (DNV, n.d.-c;
European Commission, n.d.-a). Unlike some other sectors, the
maritime industry is not granted free allowances and must
purchase 100% of the allowances it needs. Shipping companies
can obtain the general EUAs, which are the same type used by
the power, industrial, and aviation sectors, through two main
channels (DNV, n.d.-b; European Commission, n.d.-b):

* Primary Market: Allowances can be purchased at
auctions organized by the European Energy Exchange (EEX) on
behalf of the EU.

» Secondary Market: Allowances can be traded through
brokers, online trading platforms, or bilateral agreements with
other companies.

To carry out these transactions, each shipping firm must
set up a Maritime Operator Holding Account (MOHA) in the
Union Registry with its assigned administering authority. The
account is used to hold and surrender allowances. Companies
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not included on the initial attribution list must apply to open a
MOHA within 65 working days of their first voyage that falls
under the ETS. It is important to note that carbon credits or
certificates from outside the EU ETS cannot be used for
compliance (European Commission, n.d.-b). By the annual
deadline of 30 September, companies must surrender a quantity
of EUAs in their MOHA that is equivalent to their total verified
emissions from the previous reporting year. This process is
executed electronically through the Union Registry.

The circular annual journey of shipping companies
within the EU ETS, from emissions monitoring to permit
submission, is shown in Figure 3.

SURRENDERING ALLOWANCES

Acquisition and surrender of sufficient
number of EU allowances equivalent to
a verified emission of preceding year

REPORTING &
VERIFICATION
Preparation of a comprehensive
"Annual Emission Report" and
submission to an accredited
verifier for validation of data

MONITORING
\ Systematic tracking of fuel
consumption, distance, time
| at sea and emissions data
 for all voyages falling under
¥ EU ETS scope

accuracy

Figure 3. Annual EU ETS maritime cycle.
3.3. Penalties for Non-Compliance

The EU ETS framework includes stringent enforcement
measures to ensure compliance, with severe penalties for
companies that fail to meet their obligations (European
Commission, n.d.-b; Lynce de Faria, 2024). The consequences
of non-compliance are multi-layered and can have significant
financial and operational repercussions.
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» Excess Emissions Penalty: A company that fails to
surrender sufficient allowances by the deadline is liable for an
excess emissions penalty of €100 for each tonne of CO2
equivalent not covered (DNV, n.d.-a; European Commission,
n.d.-b). This figure is also subject to adjustments for inflation.
Crucially, payment of this penalty does not absolve the company
of its original obligation; it is still required to surrender the
missing allowances (European Commission, n.d.-b).

» Expulsion Order: If a company fails to surrender
allowances for two or more consecutive reporting periods, the
competent authority in the EU Member State of port entry can
issue an expulsion order. This stringent measure obliges all EU
Member States to refuse port entry to any vessel under the non-
compliant company’s responsibility until the surrender
obligations are met (DNV, n.d.-a; European Commission, n.d.-
b).

* Detention of Vessels: If a vessel subject to an expulsion
order is flagged by an EU Member State, that state is
empowered to detain the ship in one of its ports until the
company fulfills its obligations (European Commission, n.d.-b).

These penalties are designed to be effective,
proportionate, and dissuasive, underscoring the mandatory
nature of the system. A single ship's failure to comply can
jeopardise the standing of an entire fleet, making comprehensive
compliance management essential for all operators in the EU
(DNV, n.d.-a).

4. FUTURE PERSPECTIVES AND
CHALLENGES

The extension of the EU ETS to maritime transport is a
landmark policy that introduces new complexities and long-term
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considerations for the industry. While the system is designed to
accelerate decarbonisation, its future success and impact will be
shaped by its implementation schedule, its interaction with
international law, the strategic use of its generated revenues, and
its relationship with global regulatory bodies. The following
sections explore the key future perspectives and challenges that
will define the EU ETS's role in shipping's green transition.

4.1. Phased Implementation

To ensure a smooth transition for the shipping sector, the
EU has adopted a phased implementation of ETS obligations.
This gradual approach allows shipping companies time to adapt
their operations, financial planning, and compliance strategies to
the new regulatory landscape. The phase-in period involves a
progressive increase in the share of emissions for which
companies must surrender EU Allowances (EUAs) (DNV, n.d.-
¢; European Commission, n.d.-c, n.d.-b).

The timeline for surrendering obligations is structured as
follows (DNV, n.d.-c; European Commission, n.d.-c, n.d.-b):

* In 2025, companies will be required to surrender
allowances for 40% of their verified emissions from the 2024
reporting period.

* In 2026, this requirement will increase to 70% of
emissions from the 2025 reporting period.

» From 2027 onwards, companies must cover 100% of
their reported emissions with allowances.

The regulation’s coverage will broaden over time.
Initially, the ETS applies to CO2 emissions from cargo and
passenger vessels of 5,000 GT and above, but from 2026 it will
also include methane (CH4) and nitrous oxide (N20). In 2027,
large offshore ships (5,000 GT and over) will be brought into
the ETS. General cargo and offshore vessels between 400 and
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5,000 GT will enter the MRV system in 2025, followed by a
review to assess their potential inclusion in the ETS (DNV, n.d.-
c; European Commission, n.d.-b, n.d.-c; Vaca-Cabrero et al.,
2024). The strategic phase-in plan, detailing the progressive
increase in compliance obligations and the expansion of covered
emissions and vessel types, is presented in Figure 4. This step-
by-step expansion ensures that the system progressively covers a
larger portion of the sector's climate impact while giving
operators time to prepare for future compliance requirements.

2024 2025 2026 2027+
40% 70% 100% 100%
of verified emissions of verified emissions of verified emissions of verified emissions
CO2 from large ships CO2 from large ships €02, CH4, N20 included €02, CH4, N20 included
(507 of voyages to/from EU, § (50% of voyages to/from EU, .y Also applies to
100% within EU) 100% within EU) t g offshore ships
@ 2 5,000 GT and above

e

CH,

Increased Financial Obligation

Figure 4. EU ETS phase-in timeline.
4.2. Risk of International Investment Disputes

The unilateral implementation of the EU ETS creates a
potential conflict between the EU's climate objectives and its
obligations to protect foreign investors under International
Investment Agreements (IIAs). The new directive may lead to
investor-state disputes, as foreign shipping companies could
argue that the financial burdens imposed by the ETS violate core
investor protections, leading to claims of significant financial
losses (Wang et al., 2024).

Two key legal principles are at the center of this
challenge (Wang et al., 2024):
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 Fair and Equitable Treatment (FET): This is a core
protection in most IlAs, designed to safeguard an investor’s
"legitimate expectations” against arbitrary or non-transparent
government actions. Foreign investors might argue that when
they made their investments, they had a legitimate expectation
of a stable regulatory environment and that the imposition of the
ETS frustrates these expectations, especially if it significantly
alters the economic viability of their operations.

 Indirect Expropriation: It arises when government
regulations, though not amounting to an outright asset seizure,
materially deprive an investor of the use, value, or returns of
their investment. Investors could claim that the costs associated
with EU ETS compliance constitute a measure "tantamount to
expropriation” by eroding the value of their fleets and business
operations in the EU.

The threat of investor-state arbitration, which can result
in large compensation awards, creates a risk of "regulatory
chill”, a situation where governments may become hesitant to
enact or enforce ambitious environmental policies for fear of
triggering costly legal disputes. This is compounded by the lack
of a uniform international dispute resolution mechanism for
climate-related cases and inconsistency in how arbitral tribunals
have ruled in the past. The ambiguity in the scope of what
constitutes a protected "investment™" and the broad discretion of
tribunals in interpreting 1A terms create significant uncertainty
for both states and investors in the maritime industry (Wang et
al., 2024).

4.3. Use of Revenues for Decarbonisation

A significant opportunity presented by the EU ETS is the
generation of substantial revenues from the auctioning of
allowances, which can be channelled back into the economy to
support the green transition (Christodoulou & Cullinane, 2024;
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European Commission, n.d.-a; Vaca-Cabrero et al., 2024). The
ETS Directive requires Member States to direct proceeds from
allowance auctions to climate-related uses. The eligible uses
have been explicitly broadened to include measures to
decarbonise maritime transport, such as investments in ports
(European Commission, n.d.-b).

The Innovation Fund is a key EU-level instrument for
deploying these revenues. It is among the world’s largest
funding schemes for cutting-edge low-carbon technologies and
has been bolstered with a bigger budget under the updated ETS
framework (European Commission, n.d.-a). A dedicated portion
of the Innovation Fund, sourced from the auctioning of 20
million EUAs (estimated at around €1.6 billion), will be used to
support decarbonisation projects specifically within the
maritime sector (DNV, n.d.-b; European Commission, n.d.-b).
These funds can finance a broad array of initiatives, including
developing and deploying renewable and low-carbon fuels,
upgrading ships with energy-efficiency technologies, and
building green infrastructure in ports (Christodoulou &
Cullinane, 2024; European Commission, n.d.-b). By reinvesting
the proceeds from the carbon market back into the industry, the
EU aims to create a virtuous cycle that lowers the cost of green
technologies, bridges the price gap between conventional and
alternative fuels, and accelerates the sector's overall transition to
climate neutrality (Christodoulou & Cullinane, 2024; European
Commission, n.d.-c).

4.4. EU Unilateralism vs. Global IMO Action

A fundamental challenge for the future of maritime
climate policy is the tension between the EU’s unilateral,
regional approach and the slower, consensus-driven global
framework of the IMO. The EU's decision to extend the ETS to
shipping was partly motivated by what it perceived as slow
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progress at the IMO in adopting a global market-based measure
(Christodoulou & Cullinane, 2024; Vaca-Cabrero et al., 2024).
As a global institution, the IMO requires lengthy negotiations to
reach consensus among its many member states, which have
differing economic interests and follow the principle of
“common but differentiated responsibilities.” Hence, market-
based measures (MBMs) at the IMO are viewed as medium- to
long-term steps, unlikely to be agreed or implemented before
2030 (Christodoulou et al., 2021; Christodoulou & Cullinane,
2024).

While the EU's proactive stance drives decarbonisation
efforts within Europe, its unilateral nature creates several risks.
It can lead to a fragmented global regulatory landscape, creating
complexity for an industry that is inherently international
(Lynce de Faria, 2024; VVaca-Cabrero et al., 2024). It also sparks
worries about carbon and business leakage, as carriers may
divert calls to non-EU ports to sidestep ETS costs, thereby
weakening the policy’s environmental impact and eroding the
competitiveness of EU ports. This regional approach contrasts
with the IMO's long-standing goal of ensuring a "level playing
field" for international competition by applying regulations
uniformly to all ships, regardless of flag (Christodoulou &
Cullinane, 2024; Lynce de Faria, 2024; Vaca-Cabrero et al.,
2024).

The EU has acknowledged this tension within its
legislation. The ETS Directive includes a reporting and review
clause that mandates the Commission to monitor developments
at the IMO. This provision allows the EU to assess the impact of
its rules and, if appropriate, propose measures to align with a
comparable global system should one be established by the IMO
in the future (Christodoulou & Cullinane, 2024; European
Commission, n.d.-c; Vaca-Cabrero et al., 2024).
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5. CONCLUSION

The inclusion of the maritime sector in the EU ETS from
January 1, 2024, is a significant regulation that introduces
mandatory carbon pricing for the sector and fundamentally
changes the economic and operational paradigms for companies
in the European Economic Area (EEA). This policy creates a
new direct and variable operational cost by requiring companies
to purchase EU Emissions Allowances (EUASs). A major risk is
carbon leakage, with vessels potentially rerouting to non-EU
ports to evade ETS charges, which could undermine the
competitiveness of EU ports.

Companies are required to adhere to an annual
monitoring, reporting, and permit submission cycle, backed by
heavy penalties such as fines and the banning of fleets from EU
ports. The unilateral nature of the policy creates tensions with
the global nature of shipping and the slower processes of the
IMO. However, there is also an opportunity to accelerate
decarbonization by redirecting revenues from permit sales back
into the sector through tools such as the Innovation Fund.

In the end, the policy’s success hinges on cutting
emissions without eroding the EU maritime sector’s
competitiveness, strategically reinvesting revenues, and
advancing a global solution through the IMO.
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THE IMPACT OF HIGH STRESS ON MEMORY
AND COGNITIVE FUNCTIONS IN SEAFARERS

Yusuf Tarik MUTLU!?

1. INTRODUCTION

Facilitating more than 90% of world trade, maritime
transport is a cornerstone of the global economy, enabling the
transport of billions of tonnes of goods each year (Ma et al.,
2023; Othman et al., 2023). In 2021, the industry relied on
approximately 1.9 million seafarers worldwide, whose
competence and professionalism are crucial for shipping safety
and the sustainability of the global supply chain (Ma et al.,
2023). However, the maritime profession is inherently unique,
characterized by challenging and often isolated working and
living conditions that differ significantly from those of land-
based jobs (Brooks & Greenberg, 2022; Othman et al., 2023).
Seafarers operate within a confined social system, spending
prolonged periods at sea, where both work and leisure time often
occur in the same restricted environment, leading to constant
exposure to ship-related stressors (Brooks & Greenberg, 2022;
Hystad & Eid, 2016).

1.1. Problem Statement

The seafaring profession, while indispensable to global
trade, is inherently fraught with unique stressors that
significantly compromise the mental health and cognitive
functions of its workforce (Othman et al., 2023). Human factors

1 Research Assistant, Istanbul Technical University, Faculty of Maritime,
Department of Marine Engineering, ymutlu@itu.edu.tr, ORCID: 0009-0003-
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are consistently identified as the predominant cause of maritime
accidents, accounting for over 80% of all incidents (Yoshida et
al., 2021). These errors are intimately linked to the mental states
of seafarers, including excessive mental workload (MWL),
stress, and fatigue, which directly lead to cognitive errors and
safety risks (Yang et al., 2023; Yoshida et al., 2021).

Seafarers experience higher stress levels compared to
onshore populations (Othman et al., 2023; Tam et al., 2021).
This heightened stress manifests in a concerning prevalence of
mental health issues, making seafaring one of the occupations
with the highest risk for suicide, which accounted for 15% of
seafarer deaths in 2017 (Othman et al., 2023). Conditions such
as depression, anxiety, and mental burnout are common
consequences of the demanding onboard environment (Brooks
& Greenberg, 2022; Girotti et al., 2024). Factors contributing to
poor mental health include social isolation, poor physical
conditions, long and irregular shifts, poor sleep quality, poor
team cohesion and lack of social support (Brooks & Greenberg,
2022). The recent COVID-19 pandemic has further exacerbated
these issues, leading to extended contracts, prolonged time at
sea, and increased fatigue and stress (Ma et al., 2023; Othman et
al., 2023; Yang et al., 2023).

Beyond general mental health, the chronic exposure to
these stressors leads to significant cognitive impairments. Stress
and fatigue can directly impair attention, learning ability,
memory, perception, and decision-making capabilities (Ma et
al., 2023; Yang et al., 2023; Yoshida et al., 2021). Research
indicates that elevated glucocorticoid levels, often associated
with chronic stress, can lead to impairments in memory and
shortened attention spans (Girotti et al., 2024). Vigilance
demands, prevalent in watch-keeping duties, are particularly
strong predictors of chronic fatigue and poor sleep quality,
despite sometimes being perceived as restorative (Andrei et al.,

56



Deniz ve Gemi Miihendisligi Degerlendirmeleri

2020). These cognitive failures can have disastrous
consequences on a ship underway, directly impacting
navigational safety.

Therefore, there is an urgent and critical need to
systematically examine the complex interplay between the
unique stressors of the maritime environment and their profound
impact on seafarers’ mental health and cognitive functions,
especially memory loss. Understanding these mechanisms is
essential not only to mitigate the human error contributing to
maritime accidents and economic losses but also to safeguard
the well-being of the seafarer, ensuring a healthy and sustainable
global maritime industry.

1.2. Purpose

This chapter aims to comprehensively explore the
profound impact of high stress on the cognitive functions of
seafarers, with a particular focus on memory loss, integrating
both psychological and physiological perspectives. As
previously established, the unique and demanding nature of the
seafaring profession exposes individuals to chronic and acute
stressors that significantly elevate the risk of mental health
issues and cognitive impairments (Brooks & Greenberg, 2022;
Girotti et al., 2024; Ma et al., 2023; Othman et al., 2023;
Yoshida et al.,, 2021). Human errors, often stemming from
excessive cognitive load, stress, and fatigue, are the primary
cause of maritime accidents, underscoring the critical need to
understand how these factors compromise mental capabilities
essential for safe navigation (Ma et al., 2023; Yoshida et al.,
2021).

Understanding  the  neurobiological — mechanisms
underlying these effects is crucial for developing effective
reduction strategies and interventions. Research has shown that
persistent elevation of stress hormones, such as glucocorticoids
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(e.g., cortisol), is associated with cognitive impairments,
including memory deficits and shortened attention spans (Girotti
et al., 2024; McEwen & Sapolsky, 1995). Moreover, fatigue, a
prevalent issue among seafarers, directly impacts attention,
learning, memory, perception, and decision-making abilities
(Ma et al., 2023; Thomas et al., 2021; Yang et al., 2023). This
chapter will delve into these intricate relationships to provide a
holistic view of how the challenging maritime environment
affects the seafarer's brain and mind.

2. SEAFARER'S STRESSORS AT SEA
2.1. Psychosocial Stressors

Seafarers operate within a unique, confined social system
that exposes them to a distinct array of psychosocial stressors,
significantly impacting their mental health and cognitive
functions. These stressors are often interconnected and
prolonged, making seafaring a high-risk occupation for mental
health issues (Brooks & Greenberg, 2022; Othman et al., 2023,;
Tam et al., 2021). Key psychosocial stressors are explained
under the following subheadings.

Workload and Demands

The nature of seafaring often entails long and irregular
working hours, arbitrary shift systems and insufficient rest,
leading to high work-related tension and fatigue (Ma et al.,
2023; Othman et al., 2023). Seafarers frequently face high job
demands, role overload, and time pressure (Andrei et al., 2020).
Tasks can be complex, require constant multitasking and
vigilance, or involve low stimulation combined with high
attentional demands, which can lead to boredom and mental
strain. Quantitative overload, insufficient crewing levels, and
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excessive administrative burdens further exacerbate this (Andrei
et al., 2020; Oldenburg et al., 2021; Tam et al., 2021).

Social Isolation and Interpersonal Environment

One of the most significant stressors is prolonged
separation from family and social networks, leading to
loneliness, homesickness, and emotional tension due to
insufficient family care (Oldenburg et al., 2021; Othman et al.,
2023). The inability to go ashore, exacerbated by events like the
COVID-19 pandemic, intensifies this isolation. Additionally, the
confined social system on board, often with multinational crews
from diverse backgrounds, can lead to poor team cohesion,
interpersonal conflicts between ranks and departments, and
communication issues (Brooks & Greenberg, 2022; Ma et al.,
2023; Othman et al., 2023).

Organizational and Management Factors

The work environment often presents challenges related
to organizational support and leadership. Seafarers frequently
report a lack of social support from colleagues and supervisors,
and a poor perception of management. This includes a perceived
lack of care, management prioritizing productivity over safety,
and a feeling of being undervalued or facing undue criticism.
Management visits may be perceived as inspections rather than
support, disrupting normal work rhythms. Furthermore, lack of
job autonomy and control, due to hierarchical structures and
highly procedurized work, contributes to stress. Other stressors
include scheduling uncertainties, unstable employment
opportunities, and a lack of adequate training and knowledge
(Andrei et al., 2020; Brooks & Greenberg, 2022; Christodoulou
etal., 2019).
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Mental Health Consequences and Contributing
Psychological Factors

These psychosocial stressors culminate in a high
prevalence of mental burnout, depression, anxiety, and
emotional exhaustion (Othman et al., 2023). Seafarers
experience high levels of perceived stress, which significantly
impacts their fatigue levels and safety behavior (Yang et al.,
2023). Individual factors such as a "defective mount guard
emotion” (poor mood) and certain personality traits can also
contribute to cognitive load and stress vulnerability (Ma et al.,
2023). Financial stress and over-commitment to work are also
identified as significant concerns (Brooks & Greenberg, 2022).
Moreover, the high responsibility associated with carrying
passengers further increases psychological pressure and
vigilance demands, influencing fatigue levels (Yang et al.,
2023).

External Shocks and Security Threats

Global events, such as the COVID-19 pandemic, have
introduced unprecedented challenges, including extended
contracts, difficulties in crew changes, prolonged time at sea,
reduced shore leave, and a lack of support from shipping
companies, all of which amplify existing stressors and
contribute to mental and physical fatigue. Additionally, seafarers
face safety and security threats such as piracy, stowaways, and
the psychological burden of search and rescue operations for
refugees, which can lead to significant psychological stress.
Worrying about sudden accidents is also a source of anxiety
(Brooks & Greenberg, 2022; Jensen & Oldenburg, 2019; Ma et
al., 2023; Yang et al., 2023).

These pervasive psychosocial stressors collectively
contribute to a demanding and often detrimental environment
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for seafarers, significantly increasing their susceptibility to
mental health issues and cognitive impairments.

2.2. Physical and Environmental Stressors

Seafarers are exposed to a distinct range of physical and
environmental stressors that are inherent to their unique living
and working environment, significantly impacting their health,
safety, and cognitive functions. These conditions are often
chronic due to the prolonged periods spent at sea within a
confined social system (Brooks & Greenberg, 2022; Hystad &
Eid, 2016; Othman et al., 2023; Yang et al., 2023). Key physical
and environmental stressors are explained under the following
subheadings.

Shipboard Conditions

Seafarers consistently report being negatively affected by
high noise levels, often emanating from the engine room, and
constant vibration throughout the vessel. Exposure to extreme
temperatures (both heat and severe cold), poor ventilation, and
inadequate lighting conditions, particularly in sleep quarters, are
also prevalent stressors. These factors can impair attention,
multiple reaction abilities, and perception. Prolonged exposure
to such physical influences can also disrupt normal sleep
patterns and increase fatigue (Brooks & Greenberg, 2022;
Hystad & Eid, 2016; Ma et al., 2023; Yang et al., 2023).

Ship Motion and Adverse Weather

The motion of the ship, particularly during rough sea
conditions and harsh weather, is a significant stressor. This
motion may provoke a condition termed sopite syndrome,
distinguished by tiredness, lethargy, apathy, indifference in
tasks, diminished engagement in group activities, sleep
difficulties, and mild depression. Furthermore, adverse weather
conditions like wind disasters, rain, or fog can severely block
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visibility, increase ship shaking, and exacerbate physiological
and psychological stress, contributing to higher fatigue levels
(Hystad & Eid, 2016; Ma et al., 2023; Oldenburg et al., 2021,
Yang et al., 2023).

Confined Living and Working Space

The nature of seafaring imposes restricted living space
and limited activity areas on board. For seafarers on ocean-
going ships, the monotonous sea landscape, coupled with a fixed
team and poor bedding conditions, can lead to boredom and
depression, negatively affecting perception abilities like speed,
distance, and depth perception. Lack of exercise and recreational
activities due to limited space is also a concern (Brooks &
Greenberg, 2022; Christodoulou et al., 2019; Ma et al., 2023;
Othman et al., 2023).

Dietary Conditions and Hygiene

Seafarers often face inadequate and irregular nutrition,
with meals typically consisting mostly of meat and sugary foods
and less of dairy products and vegetables. The difficulty of
preserving fresh food during long voyages further limits healthy
options. These conditions can lead to malnutrition, obesity, and
other diseases, which seriously affect memory, cognition, and
performance stability. Poor food hygiene and the risk of
infectious or digestive diseases from consuming raw seafood
due to working conditions also contribute to health problems
(Brooks & Greenberg, 2022; Ma et al., 2023; Oldenburg et al.,
2021; Othman et al., 2023).

Physical Work Demands and Ergonomics

The maritime work environment may entail significant
physical demands, arduous postures, and suboptimal workplace
design. For instance, individuals working in the engine room are
exposed to inherently difficult and confined working conditions.
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These factors directly contribute to physical fatigue (Brooks &
Greenberg, 2022; Christodoulou et al., 2019; Yang et al., 2023).

Collectively, these physical and environmental stressors
contribute to a decline in seafarers' physical and mental health,
compromise their sleep quality, increase fatigue, and ultimately
lead to cognitive impairments, thereby elevating the risk of
human error and maritime accidents. A summary of these
stressors, categorized by type, is provided in Table 1.

Table 1. Stressors faced by seafarers.

Stressors
Psychosocial Physical and Environmental
Workload and demands Shipborad conditions
Social isolation Ship motion and weather
Management factors Confined living space
Security threats Nutritional conditions

3. NEUROBIOLOGICAL MECHANISM OF
STRESS AND MEMORY

3.1. The Stress Response and Hormones

The human body possesses adaptive mechanisms to cope
with physiological or psychological stress (Girotti et al., 2024).
When an individual perceives that the demands of a situation
exceed their adaptive abilities, a stress response is triggered
(Cantelon et al., 2024). This physiological reaction involves the
release of numerous neurotransmitters, hormones, and peptides
that sequentially affect brain cells (Schwabe et al., 2022). The
most important of these stress mediators are catecholamines
(such as adrenaline and noradrenaline or norepinephrine) and
corticosteroid hormones (cortisol in humans). Other important
mediators include neuropeptides like corticotropin-releasing
factor (CRF) and endocannabinoids (McEwen & Sapolsky,
1995; Schwabe et al., 2022).
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The stress response unfolds in a time-dependent manner,
with distinct phases driven by these mediators:

* Rapid Actions: During and immediately after a stressful
event, fast-acting catecholamines and rapid corticosteroid effects
become dominant, supporting the initial "fight or flight"
response (Schwabe et al., 2022). Catecholamines, secreted by
the sympathetic nervous system, can enhance memory formation
at low or moderate concentrations but disrupt it at excessively
high levels. They are particularly linked to emotionally charged
memories (McEwen & Sapolsky, 1995; Mendl, 1999).

» Delayed Actions: Corticosteroids also exert slower,
gene-mediated actions that develop at later stages. These
glucocorticoids affect synaptic plasticity in a biphasic manner
over hours and can produce persistent changes in dendritic
structure lasting for weeks (McEwen & Sapolsky, 1995;
Schwabe et al., 2022).

The effect of these stress hormones on cognitive
functions, particularly memory, is beneficial at moderate levels,
but extremely high or prolonged elevations become detrimental
and are often expressed in an inverted U-shaped relationship
(Yerkes-Dodson law) (McEwen & Sapolsky, 1995; Mendl,
1999). For instance, low to moderate concentrations of both
glucocorticoids and catecholamines can enhance memory
formation (Mendl, 1999). Nevertheless, chronic increases in
cortisol (CORT) or CRF have consistently been linked to
difficulties in cognitive function, particularly in memory tasks
reliant on the hippocampus (Girotti et al., 2024). The effect of
stress level on memory performance is shown in Figure 1.
Studies in healthy humans show that elevated glucocorticoids
can produce reversible impairments in verbal declarative
memory and shortened attention spans (Girotti et al., 2024). In
clinical cases like Cushing Syndrome, characterized by
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hypercortisolemia, impaired memory (83%) and shortened
attention span (66%) are frequently reported cognitive
symptoms (Girotti et al., 2024; McEwen & Sapolsky, 1995).
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Figure 1. The effect of stress level on memory performance.

Chronic exposure to glucocorticoids can lead to more
severe neurobiological changes, including hippocampal and
cortical atrophy, shorter dendritic branches, and even the loss of
neurons, particularly in the hippocampus, a brain region crucial
for learning and memory (Girotti et al., 2024; McEwen &
Sapolsky, 1995). This suggests that while acute stress responses
are adaptive, chronic or excessive stress can compromise the
very neural structures vital for cognitive processes. The effect of
glucocorticoids on neurons is visualised in Figure 2. The
unhealthy physical and mental states, alongside an escalated
stress response, directly contribute to an excessive cognitive
load, leading to cognitive errors and increased safety risks (Ma
et al., 2023). While moderate stress can enhance productivity,

65



Deniz ve Gemi Miihendisligi Degerlendirmeleri

prolonged and excessive stressors, coupled with fatigue,
significantly increase the likelihood of human error (Tam et al.,
2021).

Healthy Neuron Chronic Stress Exposure Hippocampal and Cortical
Atrophy

W

Figure 2. Neurobiological impact of chronic stress.
3.2. Brain Structures and Memory

Stress significantly impacts several key brain structures
essential for cognitive functions, particularly memory, leading to
various impairments. The hippocampus and prefrontal cortex
(PFC) are two such critical regions, along with the amygdala,
each playing distinct but interconnected roles in how memories
are formed, stored, and retrieved (McEwen & Sapolsky, 1995).

The hippocampus is essential for learning and forming
memories, particularly for memory tasks that depend on it, such
as declarative memory for facts and events (Girotti et al., 2024;
McEwen & Sapolsky, 1995). Under stress, the hippocampus is
highly vulnerable to the effects of stress hormones. Chronic
increases in glucocorticoids (such as cortisol) or corticotropin-
releasing factor (CRF) are consistently linked to cognitive
deficits, especially in tasks related to memory that rely on the
hippocampus. Prolonged stress or sustained glucocorticoid
exposure can cause the hippocampus to shrink, shorten dendritic
branches, and alter its structure (Girotti et al., 2024). This
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process, ranging from reversible atrophy to neuronal death under
severe and prolonged stress, is visually depicted in Figure 3. In
severe and prolonged stress, this can even result in the
irreversible loss of hippocampal neurons, particularly in the
CA3 and later CA1 regions (McEwen & Sapolsky, 1995).
Studies using daily restraint stress in animals have shown
dendritic retraction in the CA3 region of the hippocampus after
as little as three weeks (Girotti et al., 2024). Although modest
levels of stress hormones can boost memory formation, very
high or sustained increases in catecholamines and
glucocorticoids can impair memory processes (Mendl, 1999).
Acute stress can also disrupt hippocampal-prefrontal function
during spatial navigation, hindering flexible behavior (Schwabe
etal., 2022).

Moderate Stress

urafi Glucocorticoids Severe and
duration . ate
l‘ Glutamate prolonged stress
stress I
= o
e X
.

Reversible atrophy and Nottroris] death

loss of dendritic spines

Healty
CA3 neuron

Figure 3. The impact of stress on hippocampus (adopted from
(McEwen & Sapolsky, 1995)).

The prefrontal cortex (PFC) is vital for higher-order
cognitive processes, including planning, cognitive control,
visuospatial perception, reasoning, decision-making, and
working memory (Thomas et al., 2021). Regarding structural
changes, the prefrontal cortex appears more vulnerable to stress
than the hippocampus. Chronic stress can impair PFC-dependent
functions, including response inhibition and spatial working
memory. Acute psychological stress can decrease the activity
associated with working memory in the dorsolateral PFC.
Known stress signaling pathways can negatively affect both the

67



Deniz ve Gemi Miihendisligi Degerlendirmeleri

structure and functioning of the prefrontal cortex. Research
indicates that even brief exposure (one week) to mild stress can
change dendritic structure in the medial PFC. The prefrontal
cortex also houses mineralocorticoid and glucocorticoid
receptors that influence the stress response and behavior (Girotti
etal., 2024).

The amygdala is significantly involved in emotional
processing and the modulation of memory, particularly for
emotionally arousing events. In the basolateral amygdala,
endocannabinoid signaling coordinates how stress hormones
influence memory consolidation. Noradrenergic signaling there
also contributes to glucocorticoid-induced enhancement of
memory storage. The amygdala's intrinsic  functional
connectivity with the hippocampus during rest can even predict
enhanced memory under stress (Mendl, 1999; Schwabe et al.,
2022).

Beyond these specific regions, widespread sleep
deprivation (common among seafarers) can impact the superior
parietal lobe, both occipital lobes, the thalamus, and the
connectivity among them, all of which are crucial for cognitive
control and perception (Thomas et al., 2021). Brain activity, as
measured by electroencephalogram (EEG) waves (alpha, beta,
theta, delta), directly reflects psychological states. Changes in
EEG indices, such as the ratio of theta and alpha to beta activity
((6 + a)/B), show a positive correlation with increased fatigue
(Yang et al., 2023). The overall unhealthy physical and mental
states, coupled with an escalated stress response, directly
contribute to an excessive cognitive load, leading to cognitive
errors and increased safety risks (Ma et al.,, 2023). While
moderate stress can enhance certain aspects of cognitive
performance, prolonged and excessive stressors, compounded
by fatigue, significantly increase the likelihood of human error
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(Mendl, 1999). The sequential impact of stressors on cognitive
function and safety is further illustrated in Figure 4.

2

3. Brain Structures are Affected
Damage to the Hippocampus and Prefrontal Cortex

¥

4. Cognitive Impairment Begins
(Memory Loss, Attention Deficit, Difficulty in Decision
Making)

v

5. Outcome: Increased Risk
Higher risk of human error and accidents

Figure 4. Stress-to-risk pathway in seafarers.

4, COGNITIVE IMPAIRMENTS
4.1. Acute Stress Response

When faced with immediate threats or high demands, the
body triggers an acute stress response involving the rapid release
of stress hormones, particularly catecholamines and
glucocorticoids (Schwabe et al., 2022). While moderate levels of
these can enhance memory formation, excessively high or
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prolonged acute elevations become detrimental (McEwen &
Sapolsky, 1995; Mendl, 1999).

o Attention and Working Memory Deficits: Acute
psychological stress can directly impair attention and lead to
shortened attention spans (Girotti et al., 2024; Mendl, 1999).
Working memory, which briefly holds and manipulates
information, is especially vulnerable to acute corticosteroid
effects, causing reversible deficits in verbal declarative memory.
Acute stress also dampens working-memory-related activity in
the prefrontal cortex (PFC), a key region for higher-order
cognition (Girotti et al., 2024).

e Compromised Decision-Making and Cognitive
Flexibility: Acute stress can disrupt decision-making processes,
especially under uncertainty (Cantelon et al., 2024). It can also
attenuate cognitive flexibility, impacting the ability to adapt to
changing situations, and influence decision speed (Girotti et al.,
2024; Mendl, 1999). This is particularly critical in situations
requiring complex navigation or rapid problem-solving, where
errors can have catastrophic consequences.

» Exacerbated by Acute Fatigue: Acute fatigue, often a
direct result of time pressure, irregular shifts, and demanding
workloads prevalent in seafaring, further compounds these
cognitive issues (Andrei et al., 2020). Sleep loss (common
among seafarers) has been shown to slow reaction times and
impair attention, working memory, decision-making, and short-
term memory (Thomas et al., 2021).

For seafarers, these physical and acute cognitive
disorders are not isolated incidents but constant threats inherent
to their profession. The unhealthy physical and mental states,
alongside an escalated stress response, directly contribute to an
excessive cognitive load, leading to cognitive errors and
increased safety risks in maritime operations.
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4.2. Cognitive Effects of Chronic Fatigue

Chronic fatigue represents a profound and pervasive
challenge in the maritime industry, distinct from acute, short-
term tiredness. It is described as a prolonged type of fatigue that
develops over long durations, frequently does not respond to
standard recovery methods, and can result in significant negative
impacts on seafarers' overall performance and long-term well-
being (Andrei et al., 2020). This condition is recognized as one
of the most pressing health problems for seafarers and a primary
human factor contributing to maritime accidents.

The unique and demanding nature of the seafaring
profession, characterized by long working hours, arbitrary shift
systems, and insufficient rest, makes seafarers particularly
susceptible to chronic fatigue (Brooks & Greenberg, 2022; Ma
et al., 2023). Major contributors to chronic fatigue include time
pressure and sustained vigilance demands (common in
watchkeeping roles) which often lead to sleep disturbances and
inadequate recovery between shifts (Andrei et al., 2020). This
sustained exposure to stressors, without adequate time for
recovery, underlies the development of chronic fatigue.

Chronic fatigue severely compromises a wide array of
cognitive functions essential for safe maritime operations:

» Memory Impairment: Chronic fatigue leads to a decline
in learning ability and memory (Ma et al., 2023). Sleep
deprivation, a common component of chronic fatigue, can
directly impair cognitive function and memory (Othman et al.,
2023; Thomas et al., 2021). Extended periods of stress, with
chronic fatigue being a significant symptom, are linked to
cognitive decline, especially in memory tasks reliant on the
hippocampus, and can lead to temporary deficits in verbal
declarative memory (Girotti et al., 2024; McEwen & Sapolsky,
1995). In extreme cases, truly prolonged stress can even lead to
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irreversible loss of hippocampal neurons, which are crucial for
memory (McEwen & Sapolsky, 1995).

e Attention and Perception Deficits: Seafarers
experiencing chronic fatigue exhibit a decline in perception
ability and reduced attention (Ma et al., 2023). Mental fatigue,
in particular, is linked to delayed reaction times and reduced
situational awareness (Yang et al., 2023). These impairments
can manifest as blurred vision, hearing loss, and general
psychological activity decline.

» Executive Function and Decision-Making: Chronic
fatigue impacts cognitive control, problem-solving, reasoning,
and decision-making capabilities. Excessive cognitive load, a
direct consequence of chronic fatigue, results in reduced
flexibility, and information acquisition and analysis errors,
leading to poor decision-making and overall operational
performance (Ma et al., 2023; Thomas et al., 2021; Yang et al.,
2023).

The cumulative nature of chronic fatigue means that
these cognitive deficits can worsen over time, significantly
increasing the likelihood of human error and maritime accidents
(Andrei et al., 2020; Ma et al., 2023; Yang et al., 2023). The
constant vigilance required in maritime environments, combined
with the stress of long contracts and limited support, puts
seafarers at a higher risk of mental burnout, directly impacting
their cognitive performance (Othman et al., 2023).

While some pilot studies on younger maritime pilots
have reported subjective cognitive complaints related to chronic
sleep disruption, they did not always find objective cognitive
deficits when compared to controls. However, these studies
acknowledge limitations such as small sample size and the
possibility that pilots develop compensatory mechanisms.
Notably, this research indicates that the enduring cognitive
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effects of disrupted sleep tend to become more apparent in later
life (Thomas et al., 2021). Thus, the pervasive presence of
chronic fatigue remains a critical concern for the safety, well-
being, and sustained cognitive function of seafarers across their
careers.

5. CONCLUSION

The seafaring profession, a linchpin of the global
economy, inherently exposes its workforce to a unique and
pervasive array of stressors that profoundly impact their mental
health and cognitive functions. This chapter has explored these
critical issues from both psychological and physiological
perspectives, highlighting how the demanding maritime
environment contributes to significant cognitive impairments,
particularly memory loss, which in turn poses substantial risks
to maritime safety.

Given that human factors, often mediated by stress and
cognitive load, account for over 80% of maritime incidents,
addressing these issues is paramount for enhancing maritime
safety and promoting the well-being of seafarers. Moving
forward, a holistic approach is crucial. This includes:

 Improving Working Conditions: Implementing better
shift schedules, ensuring adequate rest periods, fostering
positive social support, and providing opportunities for job
autonomy.

 Enhanced Training and Support:  Offering
psychoeducation for stress management, mental health
awareness training, and counselling services tailored to the
unique challenges of seafaring.

* Objective Monitoring:  Utilizing  non-invasive
neurophysiological monitoring methods, such as EEG and ECG,
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in real navigation environments to provide continuous, objective
data on seafarer fatigue and mental workload, enabling proactive
interventions and personalized management strategies.

o Strategic Technological Integration: Carefully
assessing human factors in the design and deployment of
advanced systems like Maritime Autonomous Surface Ships
(MASS) to ensure automation reduces, rather than inadvertently
increases, cognitive load and stress on human operators.

In the end, grasping the complex connection between
elevated stress levels, memory, and cognitive abilities in
seafarers isn’t just an academic endeavor. This is a crucial action
to safeguard the well-being of this key workforce and ensure the
continued safe and sustainable operation of the global maritime
industry.
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