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Chancell orés Note

I't is with immense pride and deep appreéetiatio

I nternational Mariti me Educati on, aMd8aiFneibnrgu a rayn

2025 at Sharjah Mar iKhoref aAkckaadrne, myS haSrMAh . Uni t ed

This milestone event mar ks a signif incaarnitt icnhea pt

hub for thought | eadership, igrovev atainacm,t i amd am

research.

The conference brought together more than 200
20 distinguished organizations spanning acader

enforcement bodies. This dirsemnsesandedygmanmi o g:
that gl obal maritime chall enges Atdmared piantte grn @
and Ihe gdl contributi onst hfer ocStMADIsbesé€atarse wval im
safety, S u sitnanionvaaltiiloint yc,cananodnl y Ilgey aamHil eevbeod att h ro

bet weeceande mi ¢ i nst i t uyt isotnask,e hairdi enbeogeui | east dbu syt r

Throughdayweptt ovgpr a ne,n gpaagtetdansnpanmati ve topics cr
domai n, including autonomous shipping, safety
nergy transitions, fuel <cell technologies, ar
i scussidoher &MAdnsittement to the United Nations .
UN SDGs) an€nNAhtibealUAEBEdastainability agenda, pa
ducation (SDG i49gn (90D@s%Yy s$suwntoaiamabl e citie:c
|l i mate action (SDG 13), and partnerships for

our ces, newmbaethebl pgopejaenosafeangdshklst ems
echnol ogi cal revoluti on but al so a <call t o
ransformation. As highlighted during trhee conf
or these shifts through rei amagivreend ptorl daicryi ndg a
arallel, decarbominzati om eérfofwanhtd sprpa tindg trheea ftf i r r
f l earning from our maritime heritage while
devel opment .

e
d
(
e
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The emergence of Maritime Aat coeromats v8urffuadtes
S
t
t
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SMA i s honored to have served dootkhergc an\ad oigng
goal was to create an i-chicdcuisplvien asrpya ceex cthhaantg ef, «
bet ween policy and practiceapantdheamalkyzessmes
tomorrow. I extend my sincere gratitude to ou

teams who made this event a success.

Let these proceedings serve not only as a rec:H
deepen our cooperation across sectors and bo
forwaatlely, susnhaiomabhge] yand

Dr . Hashim Al zaabi
Chancell or
Sharjah Mariti me Academy
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Provost and Vice Chancell ordés Not
It gives me great pl easure to introduce the
Educati on, Training, and Research Conference

2025. This |l andmark event mar keamkai tsii@gwms fii catnit
placing SMA firmly on the map of gl obal mar it

Over two days, internationally renowned acade
together t-edgbhareseatthpgdi scuss sector al pric
as maritime safety, sustaihabnéi wgreasdi emut am
the gap between scholarship and practice. |l ndu
academic firrdiemgx,hewlsi Ibe ne fhiatntde da bforud m t heea rcihrad
by practietifoinelrds. iThhitsh reci procal engagement ¢

mi ssion to bridge the worlds of scholarship an
of our ti me.

OQur students played a full part in this academ
and on the second day proudly presented their
the next generation of maritime professionals

As Provost, | was honored to preside over the
and coll aboration that defined this inaugur al
foundation for many futug,e andaliogunewsvat iremsse at lt:
future of the maritime sector, and to host an
I extend my sincere appreciation to al/l contr
commi t ment made this conference a success. Th
academic excellence but alsofaknawbedgenahdr i
that will shape the.maritime world of tomorrouv

Pr oCfa.pt Syamant ak Bhattacharya
Provost and Vice Chancell or Academics
Sharjah Maritime Academy

MALE N 1
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Navigating the Future of Maritime Industry:

Mariti me Education, Training, and Res
Agai nst a rapidly evolving backdrop of t echnoc
maritime industry faces a period of unpreced
Maritime Academyos first I nternaseanah NManfi er |
capture the breadth of current research, i nNno
education, operations, energy solutions, and s
One of the most profound shifts in the industrtr
shipping, demanding significant changes in po

changes is captur edHiinnr itchhesK peatp €ails.s baynTdBe h f ¢ d st
need for mari ti me education and training to

professionals for careers in the digital age
ensuring, and ,betihnagt atbhlee staof evteyr ipfeyr f or mance of
or exicdheads of human operators. Both papers refl
ri sk posed by widening gaps between technol og
f mawor ks, and their potential to i mpact gl obal
The critical theme of safety continues througt
Yildiz examines the shift toward predictive sa

ri sk assessments t o -nsakp pnogrsto nPpast ccar @tsievaed c d e @ ind io
materials aims to reduce the potiemtbhat h foewl @
i mportantl,y,anod dSearl esnhbisp swor k a eovaseat €9 rteh es ad ced
principles fosshipederGoldrcitseel vy, t hese paper
mul tidisciplinary approaches t ostaadnddriensgsii cnhga Itlhe
safeguarding crews, passengers, cargos and ves

The multidisciplinary efforts required to add
chal liesrugd saiinaarbei lailtsyo appar eRatwaisrh niibéawa papem & n d
focusmnmgpovani pe®tbange membr aneudfavel tdhel Iwsayt |

cleaner fuel alternatives. The thread of wurgei
di sciplines and expertise to keep pace with tF
the safety, sust agilnoabbaill iwoyr kaf nodr cfeu taunrde tohfe intasr i |
i n, are drawn together in Wrightds contributi
transition from sail to steam over the course
t henstirtaa on to net zero that must be achieved i
The Conference brought together international
industry with our staff and students at the S
strengthen the bridge between 1esger amd smod ut |
the challenges the maritime industry, and tho
contributions reflects this aim and captures t
resil i e#th) ntko mwfaumaurriet.i me

Edi tor s:

Assi st. Prof . DProf. Dr . Emma Northar

Associ ate Head of Dean of Research and Fac
Sharjah Maritime Sharjah Mariti me Academy

PLALE D 1]
o
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1. The Role of Training and Education in Re
Shipping

Jedwwwe Sc-hHindel iBuen Ki Momokd Kkhtaandsasa DT agdami
Fonseca

1Corresponding auytuscdw.niuE.mal .| -H ahlln €der) .
2Worl d Maritime University.
SUniversity dffhe&rdmsBRi cUUR) versity of Norway.

Abstract

Shipping, the indispensabl e motdieom,f ity ansp®
fundament al changes because of the further i
of the Fourth I ndustrial Revolution. These &
Ships (MASS) and Smart Wélipsofonatth@en ovmo/u st 00
underlying discussions focus on the timeline
and the impact they wild.l hea vag eo s etvhlea arha rfiatcit
to be aligned for the introducftiabhedf TeetwnoeE
Adoption Mo del (TechAdo) . Thi s model was

devel opments and identufmaescapimbalg a@$ har cel t
adoption of new technologies in any industr.)
gualified workforce and raises the question
the next gefharats oor of biskekt eai st and spafarer
MASS and Smart Ships. This paper discusses t
in a digital age of seafaring and heidg hfloirg hat s
successful transition of the shipping sector

KeywoMAS;Smart  ;nRhriippsi me e ducatoingpre taemd yt;rdaeivreil no
technol oglye aldodpd uoea shipping

llntroducti on

The ripple effects of the Fourth I ndustrial

digitalizati on to the mariti me sevatrart i mad
Autonomous Surface Shigéde(MAGEsfandatmant obl
through remotely controlled and autonomous \
predictive maintenance paradi gms, reducing
fuel efficiency amd nmiuciemi zmamrd Thenma mtcern ma&tnit
Mariti me Organization (I MO) is actively shar
required to facilitatedgehenadvptionsof these

Smal | Size autonomous or remotely operatec

the scientific exploration of the oceans to
ot her relevant data. However,eiradushrgpef dor
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s masliclal e units took automation in shipping t
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eated what they called the first autonomol
me ti me, announcements were mads ishi Nor w&
rkelando (Yara 2021), which triggered subs
eir professional <career perspectives i n su

Autonomous ships were promoted as a means
urce of wunsafe acts | eading to accidents

stry. A study wundertaken by tthiecaWwdryl d
ewed the effects of automation as well a
|l s of automation in transportation, incl
uch a devel opment fdmudtyhe omardiutdierde Ilaanmaor
speed of introduction of higher 1|l evels

uptive and instead autonomous ships woul
d still be dgedéed awod fbuecbbé satatecl i ni
t not unt il 2040. The study identified
|l ati ons and governance as the most I mp
oduced to the sector

< < o
nw O —T c —

TQ 9 c 0w O
= c n — =

Even though the number of autonomous ships
be small and confined to national jurisdi

view its existing regulatioynsCommirtotugd (¢ M
gal Commi ttee (LEG) and Facilitation Comm
all enges in adapting global shipping | aws
varying degrees of autonomy.

The upt ake of MASS depends on resol vin

simultaneously developing a comprehensive u
operational capabilities of MASS. This obj ec
wodl validation and adaptive regulatory fr ame
e. g., China (Chen et al . 2023) , Japan (Nipp
2025) along with the commerci al d @ p | houynmaenn t
supervision) i n Norway 1indicate that t he t
progress.

Substantial research has been completed ol
edge computing itme frnawiilgiattatoen,r edaolcki ng and pe
mi ni mal or no direct human i nter weret, i otnh e(s’el
autonomous systems may appear tdiffwenotpieamtiir
environment s, human oversight remains a cri
tolerance, particularly i hauhstregscbuouradpsedn
environmental conditions wher emakiognal i mint anta
This requires a workforce with specialized
cybersecudrtyemndeditsaitomnaud@mper ators must P
adaptability to rapidly interpret and interyv
quickly develop an understanding of the sys

Gl Jail @ §)Lidl dragalsi ‘-"
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commonly referred to as the black box phenom
requirements for personnel overseeing and i
significantly elevated.

The aspects of the changed requirements f
example but highlight the i mportance of trai
required training schemes and educttofonMA®ES g

This paper is therefore | ooking especiall
di scusses how Maritime Education and Traini:i
shipping in order to provide for rtthhee rrmeoqg i, r ¢

brief discussion should be undertaken about
provide the necessary training for MASS rel a

2The enablers of autonomous shipping

For the uptake of a specific technology, dif1
Adoption (TechAdo) Mo del (Fonseca et al . 2 C
di ffusi on. Whil e technical f e asstiaritliingy paoidnt
technol ogy to devel op, it al so requires a g
capital, to allow for this new technology t
technology is complemengrdcdyt hiumaont tapilt abo
Ssubstituted. However, only the enabling envi
and regul ation, wi || all ow an invention to |
MASS is thereforse whel e rrodrugcd off ftahct or s and
each other. The TechAdo model shown i n Figur
become widespread, not only the business cas
al so thmani ghpi hal needs to be in place al on

Earlier studies in relation to emerging M
on technical feasibility and economic benei

comprehensive overview about research and c
components of MASS is pr#slvhnhdedhse(g8021)n Kin

I n relation to business model s, Fonseca e
l i mited interest amongst ship owners to iIinve
MASS are |l ess obvious for the ditcanmt ¢ xtonai ©
be recalled that #AYara Birkelando was develo
and developed this ship as a substitute to |
motives. Maybe t hi suptsi vaen n antdu rcea toofr cfhoan ¢ eh et |
to the shipping industry when they introduce
time being, while traditional shipowners may
interestddnignbt beklsuthat may | ead to MASS. T
are stildl at a conceptual phase, Smart Shi p:
shi pping sector at an earlier stage.

dLALLE D 1
G J Al @ sjLidl dungalsi | ;;:,“
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Economic benefits
innl
L ™
L -
r ™
= -
Technical feasibility
Iinl
q Tech
' Adoption
Human capital
v hy
4
U~ '\\‘
e} ;\
Enabling ' .
®  Environment Social Acceptance
& ' Regulation
m - Governance
Figure 1. The Techn)l MMgdelAdoPaurnane:( TeEemAedoa et al. 20

Kim & SEhnfdehs (2021) also focus on tech

CollingriddeéeDiclhhammhmange to anticipate soci a
devel opment oifi na tthea csh nrod sopgeyc t . The QGohlel i ngr
uncertainty about the i mpact of MASS on the
MASS quite well. Today, there seem to be con
the foreseeabl e futufei tomeorwedin olfu&hmafit e®&hsepes
This wunderlines the |importance of di scussin

preparing the next generation of seafarers f

3Training and education needs for autonomous

MASS rel ydminvean dagear ati ondali mer pmewesi®oidaigt lof r
sensor inputs, potential |l y i nvaeblavsiendg nLal vD AgRa, t
which allzewand aoaltyol the vessel behavi or.
understand and quaeastiiveem tdheeciwa loind iptayt hovfa yAsl i
in scenarios requiring the human operator t
unecrtainties, unexpectedbdeenvihmemmesnt dalhicomndi t
traditional vessel operati ons, where skil/

hanadms experience of standal one navigation s
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ships require human operators to have an ad:

probabilisticdeareiaseodhi migs kanals Ads s ment s. Such
from procedur al l earning to cognessvaeotadanpt
operational expertise but alsogemer atbed i degc.it
for both navigation systems and engines.

A key <chaldlrenvgeen imarAlti me autonomy is the
| earning models, where decision |l ogic is of:
human intervention chall enging. Withwhoanhdt he
system knowl edge, intervention is |ikely to
potentially increase the systemic risk in a
2022) . Furthermore, cybersecar(Kpvahlrieat at o
Katsikas, S 2020), as remotely operated or f
susceptible to data communication interrupt.
Operators must theratfeoraen d emipthipng anteal | ct yolhudarme n ¢
under potential attack vectors.
3.Lnternational norms for maritime educati on
The issues highlighted above are only a few
not addr esserdeguwl athieoresxicft itnlge | MO f or seaf a
i nternatisoenaaflarleev eclogpiet eme et s are <covered
Convention on Standards of Training, Certifi
The Convention was adopted in 1978 foll owin
Convention is wubdsatsedaond &anadalogdseé dirnmal X5 reemnv
foll owing diplomatic conferences. As part of
was introduced. The Code includes the mini.
seafaring professions i nPaar tseA.i ePsarotf B aobfl etsh
recommended guidance for the i mplementation

| MO embarked on a Regul ator Scoping Exer
instruments of t he Organization <could facil

Convention and its Code as a high priority &
t heatgni ficant effort should be made to prov
MASS operations at higher | evels of autonomy
of the RSE is documented in MSC 1/ @inr,c.t hr&e38
mai n i tems(lar edelfiisntieed ons and cl arifications
(of a ship), the crew and responsi ble per s«
Remote Control Stations,i amd r(e8gardkifngni Re mat

designated as seafarers.

For the evalwuations undertaken as part of
operations where at Degree | and |1 a crew W
be involved in operations from Lewelpsl Iwiupwa
a crew.

Gl Jail @ §)Lidl dragalsi ‘-"
SHARJAH MARITIME ACADEMY |,




Proceedi nid<tceefr ntatd onal Mariti me Education, Training,
1718 February 2025, Sharjah Maritime Academy, Sharjah,

The RSE primarily concentrated on highligl
ship crews and Remote Operators would play.
clarifying the relationship bet weleonwetvhea ,Rd mae

RSE did not I dentify specific competences t
Operators involved in MASS operations. l nst
Convention and the Code shoul daWteo matnesd dperroeade
are introduced. While it is important to ant
and the roles of the different parties wil/l
equally i mportant todfeadcu® dnltthe hesmp eiteevn ¢ @
still has to be undertaken.

Maybe, this also indicates the difficulty of

industry stil!]l only has very | imited experi e
Code is wunder preparation whiadnsdtoreusc treat i er
numbers is perhaps another indicator that t
| arger extent in the near future.

However, devel oping new education scheme
education is quite special as far as it inv
STCW Code) while at the same time itundlrdesin:
where seafarer education is part of t he hi
professional gualification in form of a Cer
degree when successfully finishierg etdhuecaac a
institutes need <clarification in order to
education can be offered. As there is a sigrt
an academic program and t hteh epsoei nptr ofgrroammsw heenrte
mar ket , more debates are needed about t he
programs and in which form such training and

As highlighted above, the STCW Convention
training content and a training structure th
a few projects (e.g. the REFRAME pr ajreacitn)i nvgl
content and training needs for operations on

3.Ruture skills and competencies for MASS op
WMUGs Transport 2040 project focused durin
competencies for seafarers in transition. Th
wi || be increasingly di versified i innitnegr.ms
Governments and MET institutions wil/ conti
ashore while shipping companies andemamdfac
upskilling on board. Onl ine trai niAlRg amyd E£pe
|l earning providers may enhance the | earning
skills in smart and green shipping.
NBALE D 1]
G Jail & a)lidl aragalsi | J:} %
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With this diversification of training, |if
and reskilling of future maritime professi ol
critical thinking and anal ytfiacrarhats koinl |fsort os
probdelmving tasks is important and such soft
formal education. While involvedguinddd fled arnmg
and increase theiri mudesniognyi mghdt Hdierx i dwrd i adar
the maritime industry to become truly susta
Sshi pping companies and the government, suppoc
mi ndset et@a ipopodnead talents from young gener a
from regions that have so far not fully deve

As autonomous systems become more advancec
may decrease, but there wild.l most | ikely sti
such as supervision, mai nt enanceacioli teartea gt
transition of the seafarers to new roles and
navigation of watch. 't i s anticipated that
interdisciplinary ariema w@madi tihmse &dscatoi dr ar
Ahn (2024) identify knowledge and skills in
as critical areas and advocate for the integ
practicahroughniEdgcati on Software as a Servi
and effectiveness of MET.

The skills listed in the above section il
content of seafarer training. At the same t
Convention. The recent Skill Seakpildbjsegtaphdet
the basic skills required by the STCW Conyv
di gzetdalwior | d of shipping. The I nternational A
points in a similar dir ecstsiioomawi t(hGMPt)s i @liahb ¢
observation is not entirely new. More than ¢
Education and Training (METNET), a project f
to 2003, identifiaeddseirmieltaral s ki2l010s4)g ayplsh e( Jor
called 4E model, the first two E's (Essenti a
of STCW and t he addi tional background req
requirements. d hteo pregtercuctpurog otstee approach
as ttbtel lsed MET Extensions and El evations, w
STCWel ated studies. With increasing compl ex
di gzatt aloin, it may be time to develop a new 4€E
4 Career tracks i n an age of autonomous shippg
With vessels transitioning from ships with e
autonomous ships, the role of the ship oper
supervisory aut onomy management . Thehmirequi
interpretadutlanoymy htueareami ng, and crisis inter

training targets.

Gl Jail @ §)Lidl dragalsi ‘-"
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As the future remotely control leexd sandvi ain

conventional ships (Kim et al, 22021 N e E
critical for operational continuietnygousafmat yr
of global shipping, where autonomous, T emot e
the same navigational spaces would demand t
traditional seafaring expertsi steo amadn aggkv a nnct ee
bet ween these diverse vessel types. It i s |
operation operators, Al ship engineers, or

future demands.

With this, it can be predicted that the in
in shipping wil!/ redefine many roles in the
from traditionakl nha&nasn deusr odaddi zlteawb dainglh Itye c iy
driven positions. This will enhance the inte
i mprove the welfare and working conditions a
professionals i n ghreacafipand,usrtaobaetsi.cs and hi

I n this regard, traditional seafarer car e
(i .ebasadk and flexible (i.e.-Tabmbrn@gnidy Kvo
2022), are subject to change. Nevetitlhlel esder

when drafting the new MASS Code.

5Chall enges for the i mplementation of autonc
The devel opment of autonomous shipping f a
technol ogical, regul atory, and socioeconomic
scenario for the maritime industryyxpraddalnlg i
di sparity between nations in the Northern a
Gl obal North are signibrcaentky reseatichgand
of autonomous vessel s. Howedrehy <Swhgthamti alol
popul ati ons, face the risk of |l agging behin
potenti al to reduce shortages i4#oluabodi maudle:é

autonomous shippingsoaapabinl atifes ure MWwhlelypt
devel oping nati ons encounter reduced empl o
conventional seafaring sfkairlilnsg 0d eccolmpred se,n cti hees
be achievabl aatihn thteemc@l omdlenSo fying the ecor
nations and widening the gap between the GIl o

The WMU Transport 2040 report provides mu
countries around the world to embrace autor
Devel oped countries which possess advanced

wekbtablished maritime sectors and supporti
adopters of autonomous shipping. I n contr a
di fficul @wings pmordterinnfrastructure and sducati
operations. The disparity in preparation ac
N ALE D 1]
G Jail & a)lidl aragalsi | ’}ﬂ
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shipping industry, with some governments and
than others.

I n addition, while the primarily focus of
was demarnlboni this Task Force sheds |light on
Thdask Force underlines that technol ogical t
ceened manner, with 1 mproved coll aboration b
academia (1 CS n.d.). The principles establi:

same way to ensure the treasnsniotti odr atsot iacuatl o nyo ni
vul nerable mariti me workers and communities

A coordi naiteca eviofrd rdt acrozsi om$ ergatveonambk

private sector, and maritime | abor | eaders i
The extensive implications of the autonomou:
and the i mpl ementvaatiiomnn sofmutsetc htne ceadq uiitnantol vy a
for the global maritime ecosystem they wil!/|

efficiency with the hedcdeowairtdy ofmcmasniveai ricm
empl oyment for al/l regions.

6 Conclusi ons

The Fourth Industrial Revolution has introdu
to the maritime sector, |l eading to the devel
working on | egal, technical ntemgd ae¢t loinc @alf famud
ships. While small autonomous vessels have b
have advanced automation in shipping by | aur
the "Yara Birkeland".

Studies indicate that automation in shipp
will stildl be needed until a foreseeable fut
pace of overcoming economi c, reghasat dreyg,un a
devel oping the regulations needed to facili:t
|l earning algorithimasesdensasrir ghtsioaonhaandadle V
feasi bl e. However, human biver snghithprechachab
requiring intervention. Thi s necessitates
cyber secucedirti w,e na-miaekciArisgi ofno r mar i ti me profess
exampl es.

MET must evolve to equip personnel with th
t o include Al, cyberskauedt t,raandngaut omaptrie
supervisory roles in an increasingleyntdiygiltaalk
specific training content for MASS operation
Future seafarers must acquire algorithmic ||
driven navigation systensa ardcr emsasr ittheneg li ;mhde
preparedness, as developing nations risk fal
The economic and technol ogi cal gap bet ween
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significant chall enge, highlighting t he ne
coll aboration. Ultimatel vy, aut onomous shipp
i mproving safety, efficiency, andnatnedronfmem

to ensure a smooth transition for the gl obal
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2.Bridging the Safety Gap: Addressing the As

Kristian!'!B. Karolius

!1Group Research and Dekvreilsotpineenntb,e rDNiVe u sNsoerrw.akyar ol i

Abstract

Recent advancements in sensor technologi es,
(Al') have generated significant optimism abc«
Ships ( MASS) . These innovations pradmioe atnad
|l ogi stics by enhancing efficiency and safety
expected due to substanti al technical chal |l e
the safety performance okexastdsesombas oYy s the m:
and verifying this safety |l evel through gquan
the assurance challenges associated with MAS
based on decades tofs uwefxfpiecre efn@re, t mage nionnova
highlights the potential risk of a safety ga
met hodol ogi es evolving in the same pace. It
assurance prsodes snesw dlexcrhnol oeipepsr,0oaadho p tainmg
modul ari zati on-baasred yviemu If atciadn on t o manage
interdependencies of MASS systems. The ©pape
Societies i modewelcapgiing gtueacdhre!l i nes and the n
requirementsvelvepr idgshs gui dance to fully s

findings highlight the critical need for fu
prosceess t hat can keep pace with technol ogi ca
ensuring that a safety gap does not devel op

KeywoMAS;3ut ondAsnyuraanfc@geghnol ogy

llntroducti on

The rapid advancements in technology over t|
various transportation industries, including
systems and concepts aims to revohusi emnbdbkaet:i
driven by the third Al summer, which has acc
pace, al ong nwirtelastiimegg eawari | abi |l ity of advance
power , and dat a-offtmismg(glho Tt)h,e asntwelnletas si gni
connectivity and communication. However, prc
due to substanti al technical chall enges, proi

autonomous segsoemsexmaedd that of human oper a
through quantifiable and proven met hods.
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As technology evolves rapidly, it NS\ et
ensure the safety of t hescer iitnncoav a ta popnlsi, c ae si px
design review, testing, verifi ceantiioanl afnadr veaflf
ri sk management . However, there is a concern

in the maritime domain may not be evolving ¢
The rules and requiremenfsehobasatieoy desas:
which is |l acking for the more recently devel

Il n previous studies by Karolius et al ., (2
chall enges associated with these advancemen
basis for the discussion in t hoifs ap appoetre n tciaault
gap as technology advances without assuranc:
highlights the i mportance of updating our a
l ooking to other i ndus¢gappersoatchhat wurseilnyg nmoordeu |
Si mulbaatsieodh veri fication to manage the compl e
systems. The paper also discusses the -role o
specific guideltihreesneaendd fempldaesiazdsed perf or me
l evel process guidance to fully substanti at e
ensuring safety assurance for these new, i n
key reseatrichhng that must be addressed to mit

2The assurance challenge
2. Mechnol ogy driven ambitions
Over the year s, ships and ship systems have
industry has been |l aying the groundwork fo
continuously enhancing and introducing new
AB, GPS ( GNSS) , etc. Advanced heading, sSpeec
highly controll able propul sion and steering
usi ngplaammed route stored in modern Electron
Despite these advancement s, human oper at
operations, responsi bl e for gat hering nece:
navigation environment, assessing opedati one
making final deci si ons. However, about a de.
resurgence of Al and Machine Learni ndgat(aML) |
processing and analysis capabil i tpieersccepThiod

technol ogy t hat wer e previously uni maginab
spearhead the notion of replacing human ope.]
aiming to reduce <cost s, I ncreasageafodt yguad
seafarers. Il n t hpirso fpures uaiutt,o nsoemwe rcaoln cheipghs h a
as the Yara Birkeland (Yara, 2018) and the A
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Figure 1. Yara Birkeland (left) and one -pdwéhed ASK®DI b

container vessel owned by Yara International. Oper at
fertilizers and chemi aapecvweaTdide rixSKdPe hadesi gned t o tr e
the Oslo fjord, bet ween Horten and Moss in Norway. B
carbon emissions and rpooawde rterda ftfriucc kb yt rraenpsl paocritn.g di es el

The initial projects were highly ambiti ou:
few years of their introduction. However, af
remain wunsol ved, and fully automdmogwght ® pé¢ h,
replacing the human role iIs not as straight
t herefore shi f-mmaeadhitnoewatredasmihnugmanwher e oper at c
being supported by autonomy egbeSempor noWwDS})
Ssystems. Di fferent autonomy <concepts with v
il lustrated in Figure 2.

".Uhmann;ad-. -
vessel, fully
autonomous
o
- Perodically ™~ - \ ® /
c e i unmanned bridge N \ Unmanned vessel,
:g ' Conventional ' Convemlo,nal \ ) pure remote
o | vessel with some | ' ves:el w:h ’ | ~._ control
g autonomous | recuce Unmanned
- functions \ manning
=1 y . engine room
: | :
[ N S : ,
[ /" Conventional vessel \ T N | Remote Operations Centre (ROC)
-~ \ with increased =
\_decisionsupport/ - 5
'._: 4;:.' B — \Q
. Conventional ship) < - — : . () .-?..
— Remote OOW/Master Remate Chief /
Degree of uncrewed operation

Figure 2. The relationship between manning and | evel

rezldi if a high degree of automation is achieved. Ac

periodical uncrewed operations, simply because there

The initially hi ghhi eavmebiftuiloln su nawchreerwee dt oo peead at i ons, but

human attention, simply becausti wa baffetpwpopeybtodor manue
= WALE D1
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The transition to fully automated functi or
technol ogy must exhibit sufficient quality,
necessary functionality to matodh hamasumnpas &

concept known as the safety equivalence pri.
must be thoroughly demonstrated and document
equi valence is a signipfrioovdardter sh g IKloeorpgma nf o&r \
referred to as the assurance chall enge. Addr
depl oyment of autonomous vehicles across al
initially high ambitions.

2.2afety regulations and assurance of MASS

Saf-etiyti cal syst ems mu s t undergo thorough
regul ations and standards. This process is ¢
Traditionally, in the mariti mebylomae nCl a@$3isf |
Societies, which assess compliance against
|l egi sl ation throuzgtd Ohgani sateenas( R&spgnMar
traditionally compripradcedwraes pra&msdrpmpddtviec e
safety criteria, compl emented by a smaller,
devel oped and adapted by generations of mar.i
in ship gsitesugthi,onc,conand operation. They hayv
technol ogi cal advancements have-gmrangrmags pPad CcS
and rule evolution to keep pace wiitnht ednesvievleo |
tecbgonés | acking this historical continuity
chall enge. These technol ogies fall outside c
have the potenti-ghptowhllievkr| Gppta uvvwd edhgtamne i
consequences.

The I nternational Maritime Organization (
been working on MASS since 2021, starting w

Maritime Safety Committee (MS@agndathaobayedgoalo
MASS Code (I MO, 2024) , expect-leals @ 0 beep pardoogct h

hifglevel objectives without prescribing meth
enables the devel opment of det a@iol efd eg u iladva nocf
Go@#&lased Standards Framewor k (1 MO, 2019) , e
Classification Societies, see Figure 3.

2. To.wards detailed guidance and specific per/
The Classification Societies have devéloped
to support innovation when existing standard
all ow for alternabaveddaessgasmemroughalrasd&i n

WOWq6 WWARYUqU+FqWYnll~ EEAWqs WWNIASUOYOGYN! WA2¢ i R3IACqRYUWNAL WG
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while ensuring that a system or function 1is
equivalence principle.
(]
(14
< =
z 3
. = 2
Monitoring of IMO Functional requirements n
Goal-Based (Tier Il & e
standards " o
< S
0 x
Verification of conformity 3:' =
(Tier 1) =
Rules and regulations:
« IMO
- « Class Societies &
Monitoring of az
effectiveness of * Flag states w
. . - =
rules, regulations (Tier IV) b H:J
and standards i =
og
w
Industry practice/standards o
(Tier V)

Figure 3basidoe gtoamndagtdrsudtramedwCokt s HiTeelhdwelr sabj ect i v
that address the issues of corraercn i amdlr KRfelgaaar etmea t rse
criteria to be meetritfo caacthioenv eo ft HCeonghdoavless.t yh € Ti est t U Mg |
for demonstrating and verifying that the associated

functional requi rement s .ocTuhse ovne rciofnifcoartmiotny pwiotche stsh es hf
Rul es and Regudrad i bentsai(lTedrrédgi rements devel oped by
(1 MO) , nati onal administrations, and/ or classificati

and/ or classification soci @toi ense edc ttihneg gaosa |l rse caongdn if zuendc
| nduPsrtact i ce and Smapwdbedse{@renc¥)d in the rules and

for shinghbuishdp operation, mai ntenance, training, manr

Figure 4 il lustrates the distinction bet we
technol ogi es, |l i ke MASS, are characterized b
of stmndamdi and | ack of operational -bynta. T\
case evaluation where detailed assurance cas
side of Figure 4). Thi-sntagmpgiovmae haddr €9 stxh il

Classification Soci astpiees fhav@guiigdede detse dlon ali
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owners through the TQ process, moving it sli
hif¢gevel guidelines have been established by
Veritas (DNV) (2018), Bur eau Meroift a&Sshi (pBV)n g( 4
(2021) .

Maturity

Innovation

Technology
developers

U wn
€ O 25%
g T Efficiency
55 o
2 3 Agility
g o
J L J\ J
I Y i
Technology qualification Goal based standards Prescriptive standards
(risk-based, assurance cases, (overarching safety goals, (best practices have evolved
equivalence principle) evolving from best solutions, to clear, well-defined rules)
practices and patterns)
Figure 4. Il nnovathenneedsd®o®r matesreiatryh di mianii ©ome s sas
achieved. Il nnovation and uncertainty are replaced by
| eHand side in the Innovation domain, whereas- more tr

hand side,y idcdomadien.matur it

Whil e their i nitidleveél egausied awmlter, e DNV ke img
properly substantiate equivalence, mor e det
ecessary. With this in mind, DNV r elbedsed

n
( DNV, 2024a), supported by a suite of Auton
class notations (DNV, 2024b). These notation
framework for how autoremote vedahelse gan daedh
and notations represent a significant mil est
and development are needed to crtavelegendaan
and performance criovoeuiasfoKasplkicusiet sgbt e(
crucial functions and respective parameters
these need to be substantiated with more d:¢
presented iln K@a2r0o24ibus, ewhea e a probabilistic
coneseppetci fic detection distances necessary f
represents a first step in developing more
awar ersd £snssyf or MASS.

2. Manage complexity and dependencies through

MASS systems are incredibly compl ex, i ntegr
These systems rely on a combination of sens
System (AI'S), Radi o Direction and Ragignag (
= QALE D1
G Jail & a)lidl dinyalsi J:y‘%-'
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(LI DAR) , et c. to perceive the environment .
model s to interptemettdesi dsabas, makd nawai gat e
must handle a wide ranges hoifp secsecnoaor nigoeso,d fweoan |
compl eshmpl eincounters in rough and highly dy
redundanesyfarsd tfoaiplr event accidents. The inte
with the need for c¢omstneoruts mcercihtnorl iomgg ,e smahk &
i nterconnected.

To devel op mor e detail ed performance r e
interconnected systems, t heir behavi or need
t hrough -ap psryocsaacehms( Haugen, 2025) , by decompo:
mor enamae abl e el ement s, all owi ng a det ail ed
interdependencies. This includes both intera
within the system boundaries, but also betwe

Stanzhdr din anzt moduhawvie been challenging
autonomy concepts. However, as autonomous
introduction, patterns have emerged, enabl i
modul ari zed f osresasosnuranm@er epuge@rmoer al sense. .
MASS concept is depictedofystFdmsurtei é&r, arschhoywi |
the autonomy concept, i's presentedeastentise tthe
various ship functions essenti al for safe a
should encompass all principal ship functio

autonomous navigation due tade$yzdetomwsttrhaei m
function showsysthemvm@odwluses suWwhi cfhu ncotgiearhsero

the navigation function. This includes the
system as well as tAwoiChdrnddei(olGA)n ds yGstoaum dma
row represents componennmosdu(loers uinsi thsui.l tEaucph f
di fferent component s, such as hardware and
processing unitbhd,i nmogwert csupgmlri s moaogae detail e
components and functions of autonomous navi g
of these see (Karolius 2024a). For more info

der Meuwl ey ha vol d (2022) and Leveson (2018).

With proper modul arization and mappvelf of

performance and safety goals can be identi:
reqguirements for technical modul es or compl
pr opagated to underlying functions Hyvetltudy
functions or systems depends on the-lguality
functions. This should establishgthheée hleo mod ai
of the entire hierarchy, providing detailed
contracts (Torben et al., 2023), that can be
will be discussed in the next section.
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Concept
assurance

Collision &
grounding
avoidance

Internal
situational
awareness

External
situational
awareness

Module
assurance

Component
assurance

Figure 5zat Modub&r MASS concepts, comprisstHhogus st emac an
systems,-camaepsthi pThis specific example focuses on t
compr i si mgy stnwat ud weks : external /emesesr n(a3A)Siamudat Cmolinlail s iAav

Avoi dance (CGA).

2.6hasing the tail ofbhaswdantverudiircatsiomul ati o

Veri fying safety performance of autonomous s
systems complexity, reliance on software an
environment. The operational bosndlaei @gendt i
Design Domain (ODD) (AVSC, 2020) , encompass
hidhmensi onal space that-l imhg taddteichig pefr f oh en;
var i-sappalcee and wseepact ovedtse tod T lerashibglr cost

and associated risks. This issue is particu
designs and technicmadadsol atii mehisviadealofskinpta
case, a fewatsher ettphraomlsrmwaedds asr in the automot.i

The solution involves two key component s:
of performance (assurance) criteria, as di s
simulators for testing with suffiachemdercfoevre,
2019, Pedersen et al ., 2020) . Figure 6 i1l 1 u:
t est a sufficiently | arge number of scenar |

dangerous corner cases @t aldl eanr eascicdewa la brl ies K
must be addressed in the overall assurance p
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>
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©
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3]
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Q . . . .

Q Remaining verification-gap

c

g

S

=2

o

3]

(@) Corner cases

High probability Medium probability Low probability Very Low probability Improbable
Months Years 10’s of years 100’s of years 1000’s of years
Accumulated operation time

Figure 6. Chasing the tail of events to reach accepta
have an infinite parameter space which makes getting
testing is toiosvendesotgltsoesato ensure that the re

Si mul ators create synthetic representatio

systems, i nterfacing with act uia# hldoaorpd waHleL )o
and Soif#t Meorog (SI L) testing. The tetroolss manat
model s used for various testing purpodes, wh
the degree to which théy dreépltiyc ati enutl lae omresalof
realistic represent attieonn roefq utitre nvgo rmodr ées cfoemapt
Conversdlivdel il ow si mul ator s provi de a | ess
computationally more efficient. The concept

e s s w3 e wese o1 0.

Teme: s
Speed. KO
Heating. 088 ° warw

Figure 7. Exampl e bBaxgedntshottisngfofsi AMNIS agypwst ems. Hi gh
simulator (Al Livesim, 2018) for testing of external
fidelity simulaltor Z&Ka4m) ifuesr ehi gh volume testing of

(right).

p
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@:.L._L_]] Jail gLl ﬁ_g.n_pl.si d '
SHARJAH MARITIME ACADEMY /)= :




Proceedi nid<tceefr ntatd onal Mariti me Education, Training,
1718 February 2025, Sharjah Maritime Academy, Sharjah,

This variabiliZayiahnl,bowsnafbhdnin nQu atdg mist ment s
simulator to achieve the necessary accuracy
based on the Ufmagalnesr (Wmirtealgame® 98; Unity,

det ai laéd envswmonments, they may not necessar .|
the physical behaviors of objects within tho
based cwinspiudmrer detecti on and c I-faiscse If inttya t ivo rs
environment is crucial to supply the Al with
a CGA system in isolation, the visual and s
depiction of objectsd bedhianvg otra ragnedt ivnetsesrealcst i
environment. Ultimately, the nature of the t
|l evel s within the simulation environment, ri
entdend testi nA®S ddrecemtt.ire

Even with advanced -spanud aitorismme mee ODMDd t ree

or smart testi4#ayl boatipoopandrpsoorceizatio
et ween accuracy and coverage. @bomati et ( ama
esting of CGA systems using gaussian proces
r increased test coverage. Karolius et al
ed for resource al-ll dwsa tfioan olpdti wead n utshee offi d
i's argued that itfidelpirtaxctdemdi mn ot szt@mradd.!
ross t hsep aecnet.i rAel ttheosutgh | ess accurate, this
al e, aiidde ntgi fiinc & thieon -oda@ae etatsatwirnt g i 1t ¢ ef U re
bsequently, these r efgiidealsi tcyans ibreu lsautbijoencst efc
sessment. Resource allocation avVéowssmoree
be all ocated t o owhme rteh et hreeyg ismpaatst eeorft htiahbhes crivoa
highsk, ama e hti gihnt vy test scendiides$ i tySi uohiolma
simulations can be used teoprazrer awddown att leal
that nect4edsteatengeal

(N wW Y —S g -
O nwcCc OO —+ M O

Anot her i mportant aspect to cover in test]
of multiple complex software systems and otlh
probl ems r d@uwipr essi nullcasteedons wi t ht tchoempiomteengrsa

addition to onboard system integration test.:
Figure 8, which also highlights the importar
' ife tests to val i darteeprtehsee nstianuiloant oorfs 't haec cruere
opti mal bal ance in resource allocation is cI
precise and sufficient evidence to assess t
assurance pepbgceisdgentHoivgi ng the i deal combina
remains an unresolved chall enge, necessitati
= TALE N 1)
G Jail & a)lidl aragalsi | ‘;..:;
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Figure 8. Resource all ocadaloem diomu lsaftiitddeddi itioon sitiomea li land

be used to traver se -slpaarcgee,r aairdeiansg oifn tthhee ODdDs mteicsfdi c at i
t hat requi rdeetfauirltehde ri, n vimeosrtei g altda wenl su.s i Lniighk ehw ilgshae,y 1 iii gdhe Il a
results can i denstpiafcye rtehgaito nnse eidhsi ftboe bilee stte sdtaetda ifnr orme atll
al so required to veernisfuyr itnhge tshiemurl artemorné sheondiseal ssigd h s d fa ct

3Discussions and concluding remarKks

Building on previous studies (Karolius et al
overview discusses the advancements and <cha
Surface Ships (MASS) and relatedntmateobaogi
digitalization, Al , and sensor technol ogi es
revolution. However, the rapid pace of these
regul atory instruments andkeaspsurganwce wietthh o d
technol ogies and concepts.

The initial ambitions for uncrewed operat
reali zed. Completely replacing human operato
than initially anticipated. Thi ssirceml|l szp@pp oo
systems, where human operators are stildl n e
i mportance of proper assmarcahn cnee a md ea sf saecsessmen
2024), as wel |l as human operator training, ¢

The challenges |ie in developing technol og
and functionality equivalent to human oper .
equi val enceddafhirmagghasvedrance protkeses anadn
international i nstrument s regul ateigug v MA86cC ¢
principle is supported by Class Societiesd ¢
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their Technology Qualification (TQ) pr-ocesse
l evel processes and ship functions and | ack

Providing evidence of safety wequivalence
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t s
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cessitates the use of simul ator tool s for

pace. Even with simulators, phecessess
oper resource aliffodatdiiadly @awal pat ooinsi :

sights across the entire test-sespheeevWwdeh
npointing paramet er sepnaacrei orse gtihoantsf maahgdl 1sepgeuc
mul a
at t

tions for a more thorough examinati on.
he more -pnetenseyebtuboresauecetilized w

highk-unkieghai nty areas of -ftihdee |tietsyt ssipnauclea.t

e al
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test scetharfieos eshamgwarrant real

eving balance in resource allocation

surance process. The detsaitloe da sgsweamst iftud
owever, an unresolved chall enge, nece:

and their systems is a <critical chall

ci al potentiale ©hisk-phpogbili ghssdaheevp

domai n ¢ haervaocltveirnigz etde cbhynoé wgi es and a

l ogy vendors and complex systems atte
, Classibecamiog Socirieasiesghyei mportan

bridge the emerging safety gap when inc

operators, the following key research

el op tsepcelcndfliocgygui del i nes and detail e
stantiate safety equivalence.

k performance criteria to overarching

el op methodol ogies and simulators to e
ntify the i1ideal c o mb i-sncaotpieo ni no fs idmeutl aaitli
hodol ogies, determining how much evide
el op standard interfaces anpdardtayt at eesxtcih
critical components and complete syste
age the complexity and dependencies [
hods zifmg amdAalmodul ari zing the system i
ress emerging properties from system i
rging properties that arise from the
tems and other onboard systems.

ure pr-mpehi hemanteraction by assessing
ecti venmachiondfe hiumtaenr f ace s, as wel |l as

wi || supervise or interact with auton
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3.Proactive Maritime Traffic Management Ut |
( DANs)

Serdart Yildiz

Maritime Transport Department, Sharjah Mariti me
serdar.yildiz@sma. ac. ae

Abst rMani:t i me s atfreafyf iicn ahie@gls , i ncluding na
Separation Schemes (TSSkt aanmd norctonaxEep mo a elyeal
tool s to address mul tifactori al ri sks and

advancements in maritime technology and navi
and organizational factors remain critical [
and digitalization it is nepéedyaanhd whmsmageneadn
coexi st across diff erDANt. dlegarddes omfal a wtcan am
often I ack the capacit-yime dwpdamompl €y opepa
The maritime indaostuyreneséel gndetassabny i nve
from the past and prevent in the future. To
dynami c accident prediction mod el t hat i nt
Classificati 68) SwstkbmB&éyWHeAI an Net wor ks t o

effectiselme iamdr esallpport operational deci sion
and incorporating expert i nsights, t he mode
proacti smakieng for vessel traffic service (V
maritime stakehol der s. The model's applicat
operational efficiency, by offering diucei ght
accidents and enhance sustainable mariti me o

Key wo rMlusl-ctrii t er i a deci sion maki ng,; Bayesian
organi zati onal factor s; Maritime traff
incidents

1. Il ntroducti on

Hi ghaffic marine areas, serving as arteries
economy (Meza et al ., 2022; Yeldéz et al ., 2
not l' i mited to narrow wateSBwagapdri&eStTruaikti,
Channel , Mal acca Strait, Suez Canal , and th

significant portion of the world's trade vol
on Trade and Devel opmenbty (VWNQTWMe )ar eo veear rfioaud

handled by ports worl dwide, emphasi zing the
traffic in narrow waterways, combined with
conditions and hwvmamtfiadt crhaa,l | poges dwWb navi
OBALE N I
G Jail & a)lidl aragalsi | ‘}:;
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2024; Yildiz et al ., 2022) . Studies indicat e
ri sk of marine casualties and incidents (Pe
Furthermore, environmental fsdactommmgs cuauclrnds [kt
navigation and risk management . Human-error s
maki ng, or i nadequate training, continue t

(Domi PPRRUegz et al ., 2021Qr aMatthe rentovagl .e,;t 2202 1) .2 (

R NP N = S
j '1'? : ‘#‘,’a&-’% ';r 7

Additionall vy, the evolution of mariti me t
vessels, which coexist with manned ships acr
autonomous operations (Degree 4)Th(kKi mndte gala.t
presents both opportunities and challenges f
congested waters (Felski and Zwol ak, 2020; L
are rarely the result cafr assianglees ud & u soef acnod
bet ween environment al factor s, operational C
navigational compPp®rexie¢t esl (Domd2huekasyk et
an il l ustratoifomaofi noec ccuarsruearictel es usi ng Reasor
et al., 2006) .

Maj or i nci-tdreaaftfsi d nzcdngsh not only disrupt g
severe economic and ecological i mpacts. For
2017 resulted in significantexotielnss pviel lesn,vidio:
damage (I TOPF, 2018). Similarly, the blockag
underscored the vulnerability of these choke
traffic and i mpacti2@23P) obBhusnaré«mrhandiAnd i ma
these critical areas is imperative to sustai
potential for catastrophic incidents.

OQ@ALE N 1J
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Technical . onS
* Design limits X g;,D“d“x
» Poor design \_,'A‘e‘ﬁ
Operator * Maintenance
« Distraction
= Fatigue
» Error/violation Hazards
Companies and
organizations
* Policies
Accidents « Procedures
and losses * Audits
trajectorv Bridge and engine + Resources
+ Communication
« Responsibilities
* Supervision
Figure 2. Marine casualtiesd occurrence pattern al ong
2. The need for a decision support system fo
The necessity for an advanced traffic manage
support sy-de i tiyn rargiht i me areas is driven
navigational environments. As mar iitni meeyt r a
chokepoints, the task of managing such ar e.
predicts that seaborne trade volumes wil/ cCo
2.1% from 2023 to 2028 (UNCTAD,t i2c0a2l4 )n.e eTdh ifsor
Ssystems capabl e of handl ing heightened tra
integration of autonomous vessels into exi:
dynamics into maritime tralfd i acparaantagg ewnetnh . v &
of independence from -Aumanompes aspssemd r opmat
oversight to fully autonomous systems that
chall enges for <col Iciosoirodn naawvtaiodha n(cFee | asrkd tarnadf f
al ., 2022).

Traditional accident analysis and predict:
and static parameter s, struggle to accommod
changes in autonomous and manned vte®s sedptopreea
the nuances of mixed environments, which are
and human involvement (Kaber, 2018; Lyons el

need for updated models thag camddynamscalnld:
accurate risk-tagmessimandtid iiomadealreactive apj|
insufficient and that has been noticed | ong
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measur es, predi ct i-tviemer itsrka faf sisce sssameang e mernea | wi

systems for operators (Luo and Shin, 2019).
To address these complteixméd idkeci gihemr es upEp ar

can assist Vessel Traffic Services (VTS) Op ¢

ot her maritime stakehol ders. Such ddgrsiaveenms a

insights into potenti al navigati onal ri sks a

zones. By |l everaging admandadaal gloes ¢ hdhecias i

can enhance situati emaaklipmagvae €nes,s tamar eakey iisn

and efficiency in maritime operations (Bal de

on addressing the need for -t mpfbvedmaafeéet me

achieving the sf.oll owing objective

i To develop a hybrid model f otrr apfrfeidci crma rnigt
areas by recognizing the I imitations of
develop a hybrid model t hat combines qu
t echensi.qu

iiTo i ntegrate the Human Factors Analysis
Bayesian Networks-tfione dyms&miassamrsdé meaat H
framework for identifying and analyzing h
signi dusanbfcmaritime incidents. |l ntegr at
which offer probabilistic insights based
facilitate -tymamrcskndsseabment.

iiTa propose areas of i mprovement for redu
deci-md kinng by analyzing the data generate
and the int-BgyaesednHFA&Rewor k.

4. Overview of accident analysis model s

Acci dent anal ysis models are essenti al t ool

devel oping effective prevention strategies (

marine casualty analysis oft efnaifloucruess .o nT heeisteh
whil e providing valuable insights into spec
address the complex interplay between variou
processes, and envidricemssmeha vaed schoonwdn tti loants . f &dad
aspect can |l ead to an incomplete understandi
critical preventive measures (Salehi et al .,

I n response to the | imitations of traditd.
promising alternative. Hybrid model s integra
provide a more comprehensive undemns$taniORg,;
Yildiz et al., 2021). These models | everage
the multifaceted nature of marine casualtie
breadth of analysi s. For emsdslaynwcevalhydtr e dh umn
technical conditions, and environment al i nf

|l andscape.
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Among the tool s used in these hybrid mo
Classification System (HFACS) and Bayesian N
' iterature. HFACS is a widely recognized fr
e&erors involved i n accidents. Devel oped init
contexts, HFACS facilitates a structured ar
including organizational i nf |l uempeasa,t ourss a fae
(Ergai et al ., 2016; Li and Harris, 2006; Sa
al ., 2018).

Bayesian Networ ks, on the other hand, of f
causal relationships between various risk fa
uncertainties in the data andocnabecpdatse atviae
making them highly effective for dynamic an
(Yang et al., 2008; Yeo et al., 2016; Yeldeéez
i n mariti me s atfiemmey raikshke wass sheenh kd enagi ssiugmp or t ,
to changing conditions and operational cont
occurrences as a network of interconnected c
factors, capeaebhl+®teeakb datarpordynamically upda
simultaneously analyze wide range of factors
patterns, and human factors.

5. Met hodol ogy
5. 1. coDalteact i on

The foundation of this study is based on a

historical accident data from databases suc
System (GI SI S) and | MO member St atteisme nat
Admini strations transport safety databases ¢
of the member States. Initially, records of

202024 were <collected from StIhSe s e2 0s204u)r.c eSSt t(
screening and cleaning, 10 duplicate records:s
be retrieved. Ultimately, 280 maelatedasnal d
such as strait patssageroadth,aidndappoaxatcal, tproa
been compiled as the main dataset for this s

Expert judgements were another input as a
the accident net wor k. It involved consul tat
accident investigators (3 expertg&) exphrpsma
scientists involved in marine casualty 1inve:
readily available in public databases such a
(Bayesian) networ ks . clehce sien teexrpperrdtsa tpiroonvsi daeefd
dat a, highlight&«doamdrvalki datcedrise®semperat.i
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5.2. ddockdlopment

The model devel opment phase began with the
Human Factors Analysis and Classification S
casual ties. | n -PtVh eh uuntainl i zedt oOHFAC&nd oper at
cageceri zed into four | evels: Organizational I
Unsafe Act s, Unsafe Acts and Operational Con
of human factors contributi ngg ta snmarru cnteu rceads ue
to understanding the interactions between ht
I n the marine casualties and incidents cont e
overarching pol i ci esnt cpurlatcutriec,e s a ntdh a tna nsahgaepn
environment of ships, potentially | eading t
refers to failures in | eadership and oversig
they | ead tecawcdidieons. f &r unsafe acts pave
individuals, including technical, and human
Unsafe acts are errors or violations commit:t
and usually complete the accident occurrence
i mmedi ate causes of incidents. Operational C
technical, and situational comthemassadnewBiec w
or high traffic density, which can significa
(Shappell and Wi egmann, 2000; Ujurlu et al .,

|l ntegration with Bayesian Networks was t
Bayesian Networks were utilized to estimate
considering the interdependencies aebngl HFA«
2024). This probabilistic model i's capable t

providithnmereabk assessments.

Constructing the dynamic nat.wolrkkenmaddalc at

variaabKey risk factors are identified based
historical accidenti ireporust daneleéempdit St nguo
devel oped t o represent causal rel aitiiio.ns hi
Par amet eCGomnzdaittiioonnal probability tables are ci
data and expertValuiddanteindih ea mibsdceidi! ¢ batait velny a:
cali brated to align with known accident outc

Expert validation was an integral -hppaurrt of
focus group exercise with 10 experts partici
the proposed DAN presented t o tulte oemxeper tpsy oavn
feedback on its practical rel evance, and cor
and assumptions within the model (Ujurlu et
approach ensures t headt st hteh enbordeetli cnadt aocncluyr arcey
practical realities i n marit tbrget eopp emeatth o,
foll owed in this study.

OMALE N 1J
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Step 1. Data Collection
Collect data from various sources including casualty reports, AlS data, weather reports.

y

Step 2. Network Construction

Construct the DAN by representing contributing factors and their interactions based on each
occurrence, navigation area characteristics, and user preferences.

4

Step 3. Risk Assessment

Calculate prior probabilities and consequences using casualty reports.

Analyze the network, identify high-risk nodes and edges with metrics: node centrality, edge density.

4

Step 4. Validation and Refinement

Validate the DAN’s accuracy using axiom tests and reserved casualty reports (70-30 rule).
Refine the model based on user feedback and new information.

Figurebgtept eet hodol ogy followed in the study

6 . Proposed Dynamic Accident Network (DAN)

Il n Hirglhfic maritime areas managing navigat

chall enging. These areas, which experience
navigational constraints, are pr oyneoft ovaarcicauw
causal factors (Tonojlu et al., 2022; Yildiz
causes and their interactions is essential f

From the DAN model devel oped in this stud
causal factors that directly contribute to
others. These factors are groupedndntechhiume
domains as reflected with different colors i

T Organization@df eltryf |Auesntcreose g safety cul tu
organi zations supports proaCampvaen ys'as emayn rai
strategy and Acdreeqguu aatses isgtnaniefnitnng and proper

are crucial to ensure al/l oper Btbpoaduneeg
and rEwslteasd:l i shed protocols help standardi .
accident s.

T Technical and Operational S u pEegruvi ipsnoernyt Faanc
facilityTheswalricali:l ity of a shipbs equi |
directly i mpact the WNogpagefamkecbperatior
Comprehensive planning is vital to forese

the voyage.
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Figure 4. Overview of the proposed Dynamic Accident N

l

Human FBamobfrsarity with thePsbaf pciaerdc yn ac
experience of the crew with the specific
affect naviHaurionafl whdiecitgnd rebmpeéd athae en
with work and rest schedules can | ead to
of erCommrfs dence on @Qewredesanaad oselufnider e s
navigational aids and personal Skhbgmednt c
perckept mand -bdseidsi@hneses:errors i nclude mi
navigational +4hakanhgpoodedepireissmre, and e

O®ALE N 1J
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T Operational and EnWembhment akeaComadidt ivorss
Adverse weather and poor visibility incre
acci denmatfdi c density Hndhtypaef oifc ndhengiat y
di fferent vessel types (e.g., cargo, tank
and collisions.

Using the devel oped hybrid model, this stu
the probabilities of different types of mar.i
conditions in the strait. Facoonss andhcaswve
modell ed to estimate the |ikelihood of i nc
accidents, and sinkings.

The model i's capable to predict:

9 Collision probability: Hei ghtens 1in sce

when compounded by poor wvisibility or ¢

T Grounding probability: Il ncreases I n a

particularly when navigational pl anning

T Contact probabi-guayt erRi siesuatni omlso sear e

mi scommuni cations or navigational error

The effectiveness of preventive measures
transits is evaluated, showing considerabl e
underscores the i mportance of a mampgeéehgnshe
mul tifacetedr afifsike mar ihtiigrhe ar eas. By addr e:
factors, the hybrid model aids in enhancing
7. Resuil d susasnidon

The application oftrtaHd i BAMamodeImet @arhkiagh has

ri sk factors and their implications -foskmar.i
factors cruci al in these environments (Figur
Organi zatiodMa@dleqguat euemaco@as ng and safety cul t
91% of scenarios featuring qualified crew as
culture. These factors are directly I|linked t
Techni cal and Operati onal SupeEquUspmgntFaan
procedural adequacy are also highlighted, wi
14% of scenarios, respectively. These shortec
errors.

Human FBRatiogse and stress are prevalent 1 ssu
scenarios involve fatigue, and 24% involve |
substantially increase themakkepgi aommd.dopér aun
Operational and EnvMirsoinbmelnittayl aGwodndt it a fofnisc d
environment al factors affecting risk. The mo

MALE D 1]
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in 1% of scenari os, and high traffic densit
increase accident probabilities.

»ill
L I ) |
o Ship's Age Nonconformities and Failures ® Q Traffic Density

Agebelow10 19%]] © pr ing the Ship's Moti Low 20%[l]

Agelland20 1% | No 4s%[l | D | Medium50%| |

[Ageabove21 70% Yes52% o < High  30%)

o Visibility

©© Locational Restrictions | O Ship's Type

Goodabovesnm 0% | | |2 Yrenther, Seaand Visibility ~o san DryCargo 72%
Moderate2andSnm 9% | Good 60% N | Yes46%| | “'Tlnke:g
[Poorbelow2nm 1% Baa % | Container 13% [
o Day Status \ gnh 294
Da 36%- assenger
Nigylltﬁti%; o) \ Other
\ (@) Ship's Length
ollision Groundin LOAbelow100m 39% | |
SotOc(‘uCr 219% - :utOccuf69% s L0A101and200m 55%’:3
Occur  31%f Occur 31| | LOAabove20lm 6% g
Figure 5. Proposed DAN with probabilities
The DAN model's ability to dynamically pr
conditions provides -acmeodablisei onsmgkisagi nB
probabilities of different acci dehnte atcyhp eosc,c us

in 31% of scenarios under certain condition
masters and bridge team members to adjust th

The findings from the DAN model align wi

critical role of human factors, organi zati c
mariti me safety. Further more,-titme datda loihat &
advances the traditional static models wused
nuanced and i mmedi ately applicabl e approach

Based on the insights gained from the DAN
as foll ows.

T Enhanced training and resting hour pract
programs that focus on fatigue management

NRALE D 1)
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error. Additionally, enforcing strict adh
fatrglbated accident s.

T I mproving safety culture and oversight m
mai ntain an optimum safety <culture and
adherence to safety protocols and procedu

T Equi pment mai ntenance and technol ogi cal

technol ogical upgrades of navigational an
technical failures.
T Redali me traffic management -t VIhE& odpeaaproowi

model s |i ke DAN to manage traffic dynami
adverse conditions.

8. Armasctapfphl cati ons

The DAN model, devel oped f or -tarsasfefsisci nnga raintdi nr
of fers several practical applications that s
These applications make -$thppgmotlelf oanviamv alus :
stakehol der s, particularly in managing conge
exemplified below the modeasluppant bsywuttarmhi ze
navigational safety byggeetmitnmd ypmgvenmntskt ipaet
maritime areas (i .e. narrow waterways, conge
port approaches).

Redali me ri sk Taes elsisNnemob del provide¢s ma dyl
assessment of ri sks based on current enviro
human factors. This feature all ows Vessel Tr
to continuobuskyl emoei soand make informed deci
model can predict the increase in collision
density, enabling proactive management .

Pil otage, tug assistancRBRased eonmiharapseyvs
DAN model can recommend specific preventive
instance, it might suggest the engagement of
or the use of teugreads<sil st aumncdeerf gproolrarnmganeuver
recommendations are tailored to the specific
measures are both timely and relevant.

Suspensionilsn oscdmarnisds :where the risk | ev
threshold, the model can advise on the suspe¢
cruci al during extreme weat her conditions,
navi gatiidssnadr e compromised. Such suspensi on:
escal ation of hazardous situations, t hereby
integrity.

The model's ability to adapt to var4 ous m
time data processing make it a valuable too
However, while the DAN model mar ks &aniadvar

MNBALE N 1J
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' imitations. One such I imitation is the tr
i ncorporates elements |i ke fatigue and stres
may not adequately reflect thedidtyin@ami chamrdas
time. Additionally, the model's focus on pi |
provides gener al recommendations that may nc
individual ports or itfhfee ruenntq uvee scshalr atcyt pees san

To address these | imitations and enhance
devel opment are suggested.

T I'ntegration with artificial i nt edli mgence
Data I nput: Future iterations of the DAN
wearable technology -tiomeotldteat Bmids awadly
acceraonitoring of human factors, such &
continuously updatimg pPphgsmodelgi wiat h ame a lb
crew members. Enhancements | ike these wou
assessurenalssad facilitate more tailored sa

T Expansion to Other Maritime Zones and Var
to expand the model's applicability +to
environments and oper at-dowearl e ds cweatagri 0,5, a
restriichtieldi tyi s or regions wi t h uni que e
broadening the scope of the model to t hes
as a comprehensive tool for gl obal mar i
i ncreased.

T Enhancements for Aut onoDiouRBha/sess)e!l Apetrifad
industry moves towards increased aut omat
better support operations of autonomous
(D4 phabes) adaptation would involve addr
autonomous navigation,-makchgassamngormrit éami
interactions bet ween machines and human
enhancement sdevall dpiimg |l sugeci fic risk asse
the technological and operational | evels

10. Concl usi on

This study aimed at contributing to the fiel

the devel opment and application of the DAN
Analysis and Classification Systeme@dHRAES)
model 6s predictive capabilities. This integt
causal factors | eading to marine casualties
operational el ements. The mgegdehgpdgdiami € paot
among these factors, of fering a nuanced app
across various maritime zones, including nar
areas, and port approaches.

The practical i mplications of the DAN mo
pl anning are notable. -makicmg Byppesselstrrakf

NQALE N 1J
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operators and maritime navigators, enabl ing
accidents. Additionally, the data provided b
in the devel opment of regul at iamdattcrayt peinlhoatn

highsk areas or improved training p#atskcol s
factors and conditions, the model aims to a:
resources to deploy seafmesty meaeadedesTaovhmar»i mih
applicability of the DAN model , coll aborati
industry stakeholders is essential. Such <col
the evolvingmaaohalilmengseasf edfy and extend 1its
environments and emerging maritime technol o
ri sk management tool s, and the coll aborati ve
ami dstngncompbexities, thereby promoting a m
safety.
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4 .A Novel Solution for Retrospective Enhancer
Stability

Donal d Paterson

Marine Engineering Technology Department, Sharj:
Emi rdbesl d. paterson@sma. ac. ae

Abst rSahdtp: fl ooding and inadequate damage st at

maritime industry today. To address this pr
regul ations have been introduced aSt 2tORed. i nt
However, these apply only to new vessels, |e
more | enient regulations. In fact, tlhed effec
for4@®0years, when owluder amnldi gshadr @ splrraded g ti
lies in the difficulty and cost of retrofitHt
the problem is the tendency for the stabili:
situalkti @abml e sonly to get worse. At the heart
subdivision as the primary method of control
in older ships and has di minishghhilgi gtairtnise w
to seek alternative means of i mproving damag
research presented in this paper proposes a
hig@lkpansion pol yur et hduneei g awme sasse la preeramesa boif |
survivability. The system is easy to apply
i mportantly, older ships. The paper provides
and presents a meetnhtoidnog oglye f®o!l vutmpoane mon sh
promising results from a recent i mpact asses

Keywobdmage st abbaisleidt yd;e sRigsnk a sFsl eonogdei rn g8 lerisigsekl s

survivability
1. I ntroduction
Despite considerable advancements in ship d

remains the greatest singular risk factor w
statistics over the past nineiypyéar $ ohi ghvleirgl
al | repoft Aleldi dms,se@dl02z3m)t i ng that this one ri
casualties than all/l other significant contr
rioghtfully prompted it eondtmpdreadent e gnolr et oy
standards, most recently addpmmGO,ng GidOee veOL A S
efficacy of these new regulations is inheren
to newly constructed vesseWsdedhng saktat gsga
new build designs anofthkRai sgsgasivi plz pop all

Gl Jail @ §)Lidl dragalsi ‘-"
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Dankowski and Kr¢gger, 2011;. Pwersssoen,s 2d0els9 ;g nVea
to previous, |l ess stringent stability standa
for another JI®@iyearandod Cames e guelndt)!l vy, t he fu
i mpact of modern regul ator yed mpmtoivie meme se wo ll
are gradually phased out of operation.

Compounding this olvalrll®eonkedi s eahetyyfthat s |
deteriorates with age. This degradation can
and upgrades undertaken throuehatt oasyvepsaet]l
those involving the addition of weight high

increase inethef verdvictay @CeQG) and a subseq
height (GM). This ofst ennotmeoannlsy tfhaaitl otlod ecro nvpel:
demanding stability regulations, but are als
the more | enient regulatory frameworks in fo
Figlirlel ustrates a compelling example of the
hi story of a cruise ship's weight as record
| aunch date through to its mostgheseatssgnive
increase in the vessel's |ightship weight, r
This substanti al growth demonstrates the con
a vessel's operational l i fespan.
Life-Cycle Growth
51600
51400 51470
51200
51000
— 50800
%50600
50400
50200
50000
49800
49600 3% 497.00 T T T T T T T )
06/07/2009 18/11/201001/04/2012 14/08/2013 27/12/2014 10/05/2016 22/09/2017 04/02/2019 18/06/2020 31/10/2021
Date
Figur eGyfcel e Growth Example for a Large Crui
Fig2represented bel ow, provides a critical i
i mpacts the vessefl 'graeirtyc@aVCeGentFoll owi ng
derived from inclining tests conducted conc.
reveals a rise éesn t\WwC&@0E 0o WeltPe 8t mes 20 cm ch
surface appear smal | , It i's tremendously si
translating into a considerable reduction i
substanti al deel Cc' rse asstea biinl itthye nvaersgsi n s .
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LifeCycle Changes in VCG
20.05:
] 20.02
20
19.952
z ]
O 19.9 19.9
g -
19.85 |
] 19.84
19.8§
19.75: T T T T T . . . ]
06/07/2009  18/11/2010  01/04/2012  14/08/2013  27/12/2014  10/05/2016  22/09/2017  04/02/2019  18/06/2020  31/10/2021
Date
Figxrd mpacay wlfe LGrfeewt h on VCG
Il n acknowledgement of the extensive stabilit
cycl e, modern passenger vessels are now typ
mar gins i n amppreofoffd'r td etsa -g"'nfed tatgrga Gwft o ritidreat el
existing ships were not designed with this f
often costly upgrades to remain compliant.
safety, frequently vmpaet 8Bahd opearabmiittypagt
affecting the economic viability of continue
the fact that the options available to naval
stabi liittsy idne feixci st i ng Vv e(sBsaellksalaorve eitn haelr.e,n t2 Oyl
et al ., 2016 ; VassalCosnnsandi RPattlebyon he202&)ed
arrangemeeaxissbing pesesel desigfimceomethods s
as adding significant guantities of fixed
structur al modi ficati ons-i ntThresievoen & titairme Nt iao
invariably i mpose oper at icounsasle dp efnuarltthieers ionn t
section.
2 . | ssues with existing solutions
Whil e the imperative to enhance the damage :
existing retrospective solutions available
modi fyi-engi at ipmae hul | f or m andde siingtnesrrmnsa la rset rfuacc
narrow design space within which to find sol
be made.
One common approach i nwwatveerst itghha addirtsi.o nT h
designed to be watertight up to a I imited
contai nment . However, their effectisvedoeosrss of
throughout the vessel, |l eading to signific:
Crucially, they demonstrably affect operabil
G Jail & a)lidl dinyalsi },ﬂ
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d complicating emergency evacuation pr oce
oodwater is restricted to relatively | ow c
alonen et al ., ,20rle2s;ulMeirng aisn ednlay . ma r2gi0ma
mage stability.

ot her option is the installation of sills,
rriers to |imit the progression of floodin
ound the upper boundaarie ss oonfie tsitnaeisr wied u nsd, i
[ These barriers are generally | imited |
effective against significant ingress of v
dynamic sea puRapiersg whetrieon hof a vessel |
ercome these | ow barriers. This highlight
nef it in hydrostatic damage stability <cal
fecthe) ramdttual-werdflfd cacgnami oalConsequent |
eld i mprovements that are questionable in
e use of permanent ball ast, whet her sol i d
wer the vesaselofs gvrearvtiitcyal ( VcGeM)t. Whil e con
gni ficant quantities of ballast increases
s freeboard and reducing its payload capac
sheout he ball ast. For this reason, it is of"
e retrofitting of sponsons involves wel di:
des of the ship to increase its( Manintiioanlp 2st,
2@Vassal os ,etspalns,on230X®)present a costly a

guiring -edxdlkinrsg vee rdirgds . They inevitably i
gatively impact resistance, | eading to hig
@iresence can pmraamxgeast gbiwloirtsye i n scena
emsel ves are breached, creating additiona
rtrher compromise the vessel's stability.

aps the most traditional and effective

tional watertight subdivision. This can
d control barriers such asotbBoadbeRef der K
Whil e fixed bulkheads are theoretical
pective applicat(¥as siasl ofsr aaungdh t P awtietrhs od
g accessibility to instal/l new steel |
g t hrough existing structur al el emen
rmor e, the | imited free ispamcte iwmpgddinme
ery, pi pe runs, cables trays and vent
|l eaving little room to accommodate 1
ght to the vesseheaedgcmaomiscgnamdcapt
ng on their placement, i mpacting pass
S
I

- — o wn
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O o oo o ® > D S5 S5 n

h
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n
t
t
h
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of fer a |l esRoindeakisve thletyerdnoatp ves
ties regasdiehgasheerbvtadnngrefist bé V¢
ommod a(t anthes ,b arx 9 %)r s
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The common theme among these existing retr

i nadequacy. They are often highly invasive,
financially burdensome, and ultimasebyeponéaflfkr
damage stability performance. This pervasiyv
underscores the urgent and growing need for
novel and alternative sbhugapnsotoi addagssagt
fleet.

3. Pr esplowteido n

Il n Iight of the Ilimitations in conventional
paper proposeisnaasbvelsahdt non, namdlsyk tviod ds
spaces within extesxtpianngs i voens speal Insy uwlidtt Hs ahaiggphr 0 a ¢
spaces that are typically inaccessible or wun
ot her structural voids, thereby ensu+#tiong t he
day operation ofutihlki veseskelanywoactriobeltmweused
have been proposed over recent years, origin
deliver the foam to the daniavpesd ad omp aerfthraen t,
was further developed into a passive system
filled with{Walf@amamoma2@22al Vassal os and Pate
2022)

The fundament al principle behind the foam's
reduce the permeability of the targeted void
being all owed to fully enterhearfdaoc aapys telfd
bl ocks and di splaces the ingress of water.
which primarily seeks to contain water once
the initial entryofof f lao osduwbasttearnt i taH e vsod luuntei o
buoyancy =zrsd fmierei msiur face effects that are d
foam itself acts as a buoyant vol ume, provi
residual stability of the vessel foll gwing d
pat hway to retrospectively enhance damage st
and financi al penal ties associated with conyv
The specific pevwpansies pdol ybeehhghe foam ar
materi al is produced by mixing a resin and .
reaction resulting in r apd di f otam s xprampa vDad
an I mpressive expansion ratio of 1: 40, me an
volume, effectively filling | arge void space
foam possesses daenhrye mafr kappyoxXiomat elnyg 2a5n yk g
significant weight addition tad hkey vietesd éd|. o C
structure, -pemadweys iamgd itthnmonnear i mper meabl e
the paper. Furthermore, the material is iner
its-tleoamg effectieemhmlessd apr at patsisov measur e.
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4. Met hodol ogy

The research methodol ogy applied within thi
efficiency ande»xsmpansaiboni pgl yodr entihgadhne f oam a

stability enhancement . Thi s veri fiesatiodn p
experi ment al I nvestigations into the foam':
numeri cal case study on an existing RoPax pa
Firstly, to address the crucial question of

absorption tests were conducted. Specimens o
their weight was monitorededveeighpeidiincdeafse
correlated to absorbed water mas s, t hereby
per meabi |l Etnyy. tRweactogfnlioodwater can exert sign
foam mass within a da&mdegesd sc wmp a&r tpneernfto,r mehde
pressure, firstly at atmospheric pressure, a
1 bar, and 1.5 bar, respectively. This comp
water col umatsemnyp, twrdwbi ding a realistic asse

fl ooding conditions.

Fig8&reoam test speci men shown | eft, pressure
Next, the adhesion and cohesion properties o
to remain securely in place when subjected t
scenario. A studFpuylhlr eweess tperafsordneetedaidredf dam
directly onto both bare and painted steel pl
provided valuable data on the bond strength
is vital wiokrl emsurbegdi $pl aced from its inst
fPull-off Force
|
StUdf"-._ /~Apoxy Bond
Foam Block \ ~ ,;/ Incision
060 ~0.00 ~009R80<0 o Co ~2.00 ~00Q
00D 900) T80
2T RSB AT 00
2 L8690 SR MR 000 990
T Steel Plate " Ahesive Force
Fig#areQQutline of stud pull test
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The potenti al for the foam to be compresse:
investigated through comprir ghfsefomam espgdmigme nas
subjected to axi al | oading in a univserrsaaln t e
curve. Thzasi omamradt¢toeveid for a direct compari s

strength and the expected compression forces
ensuring that the buoyant volume provided by
uder pressure.

FigbhrePictorial image of foam compression

Given the organic nature of polyurethane, it
Adhering to the principle of not resolving ¢
the foam technol ogy was subjtesct estomeo oat r iwdd
i || ustFrigtberdeMamy of these tests were conducte
Cod(el MO, 2t012an approved, i ndependent | abor @
comprehensive assessments included ther mal (
t her mal conductivity tests, and overpressur.
perfeemamd ensuring its compliance with mari
el aborated upon within this paper, further o
conducted on the f oa(mVvatsescahl 20852 @gty ama.y, found i

[ Foamoppeamnceafertme ]
ml

3n

YI

Figéire/i sual results from foam thermal decomposition
POQALE N 1J
S
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Finally, to evalwuate the practical efficacy
design zwhsasutaldetailed case study. This ves
stability calculations in full ac(cloM@, a.n2cO0e2 Owi
An initial damage stability cdésuggaedonwessae
establish a baselpmefilSaubwaegugegeaneryat @ad rby kma
across the vessel' shi gardiedwsd | ed mparotfmd ret ss er’
strategically determining the optimal placen
as having heightened vulnerability to floodi
stabilityrmedali by repas a reduction in spa
compartments. The opti mal vol ume of foam to
sensitivity analysis, investigating the incr
vol ume of foam installed. The derived opti mi
final damage stability analysis, from which
vessel safety attributable toy tdheugped.posed s

5. Foam testing results
5.Determining foam permeability

The water absorption tests conducted to asce
unexpected yet significant findings. Surpri s
observed when the foam speci nsesnusr ewecroen dtietsitoenc
2.7% of the volume being occupied bFigwad er
7Figor e

Conversely, when subjected to the overpress:!
an ad dy, an interesting phenomenon was obser v
under went a structural coll apse of its surf
increased absorption, acted to fporrenv ean tpirnogt eac

further wat er a-besalkrphgomc.hamdacsersiesltfi ¢ unde
advantageous property for a flood mitigation

A considerabl e eff arng wahse dfeoda nt aftoerdmutloa otpa iam

bet ween | ow density and its propensity to at
density foams, while offering the benefit of
whi ch unfoofrftsuentatteHey advantages of a |l4ighter

density formulations also displayed negati v
they were more prone nt ounudnewa nhtyeddr ovsotl autmec rperdeus

materi al science investigation was zecsr ubcoitahl i
buoyancy and resistanca ntgo wea tgehrt iingprl e scsatw hoil
P OALE N 1]
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Foam water absorption 57
2.8

2.6 NPT TS
2.4 22 et

Water Absorption [%)]
e &
+
.

—_

0 5 10 15 20 25 30
Exposure Time [days]

Figoreg&oam Water Absorption Test Result at At

5.2 Foam adhesion & cohesion properties

The cruci al aspect of the foam's ability to
event was assessed through a series of adhe
experiments were highly encour amgtiinggs. d@aoasi
which represents the internal strength of t1l
than its adhesive properties. The measured vV

T Adhesi on: 0.13 MPa
T Cohesi on: 0.19 MPa

To put these figures into a practical cont e x
13 tonnes would be required to separate a s
steel surface. Such magnitudeactofupgomr cteh earfeo
readérl d fl ooding scenario. Therefore, these
remain firmly in place within the void spa

fl oodwater exclusioncewveintiuommder t he most sev

5.FBam compressibility properties
The compression tests conducted on the foar
structur al integrity under simulated fl oodw
el astic deformation region of t hpoif rotam pelxd ®!
deformation is realized, occurri nki gaBtr eappr ox
Significantly, the expected compression resu
a flooding scenario is conservatively esti m:
l ead to a compression of apprnexiwmadt ewy tddhn T
elastic range and, crucially, does not |jeop
PRALE N 1]
G Jail & a)lidl dinyalsi f/ﬁt:;f%\&\‘;
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significant degree, affirming its ability t.¢
even when subjected to the substantial force
0.25:
0.2 1 —
g
E-0.15-
a
e
“0.1—-
0.05 — ] ~———10% Compression
i ——50% Compression
0 'IIIIIIII'I""\““\“"\lllll
0 10 20 30 40 50 60
Deformation [%]

Fig&re&oam Compressibility Results at 10% and
6 . | mpact TRAPsessenesnel case study
6. Qverview of case study vessel properties
To evaluate the practical appl ibaseidl istoy uamn o
detailed case study was conducted on an exi !
approxi mately 15 years in age,h wahse dSeGLi Agsh e2d0
regul ations, making it a representative ex:
increasing damage stability challenges. The
approximately 2,400 p®os admanka nodf fwehaitcuhr eiss tah
deck. l'ts internal volume is subdivided into

The vessel hul | Fif g@amed st hiel |kuesyt rpartoepde ritni es of
det aiTlaébtd ei n

Figa&reStability Model Calculation Sectio

@)l JalU &8 Livl aiaolsi -";‘l- _ S
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Tabll eVessel Particul ars
Principle Particulars

Length OA €210 m

Length BP €195 m

Length WL €200 m

Br earddlhd ed €25 m

Draught, design 6.55 m

Draught, scantlin 6. 70 m

Draught, subdivis 6. 70 m

6 .A2sess memui lotf dhsmage stability performance
6. Btdtutory damage stability analysis result
An initial damage stability assessment was
establish a baseline performance against t |
originally designed and M®©Dyi.l2td,0n apmeol bya bS OL A3
stability calculations were performed in acc

regul ations.

The resul ts of t his basdhbahwhiacshs edestmeinlt s atr e

Attained Subdivision Indices for each of th
Attained Subdivision Index (A) calculated as
Tab2 ecBesi |t Damage Stability Results in Accordance wit
Draught (Il ntact GMNTrim (Partial I n Attained |
DI 5.807 1.78 -0. 35 Al 0.793 0.20.1586
Dp 6. 343 1.905 0.00 Ap 0.796 0.40.31814
Ds 6.700 2.26 0.00 As 0.792 0.40.3171
Required Subdivision Index R 0.7911
Attained Subdivision Index A 0.7943
As demonstrated by the results in Table 2,

Subdivision Index (R) under SOLAS 2009, achi
a Required Index of 0.7911. As etxtlpecmiedi, munrh

damage stability criteria of its applicabl e
However, it is critically important to note
vessel, designed to SOLAS 2009, would not me

2020, which mandates a signific¢altiBy¥5hi ghers
di sparity <clearly highlights the "safety g
constructed tonnage, underscoring the pressi
damage stability performance of the ol der f|

6. 2. 2riVepksasfeil |l e

Building upon the initial damage stability
vessel was generated. This profile provides
PTALE N 1J
G Jail & a)lidl dinyalsi f’il,ﬂ-' )
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along the entireFilgegh@ethh ®if X tdhen ovteesss etl he | dha ma
ceant whi-dxi ¢ heepresents the calculated fl ooc
damage multiplied by the complement of ship
The analysis of this risk profile clearly i
risk in its aft and fore shoulders. This ob
vessels, where the geometrye@indns nofereml camt
greater susceptibility to critical flooding
highsk zones should be specifically ‘target e
contingent wupon t haec coepsesriabtiilontayl onfa ttuhree sapnadc e
ri sk informed approach ensures that the ret
yield the most significant I mprovement in ov
| - | E
w

'"’0.01; i : : ) ) ) ’ - : . : : . . - . )

0.012 - =

0.01 .
¥ 0.008 -
go.ooa - . :

0.004 - . - o . . .. :

u 1 :. . .:-: I " -

0.002 5o R B ——

0 i ’ .

0 20 40 60 80 100 120 140 160 180

Damage Centre (X/L)
= 1-Compartment Damage = 2-Compartment Damage = 3-Compartment Damage = 4-Compartment Damage
FiguoAaBuilt Risk Profile

6.2.3 Sepaecde $oafmp plfi cati on
Using the insights gained from the vessel's
for foam application proceeded. Fortunatel)
hei ghtened flooding ri sk, s pheec ivfeiscsaelll,y atlhseo f
number of dry tanks and other void spaces. T
solution as their wutilization for foam fill:|
or passenger amenities.
Il n total, three void spaces have been strat
situated around the vessel's fore shoulder a

Gl Jail @ §)Lidl dragalsi
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Figbthe ghlights the | ocation of these select
arrangement , shaded in blue. This targeted
| ocations t hat of fer t he maxi mum benefit [
perfor mance.

DT6

FiguteSpaces Targeted for Foam Applicati

6. 2.mpl emeofoaatapphi cati on

A critical step in the i mplementation of the
foam volumes to be introduced into each of t
through a comprehensive sensiwthieviet ¥ han aleyxgie
vessel flooding risk was evaluated against v
As an il lustrativEigk3immbaesofi atlesstheocess] t
analysis for one of the selected spaces. Th
returns in terms of increased survivability
with foamol dhssggkséshthat beyond a certain
more foam becomes |l ess significant relative

0.21

0.205 1

0.2 1

0.195 1

0.19 A

-A)

-
=

0.185 1

Risk

0.18 1

0.175 1

0.17 1

0.165 4

0.16

0 10 20 30 40 50 60 70 80 90 100
Foam Fill (%)

Figu?2eSensitivity Analysis of Foam Vol ume and
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Foll owing this analysis for each of the thre
were determined, ensuring the most efficient
optimal vol umes f oze deTdachBbeslp@aw.e ar e summar i
Tabdt eSummary of Opti mal Foam Vol umes
Compart ment Foam Vol)ume (

c1 560

Dry Tank No 6 900

Dry Tank No 20 400
7. Ev al toaatsw lou tinigpdanc tsu romi vabi | ity
With the opti mal foam solution identi fied
performance was reassessed to quantify the i
damage stability calcul ations wer educcoendd u c t
permeabilifylilmrdt veifdosamaces.
The resul tassetssméints akebdpg sheowt ed itme part
Subdivision Indices for each of the three ¢
Attained Subdivision Index.
Tabdt e Damage Stability Results with Foam Solution in
Draught Intact G Trim (Partial Il TAttained |
DI 5.807 1.78 0.35 Al 0.793 0.20.176
Dp 6.343 1.905 0.00 Ap 0.796 0.40.348
Ds 6.700 2.26 0.00 As 0.792 0.40.341
Required Subdivision Index R 0.791
Attained Subdivision Index A 0.865
The results demonstrate a significant I mpr c
Attained Subdivision Index has risen from i/
numerical difference of approximahsel yi 0eO0dom
of damage stability, this represents a treme
Crucially, and perhaps most significantly,
requirements of SOLAS 2020, as Iits new Atta
required value of 0.845. This outtdmme twnader <
the safety gap for ol der passenger vessel s,
compliance with modern damage stability stan
To further il lustrate the prbodiodendc omparcits @t
vessel's riskamda oghpileisc,atbiootnh opfr et lFa gfudam, IS

Here, It can berol&emaveadst patevi neeshiyghdent i f
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shoul ders have undergone a significant reduc

has been effectively eradicated in these tar

solution to directly miiegawethhe mMmbet vesse

areas of high susceptibility into zones of ¢

| I I | [ o I

i N = e e ) N e B O B

.,‘m '. . --,;.' ' ) . R
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Figu3eComparison of Risk profiles, as built desi gt

8. Conclusions

Il n conclusi on, t-enxep aanpspi loinc apt a loynu roeft hhainggeh f oam

of fers a compelling and effective retrospect

existing passenger vessels. Thicomimmgoev otfi 1 & &

met hods by providing substanti al safety 1 mp

utility, payload capacity, or incurring proh

successful case stuwdayntdemdreanttr atle otf het hgisgntie

growing safety gap in the global | egacy fl ee
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5.From Coal i tog Hytdatoigems Hlobs A-Zbhessbdasi ti me Fu

Lauriel Wright

ISout hampton Solent University, East Park Terr ace
|l auri e. wright @sol ent . ac. uk

Abst Maaet : mar i time industry is undergoing an u
the backbone of global trade, the sect-or now
emi ssion vessels in response toomgumianm@atermrsyv
hi storical analogy, the shift from sail to s
shaped by a complex interplay of technologic
devel opment , militartyradpedamaveés., laamdstank v

transition must occur within a much shorter
Maritime Organizationds-zelhrdO)emti asge®timsofframh
shipping by 2050.

This paper argues that understanding the dr.|
maritime energy transitions can offer criti.

chall enges. While technological envndeatieosumg
adoption I s equally dependent on regul ator
availability of suppor tcienngt uirnyf rparsotlriufcetruartei.o nT
stations strategicsalGiybrlalctaare,d Aadte np,o ratnsd sSuucet
military and i mperi al prioritied, semalclei m u
and reshaping global trade and ncaavlalle d»ofinseari Ip
ship effeamadi sawmpgrovements I n sail techno
competitive pressure from steam, t emp-or aril

powered vessel s.

Today, however, the absence of a comparabl e
devel opment of alternative fuel I nfrastruct
and commerci al ri sk appetites.neTrhaibsi | 8 hiyf t wi
coordinated public investment or strategic u
|l ag technol ogi cal readi ness, undermining the
these historical presc keégntpa,r at hied spamer di demn
contemporary policy and investment strategi
i mportance of coordinated infrastructure de
wor kforce adapt dtoironaccerlerat i-eami stshieo na dfoye li &
ensuring a just and economically viable tran
Key wo &adsl:; Mar i ti me Decarbonisation; Energy

> QALE
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1l ntroducti on

The global maritime industry is a critical 8
vol ume of globally traded goods. Whil st wat
mode of freight transportati en lioometterrems tohfe e
vol ume of seaborne trade has |l ed to a sharp

greenhouse gas (GHG) emi gsiobmas. mekgaetmfamid sadd a
approxiilm8t 6D9 vessel s,cawiatch .t3d5todt bl i oar dgadry
(dwt ). Thianmemaldiesarntr®aafier corh t7he nprld vMiomu sd wt e
t of laeet capacity groWNKRTABGZ4)dhe aboeat or3. 4 &
approximately 330 million tons of marine fue
a |lgormade and hi glsyenmRdl|2ltLli7nDh & ugll ob al mer c h
estimated to contribute between 3% and 6% of

31% of nxii tdrecsg e(nNCo ) , and 4% to 9% of sul phu
significant r(oser ada@yPradglelcutiioonns by the | n
Organi zation (1 MO) suggest that, without S i
transport could rise to 1bMR2®d209l obal CO en
Il n response, the |1 MO adopted its first | e ge
targeting fAinet zeroo GHG emissions from inte
mandatory emissions | imits and i ndu(s202%3)w,i de
sets ambitious <climate targets, specifical )

2030 and #zZeaohiemg ssetons by or around 2050 r ¢
introduces indicativi0dh eadbkpdiwdtesponi nol GHIGN g
by 20308@¥%dby02040, and mandamanbesemit batomrzefoe
comprise at | east 5 %, striving @2 AdhIb of t
Collectively, these el ements constitute the
structured and enforceable trajectory for th
nterim emissions reductioni drenohmarglko,00t he

i

emi ssion fuel e&entawdbadedkdreed wlyant ory i nstr ume
underscores the i mportance of a just and eq
inclusive international coll aboration and t
countQoinepsl.ement ary regional measur es, for e
regul ati on, Sdpmluiacdabl2e 2f5r,omalndates progressi
greenhouse gas intensity of maritimezifnongl s,
shi ppi ng (Roepgeurlaattiib@is3 (TEHHUQegret her, these interne
initiatives reflect a growing conlsewnelusa othi d
to align maritime transpbMeetwnghtgéobaboal s
more than technol ogical i nnovation; it d e me
mariti mBosmanop2e0tl 79gThi s i ncludes substanti al
infrastructure and fl eet renewal , the deve
framewor kisoocudndursadc shifts within mariti me |
transformation must al so address the ali gnme
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the redistribution of costs and bedbefidsngcr
needs of devleil#®€dpi ngzh2ak)l ons

This current moment of transition echoes a p

from sail tdteneamyi nThae ttOansformation wa
entailed profound changes in ship design, a (
| abour practices, (@maee,dikIBIaIt etarnesche ppsa trteegrun sr
supply chains (notably coal ), altered the ec
schedul es, and gradaal Isyai i vyelsased & tdreasdiittie
established maritime actors. The transition
col oni al Il nterests, the strategic priorities
key hisectioaHpnoiR@Y 8)vyet the transition was
shipowners resisted steam due to high capit
contemporary concerns about strandedLiamdket s
et ,2023 )Labour markets wunderwent significant
technical skills and roles paralleling today
and digi (Kalt agslyyxsted3hsah , 20 &) Concurrently, the s
steam displaced traditional seafaring rol es
l ongstanding cultur al tradiManpopnakafdl!l hiasmsor
1989)Recognising nhhis @sséontiahltoepsewventi n
todayods techndDewvwa m@old j2ndaash)s i ti ons

Maritime history is a narrative of continuou
performance, reliability, and efficiency in
Through reflection on thetHrsvéistobacalets
possible to draw valuable | essons for navi ¢
particul ar, the historical case 1illustrates
institutional i nesr,t iand egeonmaniict iinacle ndy vami ¢
i mportance of coordinated policy support, [
capacity to manage transitional di sruptions
cont empormavay dpwm&eh ®t on shipping. This article
transition from sail to coal and to draw d
alternative fuels and |l ow emission technol c
advascdcmarine fuel cells. Through comparison

with the devel opment of modern alternative f
seeks to uncover recurring themes idandnec lealelr

transitions. The goal was to derive | essons
research agendas, and operational strategi
environment al and regul at direyses amrud ttiifya.c eT leids
with a focus on both historical | egaci es and

2 Atthe mefr cwanndd tAbde:ef hi story

The transitiohifedmstsaam poopgwlasgi on i n the n
pivotal juncture in maritime history, fundam
> BALE D1
G Jail & a)lidl aragalsi | ’}ﬂ
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geopolitical | andscape of gl obal shipping. F
by the vagaries of wind and tides, wi N s a
favourabl e meteorological condiittiyomsn.d Tehifs cd
maritime transpo«dti st@arctei ¢ ulaarel ywnfdomalvang ope
of steam engines, initially adopted as auxil
mode of propul si orneakmafrrkoend tah idse cpiasriavdei gbm, fr
natural (¢olBWirlali,h@rnsd )St eamshi ps could operate
and depart ports at will, overcoming many of
travel, facilitating scheduled services and
of technodroggd xcawowplrd change all parts of th
building, finance, port oper gRdo®@BTL)a Pdratl H erl
advances in theheomemuegrcaphonaduvereae sanidn | md te
manufacturing, and t he expansi on o f rail wa
unprecedented increase i n | mtagren gtliodmdli ztart a o
1910@) RoanWiel | i, 2@8Qdn

Al t hough steamships had emerged as early as
steam propul sion in gl obal mari ti me transpo
overtake the proliferation of egGridhhd®bHpeci a
During this period, sailing technology under
i n ceppeaet hed hul I s, iron fastenings, and |

substantially i mproved -gdner esdp e(®las shenl® B3f)f i ci |
Consequently, steam propul shiaaud ;fi rmaiggited d y rgau
such as coastal services and mail l ines, whe
most pronounced. On |l onger aooeadanidompasnagee)|
mi-den tHiarry? € yS3mi,2 ®1 8 For i nstance, in 1840, onl
2.3 million tons of merchant shipping were s
begtam deci sively displace sail i n global tra
di sappeared from most cWinlelrit®@®) and passeng

The introduction of trhien estcereermt hp rcoepnetl ulreyr manr kt
consequenti al i nnovations in the history of
design, performance, -powe rodpemd 0ekBamrd & 0 no f
2018 )Whil e the paddle wheel had been instru
propul si on, enabling reliable navigation of
' imitations in open seasonPadaaddlge, st eaméi i e
woebdur ning boilers, and their exposed paddl e
conditions. Mo r e ebvoexre s tchoen shtulakiyn ema dhaull € desi
effi qRoebniZ2rsl@r ahlad9m 8)  n response to these challl
witnessed a wave of i nnovation that cul minat
John Ericsson and Fr(@amicB&Bl1IPEebtttalSimyt meti nwilt
particul arly among conservative naval aut h
durability, the screw propel(l @amba&@mio/h)Ud ke mk a st
the paddle wheel, it was compact, submerged
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more streamlined hull forms and i mproved hyd
power into thrust enabled vessels to achi eve
maneuve((Ga@ihlaigoby )A series of successful demor
institutional resi stance, and by the |l atter
become the standard in both commercial and n
rohethe decline of e9&i maantdi meet madepoirsafiaoo
of gl obal trade networks and repgoavwerred nma uihe
(Lamh2017)

Launched in 1843, | sambard Kingdom Brunel 6s
constructed with an i1ron hu(Llamb&®@@ar |btoan er
2018)As engine technology advanced, wooden

accommodating |l arger, (Bomi,g2n0O@Q@wadhetuli nimnaoldur
oftompound stienam heen gti8nbepgspea nasnidolny etnflge nke&80s ( e
Aber deen, 1881), dramatically reagé¢¢sad]| ¢toal C
20LRBRODbj2r0SL2) Vessel s incl Ud8éyg) SShdgameendonhe
t hese newCaenrn iorhe89 By t he | at e 19t h century
breakt hr ougthesa ns u(cehtThairsstbe sni a, d i 1e8s9%4l ) ( eanngd n ¢4AMS

Dreadnaught) continued to extend range and i
from sai(Car|®2OclfBmiaind Q 2 )

The adoption of coal, and | awas dilesely &ase
industrial revolution an(Heddrdioacg@ pRawrnlkden o f
Wil li,dff9®nCoal of fered a dense and relativel
wi despread availability in industrialising

prolifer atpioovrer @d (Rsotha 2n@813mi, 2B Q02)The establish
coaling stations across strategic port-s and

di stance st eeamb emav ingatmaorni,t i me infrastructu
net wdgHekasd,rliocBl8a mb @ 003 )Thi s i nfrastructur al s h
commer ci al efficiencies but also redefined n
critical det er mi (Garath h@blBamad & li 7mM& he owe eams hi j
emerged not merely as a technologi cal i nnov a
i mperi al reach, |l aying the groundwork for th

international €0 oRooami\kicel hi AmM@ROOhi es

This transformati on -rienaatairn g icmoen s eoqgu esnt d ecss  bheay
of goods. Steam propul sion revolutionised sl
regul ar, schedul ed services. Theopesatitomal
efficiency but al so under pinned t he expans
significantly to the first wav 0" iRfo uvagnkde b a | i

Willi,daod®ndr, 2@ )As steamships regbiredestuimshn
technical expertise, their adoption accel er
fostered the emergence ofi |1n9e9§0¢e o p,2 8 0 8 )Tcha Isl y
shift also catalysed the professionalisatior
ship finance, and port operations, which evo
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of i nternatMiolpggd 1l 6s)hnpphhg way, the steam r e
restructuring of the maritime economy, e mb e
financial syMobemsmiAlbbenh@l ) me

Whil e the transition to steam power brought
al so introduced new and |l argely unacknowl
wi despread adoption of <coal as a mansttmeof L

gl obal (Bhe mepl M@ r ben¥i neb 2@k 6)St eamshi ps emit
guantities of asdeat smopédesukcphuri buting to air-r
maj or shippgRonweleld2 )Thescres etmi esi pnafhected url
but also had deleterious effects on human he
trafficked col oni al ports wh(Eleadd®@&Bawmegl loper

2022)Moreover, the extraction, transportatic
environment al bur dens. Coal mi ni ng l ed t o
contamination, while the gl obal net wor ktof ¢
on coast al and (Hedaadnid8Baaryvd R d2Ih)MeEhhsugh these
were not widely recognized at the ti me, t he
associated with fossil fuel deprenddabat dd at

maritime sustainabRaddn,gd @@odr beehtlinmae be?2 Gckh@)n g e

3Technol ogi cal coexistence and the fASailing
One of the most instructive insights from th
the phenomenon of technol ogical coexistence.

were in direct and i mmediate cedpe¢Hatriloesy o v e
201&@ ahla9mbRo s endb®tTY) n practice, the two techn

decades, each occupying distinct commer ci al
vessels remained | argerygyadntddopati emedfumtbirle
expansion steam engines in the early 1880s,
economy of(Cat E2800i88N\C@rst rary to | inear model s
advent of steam propul sion did not render s
under went substantial refinement in response
This dysamaptured in thehicpneépecod, twki dils a
i ncumbeanhnol ogi es may experience a resurgen

chall enged by e(@erpgi §30 2Z&Rotsaeim b & Fivgvnedsoh0 1a3 )

The result was a period of hybrid innovation
shaped by economic, technol ofSitcad,2 ®2@nydl arnf r a
2013)

Compl ementing and contributing to this peri
emergencebatedcnamwak architecture between 16

foundati onal shift in ship design,enaliifgmrci n
Revolution. For the first ti me, shipbuil de
mat hemat i cal tools to predict a vessel bds per
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transition from artisanal to analytical des
innovations of the nineteenth century, inclu
and propul si gFnerren MoGed@AdG&)sThe i ntegration
observation with theoretical model |l i ng not
professionalised naval architecture as a dis

chall enges dq9mit2hdeQ 2s)t eam age

These advances and the competitive stimulu

remar kabl e innovations in traditional sai lir
in trades reliant on speed, sucnh Aaiss ttrhad itar,a nd
Sshipbuilders to pursue disruptive innovation
this responsheyl Ileadngv,e srsaerlrsowi th expansive s

(Tay,ROdK3n o b |J2d0clkd )Not ab | ec lexdenptlhees Linght ni ng, wh
knots ohvoeurr ape2rdi od in 1854, and the Fliying C

San Francisco passage in a record 89 days.
sailing time fr odre cElnign eachdf tomAappg r @lein@a teeyl vy
2019)These gains were attributable to a suite
includisdheadbppdr hul | s, i ron framing, refine
rigging (Knypdtf @ddk4)Concurrently, advances i n
particularly the work of Matt hew Maury, wh o

routes through the southern dSmeiabnbsl,6 f urt her

These devel opments significant lkhyaud e lraoyuetde st.h e
wel | i nto the 1880s, windjammers continued t
where coaling infr gldarrl2@yW@rraeh Ok @ aTi hnee-slshdsipl ai r nsge
effect thus wunderscores the adaptive capaci
deterministic narrati (Dees Loifs,@t0eBcBhWHolil .log i staé ams

of fered superior rel i ahbdielpiltoyy memd svalse d ualrigred
S h enratu | and c dlaasnibp2l @ @s3e)T lve ctersansi ti on to stear
i mmedi ate nor uniform, but rather shaped by
types, and infrg@staf,d @2 @)l anld eceadn s tsraailntsshi ps ¢
in |l arge numbers after 1849 when steamships
in 1864, 867 sail ships were built compared
[

h 892, 32AMernwdqh0O5HEBaAt 2O 4)
As a product afevted olpmeindgi dale @eri od saw t he

that combined sail and steam propul sion. Mar
both systems, allowing operatorsiepenswingclonk
characteristics, fuel availability, and econ
aluabl&eaaoah Fooges where coaling stations we

%

vessels were even mohuvesthed backeduce 9opeaa
vessel l i fespans, especially during economi
prohibitiv@®epndex@PphhIhese hybrid vessels wer e
artefacts but strategic responses to a comp
exemplify how maritime actors balanced innov
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propul sion systems to navigate inf@Saaf,focdur
2023)

A similar pattern, or indeed O0sailing ship e
transition. Confronted with regulatory wuncer
avail abi-emtgsopbnzeuovel s, magn yt o hti rpaorwsnietriso ma le
such as |liquefied -aasusakdgpsop-eaN&tpObnNnbabsds |
(McCar?®0)As of 2024 -hylbN@ da nvde sbsaetltsersyi gni fi ca
equi pped feomi sfsuloln Dereo ati on, such as those
ammoni a, I'n both the gl@Gbat kddreée 0 B&nxlehatréceh
di sparity underscores the maritime sectoros
highlights t he i nfrastructur al and economi
decarboni sed propul sion systemo.nsThessgeraeaemfhid
gas emi ssions while preserving operational f
sastteam hybrids in the ni neftueeelnltehd cveenstsuerlys. ¢
carbon dioxide emissions by pthpurt o x4 @% sa rach dv ij
matter compared to conventional marine fuel s
fuel use, particularly in port operations &
regul ati ons @&Naemgmwrsit,RMBtR L) ngent

However, hi storical anal ogy al so ofdteeama c
vessels extended the viability of sail while
systems are serving as a (bei ddges,Rt0RWgTalde.sfeul |
technol ogies are not merely technical stopg
evolving regulatory and technologi cal | andsc
part, as a warning tagaimeartr adv erelsy odettegamn
(Rosenb®ev@d)Whil e i mprovements i n -sstaddm twecshsneol
extended the operational relevance of sai l

capabilities to matur e, they also contribut.
padiaglMie ndo20 @Bt af, 26 R2d)Thi s wunderscores the in
technol ogi cal trandepeondasntasprcond esdedi, n pahi
may <coexi shgd -ecvoompveet eq v ear gRd sende®? gp)Ar s Dths | ar
chall enge and risk exist today. Transitional
i mmedi atter mhaermi ssi ons reductions and oper
entrenched, l ocking the i ndutshtwayy si natnod sduibvoe
i nvest ment away from-emreabyohn {B&wbniami 2edEIavle.,

McCar2@0)Recognising this dynamic is criti
i ndruystl eaders seeking to accelerate mariti me
dual strategy, both supporting breatkémhmough
climate goals, while also managirneg tthheey rsoelrev ¢

bridges rather than barriers to systemic cha

Gl Jail @ §)Lidl dragalsi ‘-"
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4 Commer ci al incentives and competition

The transition from sail to steam in the
technol ogi cal superiority but was fundament :
pragméHaird2é®dylABr mstamtid | ,i2Drmd )Whi |l e steam propul
clear operational advant ages, mo s t notably
reliability, and the ability to maintain rec¢

contingent on the éeécomamidiomentrext ecsf asnpge ciaf
enabled faster and more predictable voyages,

sensitive <cargoes, passenger transport, ani
Har c,d®Or8t8 )T h e suet east tarliibgned wel | with the gro
capitalism, which i ncreasingly prioritised =
trade networ ks.

However, the economic calculus of shipowner s
particul ardwl froogutleosavga Inwexy ovlhuinmgédn | movmmo di t i es.
operational costs associated wiukl i Bgmanes
|l imited global availability of coaling stat:i
on routes where their advantages could be fu
t heir dqSueSrraetzi2®203s)an ccantlriangt ,vessel s, which
had | ower maintenance costs, remained econon
such as grain, wool, and sugar, particul arly
to profGrtagheic 69 vy

The commerci al viability of steam was enha
articularly government subsidies and mail (

p

exemplified this model. Cunardbés eamdrnyt succ
subsidies for transatlantic mail service, wh
and engine mai (Hae can9@dd ) Exppeeansesbsi di es not ¢
expansion of steam serviceathge BbsoOfrCrmat e
p
s

olitically strategic or economically dense
team propul sion initimabaffyvghubhedbat ésptivbéed
and reliabilityi crnnufideicpmmaa@d p,R@®DHieinlgiea mg a't
anAlrmst,20h3?

The opening of the Suez Canal in 1869 mar ked
of steam. 't cut ovéAsi7ag 0@ar iktm nier orno utthee. EDIWre
windless design, it rapidl(ye ahrdie@ B it leiamg hv @ s
able to navigate independently of wind, capi
strategic and commerci al |l ogic of steam in
profound. The <canal not losnd yemeaekluecde dmarreansti
predictable shipping schedul es, which were |
and col oni al administrations. Steamships cou
from Asia with unpmfeearediemd etdhe egudmomity, | o @i
British firms | ike Cunar diVdensdt Po&Ce rraatpiiodnl sy, ecxc
i mperi al shi pMildgadhems n2@oB)The canal t hus se
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a technological enabl er and a commerci al Ca
favour of steam. Neverthel ess, tthe br oader
gained ground on routes where costrastsaickiung
continued to dominate in regions where coal.|
of bulk cargo transport still favoured wind
million tons of-t &mi mefilodeatn,5.a7 sntidtliisotni ¢ r ef |
economic r e(Hav &2r0cl€r a hh®®ma )l

These dynamics offer valwuable insights into
Much | i ke the steamships thatchijvrihiuigalcloyr rti ldr
todayodos emerging technol og-asesd sshhgidp poigregn, faured
traction in contexts where supportive infras
mar ket demand converge. Mor eover, the persi
underscores a broader amgiitnicarmpd eard echnel pgi
|l ncumbent systems often adapt and coexi st wi
retain economic advantages in specific nictht
contemporary coomexstitbre émgiememadonti nues to
fuel i's cheap and al t éwamaghWrvieta Ly astructur e
Government interventi on, for commer ci al der
factor . -cNeinmteutreye ndtheamshi p operators were und
while todayods decarbonisation efrf oprtiscionfdg,ent
incentives, and the implemdinM@RORIOMO2®fAa 3gr een

Regul at,i2®m” 3(TEhle)se mechani sms hel p bridge the

emerging systems, facilitating gradual mar k
This reinforces a critical l esson, technol o
adpot i on. Transliepieomentareshapbd by commerci al

policy, and risk mé@maagedyged)t i n combinati on

5Military, and regulatory influences

Naval strategy played a decisive role 1in a
Mar i ti me power s, particularly the British
advant ages conpeweraeld bywe ssted am Steam war sh
i nmpeendently of wind conditions, creating an
This capability fundamentally altered naval
retreat witiprenopcreeyddeé hitheed Batithne® @©I8 Na)v,art h
maj or naval engagement fought entirely wunder
power increasingly shaped naval strategy and

Despite these advantages, the transition to
Admiralty steeped in the traditions of sali
technol ogy. I n 1828, the BritishopAdinsircand t wa
Acal cul ated to strike a fatal bl ow at the n:
t he Royal -wdawvynastrearyd of sail t a@triggdy1l MAght b
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a result ;poeneerrileyd svteesasm|l s were often depl oyed
war ships. |t waisnetode rutnit ide ntheer ynitdhat t he RO\
integrating steam engines amaenscirrewt lpeg opaeit 5.
HMEr eboBerirmr 1845 and tHWarfraong¢ch Bo fhtuddiMi&ods f
st emaorwer ed bat t(fF ersraenldc & g2e 0168 6 0

A critical i mplication of steam propul sion \
reconfigured naval | ogi stics and strategy. E
to global coal supplies woulHdedBRbobgami Navpaana
mariti me powers established gl obal net wor ks
key outposts including Gibraltar, Mal t a, Sue
essenti al nodes in bathadav dlrsay0 g7 hoen Ssieand
Canal , opened in 1869, became a strategic
steamships. To ensure its use, Britain depl o
protect and s ulpeadd,rnid @mBe rsraerMot 20 @€ )T hi s mar Kk e«
pivotal transf-bethami ontewhgrersoboaiteéies drove
gl obal influence.

The historical transition from sail to stea
military priorities of the nineteenth <cent
projection of maritime power. Thal Ratymadn Nanwvy
aligned technol ogical pathways, underwriting
of operational practices. The Royal Navyods
was not only a | ogistegat neteasttycbute alk
naval presence and commer ci a(Gr d@g0nii7n)lam ceo ratcmr a
the contempor areymitsrsd mosni tmaon ttianezdrec hnol ogi e s
di fferent international | andscape. The decl i
maritime sector | essatnvkesenoddmbyesbyatadegic
forces and reg(badt g@2yegdosaker nance

Whil e the | MO has permemagreyd raesg utl haet og e c tscertst i ng
efficiency standards, and GHG emissions red
infrastructur e, (e. g. hydrogen and ammoni a |
shipping epemnmdsdohesgvidiy on commercial - viabil
public part nperrisvhaitpes. p aPutbnleircs hi ps have emerg
coordinating these efforts, but tekey eskrteni.l
thaaradht erd £ed i 911t dt @ati vegAsitam &t he b,rd0dgdhn e r ¢
Government -awmppodefeedncreesear ch and devel opme
European Unionés Horizon 2020 programme, an.
naval i nvest menstt dbgye deerrd esifVatnegoWeraoRlogg 1 g s
Neverthel ess, the influence of military and
mai ntain globaldefpll ogtesdd dmad efsont wand secure ke:
commer ci al resilience, partic@Bhatt gchar yeyner g
2023 )Dwsae i nfrastructure, such as port wupgrac
defence funding, accelerating devel opment s
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Mor eover, geopolitical competition, notabl y
reframing maritime innovation and climate a
economi c ¢$Boav ecrareaidhg n,@ P r2 0 )

This evol vi ng -dbrailvaennc et of rnoamr ksettatder i ven i nnova
and peril . Mar ket competition <can accelera
solutions. However, the absence toifve isnma@gwadta
ri sks becoming fragmented and uneven. Witholt
naval i nstitutions, the burden of coordinat:
i ndustry coalitions, cgmmeraimeintisnt evn ¢ it d,i f &
and capacities.

I n this context, regulatory institutions | ik
by naval doctrine, much | i ke the strategic

compel technol ogi cal adapalasto omaifnotra i cmo ncroem pcl
competitiveness in a shifting operational en
sul phur cap -maerdo i GHG 29Dt5r0atheegy, are shifting

vesgRelgsul at,i2®dmnpMq rEjUnZkla¥hese mandates are resh
d
a

ecisions across ‘the industry, prompting t
mmoni a, met hanol , -afnfdi chydnoglewl)l -a seaies ey d ,
propul sion systems. Hx dmp | achsim gsuur cwhg eans t T eng I ¢
Rotterdam and Singaporeds investment i n bun
i nfrastruecvtoulrvee.can co

Hi stori cal precedentstalkeemarit smggesasst dam
t han technological superiority, they demand
and institutional | eadderrisvggem.auyl, ntthlee chlad ¢é g
policymakers is to recreate that l evel of ¢
targeted subsidies, and international <cooper
cannons, todayosi whrdé¢ldi mautse m@elhi eweanwd gr een
mariti me sector achieve a transition that

economically and |l ogistically sustainabl e.

6 Lalm asodi oc udftluwreandc e

The transition from sail to steam not only r
also profoundly reshaped the soci al and occu
introduced new technical de maamlsartd ag higpa.v eM
engineers, boilermakers, and stokers became
for maintaining and operating complex machin
set of skill s, mechannow!|l edhgpe¢j tadd, phihrer mat
diverged sharply from the traditional compe:

(Gr@2y0 17 )Wor king conditions in the engine roon
tasked with monitopregsame beiplaemrs ngotht gm

ventilated spaces. Stokers | aboured rceommet i nuo
6M]Mulwlm75i é,"'=}‘._
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heat , coal dust , and the constant r-lhegakhm of
seamanship to enclosed, i ndustri al | abour n
mariti me wor k, moving the | ocushefesgihé BO
(Gr a hla9nbF6e r raeniMrc @& £2e0 Q 6 )

Paradoxically, even s aihlainngge ss hdiuprsi negx pt ehri ise npcee
rigging efficiency, hull design, and auxilia
by the | ate nineteenth century-drThenr eamanmt ig
way to |l eanefty morentedhnbiaabk. The predicta
altered the rhythms of port i fe. Ships <col
reshaping the | abeseddyndmstsi ®$ pPoch as co
provisibhreg.coBmunities grew around coaling
transient | abour(Haad,rli9@@Bleu li,@®n 5 dMpirset ibcrsoadl vy
steam transition mirrored wider patterns of
were increasingly supplanted by mechanised
struggle and navigationsatlrisakli | di, s chiepclaimee aan
speci a(lGr a0t 1l 70)n

The | abour transformations prompted by the
contemporary maritime sector, where decarbo
reshaping occupational demands. As i hbgethiese
centrality ehfantdrl acigt isckknadll sseamilBei ehi techowho
smart shipping systems are creating demand 1
seamanship receesin,2®dth b aMaienevocnek er s are i nc
r
f
n
i

® =~ - ® 9 O

equired to manage digital navigation systen
uels (e.g., LNG, ammoni a, hydrogen) , and a
ecessitates a signiifnigcaanntd iunpvseksitimeinntg .i nMarr ¢
nstance, must now be proficient not only in
and environmental compliance protocol s. Si mi
time datatédomridgegsgstems and manage 1 ncr
(Nazir,20&t059Institutions | ike the | MO and nat
revising the STCW standards (Standards of T
reflect thes(kEME2myY3gi ng needs

The saditar al identity of maritime | abour is
cognitive | abour, reshaping hierarchies, e xp
modern seafarer i nhabits a mybtri di gintvalr,onme
Stearm cCcr ews navigated both rigging and en
technol ogies adds a further di mensi on; oper a

Remote monassoirstnggd mMdvibgattidomondamadlshckeme r es
which the seafarerbés presence aboard may no
(Kitada20e2t3)athi.s decoupling of I abour from th
cultural transformation, with deep i mplicat:i
mari ti me wor k.
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t echn

ransitions in mariti me, first from sai
sources, serve as power ful reflectio
l tural transformationsttahatonhawershaape
es. The steam revolution of the nine
ng speed, reliability, and strategic
ead i nfrasatnrduca up reo fdeewred openemgani sat.i
s hi-dmi stsoiwoanr dt elcoomnol ogi es and alterna
s, though intensified by the existent
astregubueaesryo address it.
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core of both transitions | i ecsenstuusrtyai n
was not the product of a single inven
| sion, screw propellersentrbncandvaleaeal
arly, the modern decarbonisation effort
gen and ammonia, as well as advancement
ol ogi es. I n oepatciho nc adseep, e nsdusc cneosts founl | ya do n

D

but al sot eoamm Iremsgar ch and devel opment cap:

i nfra

Il nfra
stati
i nve
rema
cost
viab

State
prior
adopt
i mper
nfra
ecur
nsti
ow r
over
nvir
nt er
i rec
nnov
omme
mi s s

O —7T Qo —Tm «Q S T un T

(¢

Labou
age o

structural, and operational <challenges.

structure and economics play equally ¢
ons enabled the steamship to disscpalaec e s
t ment in bunkering hub$jtstomlageffiaant
ns high: alternative fuels are more ex
continue to comprise the majority of c
ity remaindetasmi hidgdf aat ohei pashapaan

power and strategic I mperatives were
ities and i mperi al |l ogi stics under wrot
ion through military procuomemehtacand hel
i al drive of the nineteenth centusry, st
structure, defence funding, and geopoli
ity with commernai @lonitmmactatioon heHeocwet e
tutions, today's governance | andscape i
ests with a complex network of regul at
nmenntsyi re@achv ermul apping but not al ways a

onment al regul ati on, particularly throu
nati onal Maritime Organization (1 MO),

tion and pace of maritime andovadhk ®ad . E
ation programs now steer industry deci S
rci al and technical pl anning. These regd
ions but al so t o setnaabbillei tiynvaensdd mieenmd dotyi @

r and cul tural change remain fundament a
f steam redefined maritime work, <creat.i

Gl Jail @ §)Lidl dragalsi
SHARJAH MARITIME ACADEMY



Proceedi nid<tceefr ntatd onal Mariti me Education, Training,
1718 February 2025, Sharjah Maritime Academy, Sharjah,

from deck to engine room. Today, mari ti me | a
for digital fluency, environmental complianc
and remote technologies emebgiengthei magiynede
i nvest ment ibnuitlrdaiinngi,ngandt riunsctl usi ve wor kforc
just and effective transition.

Vi ewed historically, the parallels between p
from sail to steam and the contemporary mo
significant technologi cal | e atpesn,s i lwvieg hi nif miatsit.
(re)ydevel opment . Each has required not onl y
adaptation and workforce transformation. Yet
the role of regulati®onmamhed eby hmi migmalof o\sdre
transition iIs defined by notably different
pressures of environmental constraints. Thes
As the mar iatrit me as € otuezseercdt ofwiatrudr ea, nheitst or i c al
i nformative, It i's indispensable. Ensuring
socially inclusive, and environmentally res
coordination, | eadkdr sumidpe,r samd da ngl eodr t he pas
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6.Comprehensive Analytical |l nvestigation of
Modi ficati ons: Advancing Proton Exc hange
Performance Optimization and Durability

SaNjad R3jwadsahdheaa 2Kawansson

Marine Engineering Department (MET), Sharjah Ma
autbBapnd. alrwashdeh@s ma. ac. ae

2Maritime Logistics and Supply Chain Management
UAE

Abstract
The current study provides a rigorous analy

mi croporous | ayers i n PEMFCs for changing
expectancy. This work strictly inwvectiingattese
MPL architecture to perform the investigatio
the properties of the MPL such as porosity
Uusi ng-ofsrt tartagy i magi rexpaeandmenmnrsmadrc.omiEka&i denced [
hi ghlight t he centrality of updating MPL d
di stribution and superior cel |l performance

exception with an emphasigr adni esnuc hp oadwsancec
modi fication for the highest PEMFC perfor mal

knowl edge into the specificities of MPL mod
i ssues that def i nlei ctahbe | fi @ ys iobfi IMRLY naonddi fa pcpat
Therefore, this work successfully synthesise

engineering foundation and sets the benchmar
in the gltwmbalevefl fopr tssust ai nabl e and highly e
identifying innovative solutions to i mprove
generation PEMFCs.

KeywomPEMFCs technol ogy; MPL modir faiyc aitmaogni;n gl
Energy systems

llntroducti on

Proerwrohange membrane fuel cells (PEMFCs) ser
energy technologies because they demonstrat «
benefits and flexible wuse for tTrhaen s@loe ¢ tart ii ©
generation capability together with | ow envi
outstanding repl acemeptowlorrdc clywsHdgelnhsstoaidl; |dtes
2025; Smith et al ., 2T0h2e5 ;c oTnanme rl cairaals atnr aents fadr. |
mas s i mpl ementati on of PEMFCs encounter cr
boundaries and production expenses and seryv

cC O N T3S
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probl ems demands extensive knowledge about

materi al and design advancement s.

PEMFCs contain essenti al components where
as a fundamental performance enhancer. The M
as a multifunctional el ement to distiwviebuyte
whil e decreasing contact resistance. Propert
influence both how well MPL functions and hc¢
its operational l'i fespan. Desiegms enpti iami zf aatcit
PEMFC technol ogy advancement (Cheng et al .,

The existing MPL designs prove insufficie
including water flooding together with poor
Operation problems caused by these isdsues |
shortened operational readiness (Hao et al
Experi ment al studies demonstrate that MPL st
of pores and surface and material otomEMFICt i
operational obstacl es. The insufficient ana
modi fications needs to be developed because
Advanced analytical met hode rtesgedrhehrerws trhe vg i
to analyze MPL internal processes al ongsi de

Researchers use blending SEM with XRD and
nanoscale and microscal etstaducgt 2ro212;t Wamgf et

et al ., 2024) . Experi ment al approaches al o
optimization of MPL desi gnsl itriatti mge sad wectss g
devices and their | ifespans.

The research investigates the structural
operating characteristics and product i fet
which define MPL performance by inmeoadadi mgd
simul ation evaluation. The research analyses

on performance metrics to create a wuniversal
of this analysis can compltehedéyghrapmgrf adend PiA
sol ve persistent perfor mance strength and

Al rwashdeh et al ., 2017a; Alrwashdeh et al .,
MPL present opport uangietmeenst tpor osbollevnes waantde re nnhaanr
and mechanical strength for PEMFCs which wi
research outcomes can assist scientists 1in

alongside t hewor |[cdowitdrei bcultetaornn enmer gy sol uti on
2024; Sultana et al., 2024; Wang et al ., 202

The research fulfils its purpose by conduc
modi fications on PEMFC operation. The initi a
details MPL designs together wisehtshekxxpeenme
and computational met hodol ogi es then shows a
study ends by offering future research path
strategies for advanci ngi PEMFMPLUL edchaniodmyg.y t h
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2 Model |l ing

PEMFC modelling of MPL structur al modi ficat.i
el ectrochemical evaluation with transport ar
invol ves developing mathemati cal d xap ri ensgs i ton
porosity and wettability and electrical Conc¢
(Al rwashdeh et al ., 2022; Al rwashdeh et al .,
2017b) .

The governing equations for reactant and
from the conservation | aws. The mass transp
equation (Cai et al ., 2024; Chen e202al;. , y
Derakhshannia and Moosapour, 2024, Duan and
T—‘ ng'ono Y
T o
wher e

T CGis the concentration of species i,
T Diis the effective diffusivity,
T Rrepresents the reaction rate term associ

The permeability of the MPL to g#@daedus s,
tortlWewbitly can be described using the Brugge
et al ., 2024, Hao et al., 2023al . Huaoed)al .,

s the surface tension,
s the contact angle defining hydrophobi
is the permeability of the MPL.

Optimizing the surface structure of t he
wettability i mproves water evacuation effici
membr ane hydration (Cai et al ., 2&t243l.Chea02

The electrical conductivity of the MPL, w
di stribution, is modelled using thel¢geébtedtiv
et al ., 2025; Naouar et al ., 22024; Raga et a

—+1

whelhreepresents the bulk conductivity of th
i s modelled using a composite rule based on
0 0 N VI

wherseiatkdgaskenot e the ther mal conductivitie
respectively. The optimization of MPL micros
and energy di ssipation characteristics of
fundamewtatlg&nneeded to dewnelrapg i omp MPLesd wrihe

Y QALE N 1]
P

o
A
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handl e water and distribute reactants and in
operati on.

3 Results and discussi on

The assessment of mi croporous | ayer ( MPL) S
i mportant -rpeelraftoerdmainrcfeor mati on about reactant
conductance and the | ife durati ometohfodcselwist.F
numeri cal tools to analyze how different MF
across di fferent o pree ad li mtga ¢ 0 otnXimd g roaaphy Ha |
el ectrochemical i mpedance spectltgpscoepyneb&ubS
performance changes that resu-bbepfhomx MRLnmbd
mi crostructur al properties. The investigatio
gradient porosity str ucfteucrte smaasnsd tsruarnfsapcoer tmopd
the MPL. The conventionadl eoci foden detegha od
mul tiple drawbacks I n processing reactants

degradation due t o epiptlhyerorr efalcutiadn tb uinlsduufpf.i ck
t hat match specific hydrophobic progeirvees s

water removal process while stopping floodi
opti mal membr anien watetrenawvee sof Mai gh pr ot on
mai ntaining this perfect bal ance which al so
ohmic resistance. Structur al I mprovements |
becausepl amedp@ggrdne el ectrical conductivity te

The conducted analysis demonstrated how I
i mprove the mechanical properties and operat
MPL materials demonstrate good reactant di f
durability because they br eape rdaotwno nmé ¢ hcayncil
especially under dynamic | oads. A PEMFC syst
modi fied MPLs feature novel composi tdéhamat er
del i ver superior mechani cal strengt h. Exper
model |l ing proves the theoretical advantages
uni formity I mprovement i n cur rtentthef | oyws taenm
subsequent parts of this work show comprehe
through detailed breakouts between original
power density enhancementsntdogémher | wisslesr a
i mproved ther mal stability |l eads to a comp
techniques. The study wutilizes various meth
palliatives before est apmdrifsdiri magngal ifdedli neesl If

The i mpact of MPL modifications on PEMFCs
1. The evaluation centers on power density

content since these measurements deltietrymifnaec tfc
Energy output from power density measxirses pi
vari abl e according t eaxtilbse bIlThee ggcagplhe comptah e
(blue circles) and Baseli MELMPés(gwmashegsabe
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out put performance than the baseline under
Modi fied system performs better due to bette
water handling which both miniomhemi analssr eaa
efficiency. The red secondary axis shows ohm
density values. The red diamond markers i n t
values compared to theseoliinkke tVIPIlanrgd i sntair kietr ys
pores and material structure create better p
resistance between GDL and CL | ayers. Ohmic
efficiency essuesebgyausel st during the pro
content within the cell dev-axies i pr emearstua teido
(green). The Modified MPL uses green crosses
a stable manner above the baseline MPL which
Opti mal water management requirements exi
prevent flooding but also support sufficient
demonstrates unstable water retentien phet el
modi fied water transport met hod in the modi
performance results confirm that modificati
PEMFC performance values. When rmdditfiingd twi tph

di stribution and electrical conductivity al
deliver enhanced power output while reducing
l'ifetime. Presented ndMesedroph nagi mgdvtam cfear mPha
enabl e highly efficient and commercially wusa
—e— Power Density (Modified MPL) Ohmic Resistance (Baseline MPL)
—=— Power Density (Baseline MPL) —-= Water Content (Modified MPL)
=&~ Ohmic Resistance (Modified MPL) Water Content (Baseline MPL)
012
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Figure 1. The impact of MPL modifications on the perf
par ametoemesr density, ohmic resistance, and water cont
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Figure 2 displays a thorough examination ¢
their efficiency and pressure drop and ther

during operating temperature conditions. B
paameters as significant indicators which me
achievement . The research data demonstrates
concrete impacts on fuel cell eleecoromamemi st
operational l'i fespan. Energy conversion effi
cell technology because it shows the extent

el ectrical power. The a@hbhl yei si sbbws) t & emonmw s
efficiency | evels than the baseline MPL (cy:
l evel . Low tempi6DACuredubetwhenebdDiciency of
sl ow electrochemiid¢al emdantcieadnsacali omagi wn | os
temperature increase I mproves efficiency m
temperatures accelerate reaction kinetics. A

the advancedebMPLvessbghtpr efficiency result
all testing conditions.

—e— Efficiency (Modified MPL) Pressure Drop (Baseline MPL)
—s— Efficiency (Baseline MPL) —-~- Thermal Stability (Modified MPL)
=~ Pressure Drop (Modified MPL) Thermal Stability (Baseline MPL)
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Figure 2 I mpact of MPL modifications on PEMFC perforn

The MPL achieves enhanced efficiency becal
The new MPL structure improves reactant gas
' i mitation factors and reaction wmeinffon mirtowgi
hydrophobic surface treatment prevents fl ood
factor in traditional PEMFC designs. The <cha
el ectrical conducti vityemhancche reefdfuicceise nrceys.i sTt
the modi fied MPL grows to 66% at operating t
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shows an efficiency below 62%. The structure

enhance PEMFC el ectrochemical reactions whil

The essenti al performance parameter for P
gas flow resistance in fuel cel | Sstructur es
transport that causes increased sysemamnt 8s§e
compressors or bl owers. Lakeland TX Study r
pressure drop trends (reshamedppm&sdumesdrog
the modi fied MPL displ ay rnead uncteedn apnrcees soufr es tlao
contrasted against the baseline MPL pressur
temperatures. Mul tiple concurrent factors r
system: Through strudt edalMPdhanod els tihre tolpe i m
produces paths with | ess gas transport res
per meability, the catalyst | ayer receives r

performance of RLheexfpueerli ecneclel .b eTthteerM wat er ma
MPL bl ock gas routes which causes pressure
modi fied MPL builds a barrier which stops wa
MPL structurres anarientadrimpss pl ower than 9 kPa in
which reaches above 10 kPa at standard tempe
become more evident at elevated temperatur es
t o rlkeeacsed operational burden resulting in enl

Fuel cel |l reliability depends strongly o
additional fundament al I nfluences. The fuel
materials degrade, and mechanical sttraddgd irniys
trends (green and olive lines) confirm that
superior ther mal response characteristics i1
MPL (presented as olive @lllust sidinsgi.pdthe hda
temperature distributions consistent i ndi cat
oscillatory patterns when various ther mal e f
its catalyst dsagyse.r Tamed moedaicftiaend MPL achi eves
throughout alll temperature conditions thus
di stribution along with structural i ntegrity

Sever al advancements contribute to bette
Enhanced ther mal di stribution throughout t he
consists of materials showing i ncer ecaesleld sthhoew
enhanced resistance against ther mal cycling
easily damage materi al s. The modified MPL Kk
environment al effects whiehviudd i mamel y Thenpc
proper humi dity <contr ol because membrane c¢
retention regulation the modified MPL safegu
away risk of excessieatet e€ronfdieenls addaloln.| iAff d op an
perform optimally in systems with changing o

These data show that MPL optimization ste
technol ogy advancements. The modified MPL d
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chall enges including reactant distribution ¢
i mprovements because of its effective enhanc
basis for industrial adopti oeabedsexpeyi anedt
PEMFC systems for future use. The research f
wi || increase efficiency while reducing opert
for fuel cells to eocakbPrgyeapplbecsusbasnabil it
The voltage | osses and efficiency trends
current density through analytic Figure 3. T
PEMFC design mainly when designingeMRL i moai:
efficiency and durability of the system. The
greatly on three main voltage | oss component
and concentration | oss whheh segmpeaarariyn ptalh @ m
the graph demonstrates the efficiency change
The activation | oss reaches its peak | evel
representation.whThldr enercdgy obhemienl catalys
yields this | oss popularity. The oxygen redu

in PEMFC applications thus <creating high ac
toget hemrhawicield eat al yst efficiency which res
current density el evates.

—e— Activation Loss (V) —e— Concentration Loss (V)
—e— Ohmic Loss (V) —i— Efficiency (%)
0.14¢
-58
0.12 _56
0.10 54
< )
Z >
W 0.08 527
S o
— c
S QL
8 0.06F 50 E
s i
0.04 - 48
- 46
0.02
- 44
000 [ 1 1 1 1 L 1 1 1
0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Current Density (A/cm?)
Figure 3 The breakdown of voltage | osses in a PEMFC

variations

The fundament al need exi sts t o tackl e a
optimizati on together wi t h i mprovements i n
di stribution and | essen | osses at | ower cur
Omic |l oss to shift l i nearly according to th
components stems fr om Frceosnidsutcatnicneg froeumbdr ainme tt
both the gas diffusion | ayers (GDLss)idend |

Y YALE N 1)
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membr anes plays a cruci al role in deter mini
transportation resistance | owers the cell V C
and bipol ar pl ate connection$ Wosb. thdj cetl i
conductive additive incorporation within thi
buil ding more effective transportation chan
enhances cell efficiency.

The green curve depicts concentration | os:
el evated because of reacting materi al di f f
reactants especially oxygen at theéinaetdhowdéd ho
i nadequate gas flow causes transport issues.
current density which creates depleted areas
densities water productitomerparcdesi rxicees sti ve
thus bl ocking reactant transport.

- 9 O O O T - FT 0 —< O =

T W o nw 4o 40 0o

- 0o x

The performance of PEFC under high power o
active substance diffusion enhancements ac
mbi ned with hydrophobic coatings t leat ma n
rsus current density according to the expr
Ssses create a direct correlation with the
tays at a high |l evel whemsiopgrla¢evelns dweceuto
hat preserve optimal working parameters. AT
eduction because it creates negative effect
nd ohmic | os s eat.erTihael ddeesvieglno panémedntns i mpl e men
ight off these adverse effects through they
|l ectrical and ther mal properties and enabl i

o ® O O

The data in the graph demonstrates the c¢r
n the microporous | ayer to maximize PEMFC ¢
ell efficiency benefits substantisdlrliyuwhem
ctivation |l oss reduction and achieve better
mpl ement pore structures for concentration

The potenti al strategies developed wusing
ombi ne hlyywdropphhdhbicc gradi ent I nsertion witth
ptimized pore size distribution ogdtliemigzesst.i C
he comprehensive voltage | oss examinati on
emonstrates how multiple electrochemical a |
he analyzed graph demonstrates thatat ML m
trategies enabl e t hlei mdaduwumagt iloons sefs pveri fcahr nra
perational efficiency. Future research and
tructur al designs and materi dll oemasruacect efrues
erformance quality needed for automotive an

Figure 4 shows the complete relationship
ey PEMFC performance indicators including i
ontent measur ement and voltage efficpency.
emains cruci al during fuel cel |l design part
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| ayers t o achieve better durability and e
relationships among temperature together wi
content in PEMFC membranes because these el
operations. Charcoal bl ue indicates the dens
Power density rises exponentially with incre
Temperature increases the ratmg oh ehédanhrcedh
transport between catalysts with better perf
|l evel decrease activation | osses and |l et the
was a positive |1 mprtoveexmernetme | oyp ehriagthi ntge ntpeelrlast
negative effects that shortens their operati
with external cooling mechanisms should be
optimizati bnsaali matgr mai ntenance.
—e— Power Density (W/cm?) —e— Water Content in Membrane (%) —4— V\oltage Efficiency

< -0.84
514-
5 -0.82
g 12f >
2 -o.so@
=10 2
gg- -0.78%
: S
EG' -0.76
& -0.74

21 o * < o o © < o o <¢

30 20 50 60 70 80 90

Operating Temperature (°C)

Figure 4 The influence of operating temperature on ke

The green |l ine depicts how operating tempe
through an inverse correlation. The membrane
along a l|inear scale. The hi ghpeered etntpuesr alteua de
membr ane dehydration. Proton conducting capa
hydration | evels thus membrane dryness nega
severe state of dehydr aanicoen aneda dme mibor ahnieg htehri
results in mechanical failure. Vari ous combi

gas diffusion | ayer (GDL) hydrophobicity an
mai ntenance of opti nhaduth ydirfafteiroenn tl etveenhpse rtaht r
efficiency data shows a continuous yet smal/l
the experi ment al period. Rising temperatures
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power producti on, but very high temperature
materi al concentration. Temperature increase
to increasing gas crossover ratesffhatenavegnt
t her mal management measur etsergrh osutladb i d X it yt  atna
because operating PEMFCs at higher temperat
could | ead to performance dectrok awmdr MPL men
at different temperatures help extend the op

The presented graph demonstrates why it i
(MPL) for proper water regulation along with
A properly constructed microporous iloanyeby (M
uniting hydrophilic and hydrophobic el ement
el evated temperatures. Advanced materials wus
through their i mproved thermadcazlondedtheat yd
that prevents efficiency | oss. The system st

modi fications which operate effectively wunde
why PEMFC operationopgdepethder mahvcbobgtoal psyst
ri sing temperatures in reaction speed and p:¢
effects that include membrane water | oss and
of advancedeBPlwi sthrpcooper humidification pro
solutions enables mitigation of PEMFC operat
to create subsequent d eesn dunrsi nwh i maht euniatl es tt

aut orienggu lhaytdr ati on control to sustain effici.:
The research concludes that structural rec¢
produce i mportant effects on system operatic
i mprovement s became mor e evident when MP L
dirsitbuti on as wel |l as materials selection an
advances PEMFC systems operate with better
el ectrochemical performance and |1 mproved wa
opreat i onal hurdles that constrained PEMFC du
exceptional robustness to operating conditi
despite di fferent operati onal condiltifomrs.
commer ci al PEMFC i mpl ementation due to their

of better gas diffusion channels which prior

4 Conclusi on

The research presents an extensive studying

PEMFCs performance efficiency and durabilit
model s and practical demonstrationsposhoeawmtho
operational di fficulties. The research inve:

porosity distribution together with hydroph
composition that resultedriemcémmMandednispolr t
stability performance. The study confirms h
i mproving fuel cel-cakbehdepbgymeaot.i mdesmai a
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demonstrates how modi fied MP L structures a (

optimizing mas s transport performance. The
configuration of new MPL enhance uniform re:
e fcfiiency of the catalyst | ayer. The modi fied
and total energy conversion efficiepowewhi ch
applications including automobi l ersojaendt sa.er Tole
optimized MPL structure delivers | owered pr
increases energy efficiency together with co

The study assesses the influence of alter
for flood prevention. Traditional PEMFC tect
due to its sensitivity to water tarccdianull ay é o
Despite operating conditions, the modified M

structured pores which reduces water accumul
free from flooding condatdvanseméhéesdt babdvemy
dependability and operation |ifespans especi
which present significant water management o
modi fications madeenthaantclee t MRL t $iter ummatl urpeer f or
stability of the fuel cell . The modified MPL
across various temperatures thus mi ni mi zi ng
membr ane dryi cag@graaadlattihoenr.malThe research resul
structures optimize performance stability t
PEMFCs more stierabkestai nhtbhg@ energy managen

The research findings contribute fundament

scal e wup MPL modi fications. Anal ysis of pr
i mpl ementation feasibility through methods
manufacturing processes. The research est al

i mpl ementation of enhanced MPL structures wh
research efforts should concentrate nacred mpr
manufacturing methods which incorporate nat
performance-edlfeecgsivleenessst Beyond PEMFCs t he
broader el ectrochemical energy systefnsi aad
met hodol ogi es and findings. The optimizati or
possible applications for other electrochem
supercapacitors and water el eccet rgpll glsals asfyfsa
renewabl e yet ef fici egdneernaetrigoyn sfyusetle nsel |IT he
devel oped through future-scebeamoldewhimé wor
di agnostics and experi menncad aladn gdsaitd eo ne df corro |
and durability.

The research shows that carefully designe
to deal with main performance | imitations i
revolutionary PEMFC optimization by &atedl i ncgc
management and ther mal stability and syster
di scoveries which simultaneously drive forw
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creating base principles for future sustain

generated in this study will direct the deve
depl oyeworhdrepplications becaemanadff expand
solutions that are ecological and efficient
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7.Ri Based Fire Safety Design Framework for M
|l ntegrated Approach to Enhanced Mariti me S:

Ahmed M! Salem

!Marine Engineering Technology Department, Shar
Emi rabhemsd. sal em@s ma. ac. ae

Abst rRicrte safety aboard cruise ships repres

chall enges within the maritime sécstsoltat@be a:
sea, accommodating thousands of passenmgers
constrained spaces, and oféeuling I nmatedi gvaea
ri sk profile. Addressing this complexity r¢
approaches to -‘masedadpptowrehesiashimpreapeari
framewor k for t hbeasapdplfiicrae i af eotfy rdesski gn on
examines the | imitati onbsasoefd)t raapdp rtao aocnhaels ,p rwehsi
design flexibility anpecfidiilc topematioonal fa
characteristics of modern -casecdceappepscadis. albB
tailored safety solutions that align with a
compliance andemailst @aifnisrad etiygh The study an
encountered on cruise ships, i ncluding 1gni
vulnerabilities. It then introduces advanced
det ecantoani,nment, and evacuation planning. Th
integration of innovative technologies and d
and more efficient cruise ships. nilghebifsiknddi ng
(perf obanmaenct)e desi gn philosophies to address
i mprovement in maritime fire safety.
KeywomRdslksed fire safety design; Cruise sh

mitigation strategies; Regul atory compl
1. I ntroducti on

Fire accidents aboard modern cruise ships (

safety challenges in contempbaaery m®marutt mee
present di stinctive difficultieissoduwurtiemdg mfair
environment s, of fer |l i mited escape rout es,
accelerate the spread of fire. Mor eover, the
with no I mmediate accessnckeo @&dkeercopanlsegmeng
incidents can be sever e, potentially compro
endangering the |ives of thousands of passen
o RHALE N 1)
G Jail & a)lidl aragalsi | ‘}:;
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Hi storically, maritime fire safety has been
most notably through the I nternational Mar it
( SOLAS) Convention. These regul atiiroen sd eetsetcatbi
prevention, and suppression systems. Whil e ¢
i mprovements in onboard fire safety, t hey &
adequately address the coampyexessels deasirgprnsc
operational practices. Further mor e, prescri |
optimal allocation or integration of fire sa
Il n response to tihasedl idmistigtni  RB,D)t lag priosalc h
adaptive and holistic methodology for enhanc
on compliance with predeterminedghirggdéat gnegi
operators to systematically identify, assess
uni que design characteristics and operationa
of tailored safetyorsobueabas f haxi baillliotwy é

mai nta@aomiexgdesdiamd i shed safety standards.

This paper proposes a fr amebwaosrekd fforr et hsea fiempy

cruise ships. It examines common causes of
from historical event s, outl i aesemsembontdpl egr
design considerations particular to cruise
mitigation. Ultimately, the objective is to

safety, shifting -$zardoiralsda moeec¢r itptwiavbed,s e chn ep e
paradigm that more effectively safeguards I
environment (Xi e, 2001, | MO, 2001; Spyrou et

Figure 1. l con of the Seas, The WoAgeds yL®Riyge £tr aMMd g
2025) .
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2. Primary sources of fire on board cruise s

Fire hazards aboard cruise ships arise from
ri sk profiles that require systematic consi
framework. A thorough under st arhci ndge vefl ofpme n
effecthaseed isstkr at ediLa faord fSihr e, s 20 t9y)

2.1. Engine room fires

Accordi ng atnod KSopryormoiul & 2019), the engine room
for shipboard fires, as evidenced by maritin
from a combination of interrelated factors,

1. Fuel or lubricant | eaks coming into cont a
2.0verheating of propulsion machinery compo
3.El ectrical mal functions within power gene
4.l nadequate maintenance of mechanical equi

Fires in the engine room are particularly h
materials and the <critical role of these s
operations. On 7 September 2015iewhnl|l 8t doThke
Uu.S. Virgin Islands, the Carnival Liberty ex

bel ow). The fire originated in the ship's af
supply |ine, whi ch fspaoea,yeidgriuteil ngpnd ob laa zhed.t

ship'"s fire suppression systems, and the fir
cCrew. However, the incident resulted in the
National tToansSmadretyg Board (NTSB) i nvestigat
regul ar maintenance and inspection of fuel

( NTSB, 2017) . This incident underscores the

necietsys f or stringent mai ntenance protocol s
ensure the safety of passengers and crew.

Figure 2. The fire aboard the Carnival Liberty caus
Executive, 2017).
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2. 2. El ectrical system failures

Modern cruise ships are equipped with extens
a wide range of functions, from navigation
electrical wiring, as identifie@ bysKomacmiols:za
vessel types. El ectrical fires may arise fro

.Short <circuits i n ageing wiring systems
.Overl oaded el ectrical <circuits
.Substandard installation practices or 1ina
.Water ingress into electrical components
.Failure of protective electrical devices

ga b~ WNPE

Given the widespread distribution of electri
failures can initiate fires in virtually any
News (2024) reported thateaSkiase bhekwooud'sas
ship operated by Royal Caribbean I nternatior
May a, Me xi co. The minor blaze occurred in a
fault. Although nadarey flioes cafuspawar ,t eimpowas s
injuries were reported. The ship continued i

2.3. Galley and food service areas

Gall eys constitute one of the most concentr
continuwosumbigboking operations required t ¢
Gall ey fires, as noted by Rhineng20D2d)orare

1.Unattended cooking activities, particular
2. The accumul ation of grease i n exhaust h
surfaces, which may ignite when exposed t

3.Mal functioning or poorly maintained kitch
ot hert ehmpgehr at ure cooking equi pment

The combination of sustained heat sources, f
gal l ey areas particularly vulnerable to onb
incident originating in a galbwayiocdtcuguee 8b
on 14 August 2024, I n the early hours of the
the vessel was enroute to Stavanger, Nor way.
along with the prompesséspbywseoont athedcaned, e
resulting in no injuries or significant dama
all owing passengers t o continue t heir jour
underscorempohtacce tofcastii ngent safety meas
emergency training in managing fire risks wi
© ALE N 1
G J Al @ sjLidl dungalsi | ;;:,“
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Figure 3. CostacbDasdemanui seasbrpamwned by Carnival C
Crociere. (Source: CruiseMapper, 2024)

2.4. Accommodation areas
Passenger and crew accommodati on areas prese

.El ectrical appliances in cabins (hair dry
.Smoking materials improperly discarded

.Combustible furnishings and decorative ma
.Unaut horized use of heating devices or op

A OWDN PR

The high occupancy of these areas increases
ignition and the potenti al consequences of f
Mar ch 2006 serves as a not ablag i egamplteni of
accommodation spaces of a modern cruise shi
extensive damage after a dmage krketgyddoe @o

cigarette igniting combulkk iMarei nneatAecrciiadlesn.t Alc
Branch ( MAI B) , the fire spread rapidly acr
fl ammabl e el ements such as polycarbonate pa
furniture. The absesnicpeproefssfiiome sygeastt @eentsi oo ar
combined with a | ack of structur al and the
significantly contributed to the firebds esc:
smoke inhal atisenmgrahj pasegngers and crew, ar
This case illustrates the heightened fire ri
combusti ble materials and insufficient fire

N MMALLE 1 1]
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Figure 4. Fire onboard the Star Princess cruise ship
USA Today, 2016)

2.5. Technical and service spaces
Specialized areas aboard cruise ships, such
technical wor kshops, house equi pment and ma
hazards typically arise from:

1.0verheating of | aundry equi pment
2.Spontaneous combustion of i mproperly stor
3.Presence of fl ammable materials in mainte
4 Hegtr oducing repair operations, such as we
These areas require particul dare mptetrantuiren edque
fl ammabl e substances, and ongoing technical
of fire. On 20 July 1998, emorwluy eaftneKege pva
the Carnival Ecstasy experienced a fire that
bel ow) . The fire spread through the ventil e
mooring |lines anbdosaupowgrthedvdsskt. tdhe U.
with six tugboats to assist in firefighting
control by onboard firefighters and extinguli
me mber s ansd eenigehrts ppust ained minor injuries,
hospitalizatkbatdong tondipien. The incident
million (NTSB, 2001).
This incident underscores the importance of
speciali zed areas such as |l aundry facilitie:

fire hazards.
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Figure 5. The aftermath of the fire aboard the
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6 . |l nfl uence of ship | ayout and operations

e architectural configuration and operatio
l e in shaping their fire risk | andscape. S
l nerability:

1.The vertical arrangement of compartments

upward spread of fire and smoke through s
.Expansi-wleampameas, such as atriums, theat
enable rapid fire propagation and present

3.High passenger occupancy |l evels increase

crowd management .

4 . Conti nthows 2DdDperations result in sustaine

5.Th
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Th

heightening the risk of system failures.
e diversity ofnohbdiang fBootdvpteparati ol
and technicadr ematienst emathereogeneous fire ri
zones of the vessel

=]

cog zing the interplay between ship desi
sential to the deved opmemedoficempraélee ysisy
e unique characteristics of cruise ships.

se ships must be divided into Main Vert.i
, and not | aargrerany aeclk;, thaem AHI6HOr e 6.

each o66ebuwkbhéadan édalled MVZ bul khead,
l i mits are today exceeded on most of tt
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Figure 6. Mai n Vertical Zones (MVZ) (Aarn

Hi storical frequency analysis

derstanding the historical patterns of fir
r -braiseld design approaches. Whil e compr ehe
ovided search results, sigaifabhbeti hher gat

1. |l nci dent frequency and trends

cording to Vassalos and Fan (2016), a dat
amr sses) ovear $lwashiuped to develop numer.|
i s equates to appr oxyiemart, e |luyn doeres @anrstiredgetnt t hsea
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of fire hazards in maritime operations. Al th
provides a valuable baseline for understandi
Komi anos (2023) indicates that cruise ships
among passenger vessel-onkhpei| passbdoggh) Roés
higher fatality rates. Thisadi ®omadi fyacmay she
1. The increasing size and complexity of mod
2.Conti nuaomtki glhay operati ons
3.Greater variety of onboard facilities and
4 Larger numbers of passengers and crew men
Further mor e, Komi anos (2023) observes that
regul ations and technol ogi es, the overall fo
stable across the analysed datcaflieTehsi smatyr ema
become | ess common, core ignition risks cont
3.2 Fire origin distribution
Koromila and Spyrou (2019) indicate that, ba
are the primary | ocation for fire ignition ¢
shipboard fires. Other signiaftiecamtclaurdeeas whe
l1.Gall eys and food preparation areas
2.Electrical distribution panels and equi pn
3. Accommodati on spaces
4 . Technical workshops and maintenance areas
This distribution of fi-basedi deasasgnsapprioboacht
identify priority areas that require enhance
3.3 Fire incident severity classification
Vassal os and Fan (2016) indicate that fire i
and outcomes into:
1 .Neawvi sses: I ncipient fires detected and ex
2.Minor incidents: Fires contained within t
operations
3.Significant event s: Fires extending beyol
firefighting effort
4 . Maj or casual ties: Extensive fire spread
injuries, or fatalities
5.Tot al |l oss incidents: Catastrophic fires
the vessel
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3. 4. Ri sk factors influencing incident outco

Hi stori cal analysis identifies sever al key

escal ates into a serious <caswualty (Bal Bek

Movi THERM, 2024) :

1.DetectiicEmlmrtiyme i re detection greatly i mpr
containment and mitigation.

2.Crew r esponsieOud fcfoercetsi Wleempeesnsdd heavily on ¢t}
prompt, effective execution of emergency

3. Fire <corntTahienmeetf or mance of structur al f
compartmentation plays a critical role in
4 Fire suppressionmThbgsteim apalerforyaace suita
portable firefighting systems directly in

5.Ventil ati®bfnf eccothnitweol management of airfl ow
in reducing fire intensity and preventing
Understanding these historical patterns prov
based design strategies. The persistent freqg
advancement s, underscores t &b a sneede d a pfporro aic i &
maritimedadappeoaalfies ythat target specific ris
prescriptive compliance.
4. Risk identification and assessment

Ri ®dlased fire safety design begins with the

hazards wunique to cruise vessel operations.
guantitative methods to construactal afcompseld
including their |l ikelihood and potential con
4. 1. Met hodol ogi cal framewor k

The met hodol ogi c abla sferda nfeiwoer ks affoert yr idseksi gn on
structured sequence of activities aimed at
(Koromila & Spyrou, 2019; Pawlknk-et&aTavae®
2017; Komianos, 2023). The process typically

1. Hazard | degysfemationreview of shipboard
determine potenti al i gnition sources and
and Operability Studi es (HAZOP) or chec

dat abases.
2 .Ri sk AhAanlaylsyissi s of the frequency and pot el

hazards wusing qualitative tools (e.g., roi
Fault Tree Analysis (FTA), Event Tree Ana
consequence modelling tool s.
N MBALE 1D 1]
G Jail & a)lidl aragalsi | J:} %

SHARJAH MARITIME ACADEMY ‘-




Proceedi nd<nteefr ntatd onal Mariti me Education, Training
a

1718 February 2025, Sharjah Mariti me Academy, Sharj h
3.Ri sk EsitQunmaanttiiamti ve assessment of indivi
estimated frequency of occurrence with t
step produces numeri cal ri sk valuedget hat
the all ocation of safety resources. | n en
YQI ™ QRoQdddi QR0 QE O®Q
4 Ri sk EviaQounaptaroinson of estimated risks aga
criteria to determine their acceptability
5.Ri sk MitigaitSelnecSttirocant eggn e si mpl ement ati on
options, including technical solutions (e
procedures, and crew training enhancement
6.Documentati on ainRRde chondmunngi caasstsiuanmpt i ons, dat
to support transparency and facilitate c

regul atory authorities.
7.Review andCdrnteirmudwsn monit@wviangiaamadnpeémni c
ongoing effectiveness and adaptation to
regul atory requirements.

4. 2. Human factors in risk assessment
Gundil et al. (2021) emphasize that human f &
of fire i1ignition and the severity of its co
include:
1.0ccupancy patterns, which affect the prob
dynami cs.
2.Crew response capabilities, which direct|
fire incidents.
3.Passenger behavior during emergenci es, W
overall safety.
4 Maintenance practices, which determine th

safety systems.

A comprehensive fire risk assesrdmertd mast a

alongside technical and structural aspects
dynamics in the cruise ship environment.

4. 3. Quantitative risk criteria

Ri ®dlased design requires establishing accep

determining the effectiveness of safety meas:s
involves evaluating two key types of risk:

1.l ndividual ri sk: The | ikelihood of fatal.i
2.So0ci et al risk: The potential for multiple
N MIBLLE
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To compare the evaluated risks agNMiawsntveest:

(frequency versus number of fatalities) can
These curves provide a graphi tal deepreseert ah
t he assessed ri sks fall wi t hin acceptabl e
approaches, effective resource allocation <ca

on the most significanp bapramads osspeci fic to

5. PRiasked fire safety design principles
Ri®dlased fire safety design (RBFSD) mar ks a

prescriptive approaches in maritime safety e
regul ati ons, RBF S Dd raidwepnt s meat hpoedrof|l o@mghyhrnckea i n § «
specific risk factors identified through <con
aims to optimize fire safety measures based
standards. The foll owi ngipdetsi am dd elrvaecd iicratl
ris&ksed fire safety design, specifically tai
5.1. Conceptual frameworKk

Ri®lased fire safety design (RBFSD) fundamen
approaches in several critical ways:

1. Goalri ented vsor ismdceridf:i cRaBtFiSdbn emphasi zes a
objectives, focusing on actual outcomes r
requirements.

2.Hol i stic system perspective: RBFSD adopt
i nteractions bet ween vari ous systems, S
considering individual components in isol

3.Quantitative risk evaluati on: RBFSD empl o

anal yses tools to assedsrsi vreins ka plpe welcsh, tor
effectiveness of safety measures.

4 Design flexibility: By prioritizing perf
rul es, RBFSD encourages innovative soluti
each vessel

As Vassalos and Fan-b@s@d6)apipirghalcihg hatl ,| otwlse f ro
mul tiple hazards, such as fire and flooding
more comprehensive and effective safety asse

5. 2. Regul atory frameworKk

The 1 mpl e me rbtassteidonf iafe rsiaskty design (RBFSD)
regul atory frameworks and methodol ogical too




