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ABSTRACT

EVALUATING MARITIME INTELLIGENT TRANSPORTATION
SYSTEMS: THE CASE OF USING ELECTRIC FERRIES AND
RENEWABLE ENERGY IN T} RKKYE

PenseCaner
Doctor of PhilosophyEarth System Science
Supervisor : Prof. DB ¢ | ent G. Akeénoj !l u
Co-SupervisorAssoc. Pr o f . Dr. Ojuz Atik

October 2022187 pages

Climate Change and Global Warming are among the most critical global problems
today. Their effects can be seen all over the world. The maritime sector contributes
to global Climate Chage and Global Warming with greenhouse gas emissions from
coastal structures and shipg the local level, it also negatively affects all life with
environmental pollution, especially air and s@aday, drive technologies are
developing ata dizzying sped. In land transportation, electric vehiclase
frequently seenklectric drive systems are usgdautomobiles antarge vehicles

such as trucks and buses, especially in the transportation sector. This technology not
only protects the environment busalsignificantly reduces operating costs. With
renewable energy sources, these effects can be further impimadsd;, fuel costs

make up asignificant portion ofthe operating costs of a fossil fupbweredship.

The most important advantagef full-eledric ships over fossil fugbowered ships

are the significantly reduceaperating costeind zereemission operationdt was
aimedto develop deasible andustainable maritime technology Tn¢, r kin tlyee

field of Intelligent Transportation Systems, with domestic and national technology



suitable for the possibilities and conditionsTo, r k withir this dissertationin
this context, the case of operatitigll-electric propulsion ferries and takin
advantage of renewable energy systemsTig r k wag evaluatd with a
multidisciplinary scientific approach

Keywords: Intelligent Transportation Systems, Maritime Transportation, Electric
Ferries, Renewable Energy, Solar Power
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CHAPTER 1

INTRODUCTION

Today, electric drive technologies have become feasible alternatives to systems
running on fossil fuels. Electric vehicles amggaining popularity in road
transportation, railways, maritime, and aviation; tla¢yo promiseto reduce the
anthropogenic presseiand effects of global warming &arth

Thepressure igncreasing on every polluter, Agernational Maritime Organization
(IMO) statedin 2011[1]. In 2011,IMO was the first international regulatory body

to implement energy efficiency schesnm the maritime industrycalled Energy
Efficiency Design Index for new ships and the Ship Energy Efficiency Management
Plan for all ship$2], [3]. Since then, IMO has supported alternative fuel innovation
in the maritime industry, adopted or revised regulations, and created new
enforcement instruments and platforms that aim to increase fuel efficiency and
reduce GHG output from international shippi@gji [4]. IMO aimsto contribute to

the global efforts to reduce tlathropogenisourcesf climate changd-ollowing

the Paris Agreemen6 s g o a | oa¥eragde iglobalaimmg) belowthe 2AC
target,IMO aimsto cuttheannualGreenhouse Gd&HG) and CQ emissiongrom
international shippingpy 50%and 70% by 2050[4].

The Ministry Of Transportand Infrastructureof T ¢ r k prepaedthe 2053
Transportation and Logistics Master P aresult ofthe 11" Development Plan
(20192023) and the 2020 Presidential Annedgrani5]. The2053Transportation
and Logistics Master Plan focuses on solving economic, efficiency and
environmentaissuesThere is a strongnephasis on thdeterminatiorof T ¢ r kin y e
the context of solving environmental probleoteatedby the transportatiosector

by guiding the sectoandtaking necessarnggislative and executiveeps



There aresix goals within the 2053 ransportation and Logistiddaster Plarthat
prioritize sodal sustainability efficiency, environmental awarenesgmissions

costs,globaland localcompetitivenessaand legislativamattery5].

Goals2 to 6directly takematters elaedto maritimetransporation into accoun{5].

Thesegoals arebriefly summarzedbelow:

1 Goal 2. The goal tates thait is vital to reach a balance betwediiferent
transportation modes by giving priority to rail améritime transportation
allowing users to switcbetween modes effectively and cestectivelyand
in anuninterruptednanner

1 Goal 3: The goal stes thatincreasedfficiency, productivity, quality, and
competency of transportatia@viceswill be ensuredvhile reducingcosts
It was stated inhie MastelPlanthat the steps necessary to reglinaditional
fuel use andil dependencylt is stated Hat tre rise infuel pricesdue to
redudng oil resources anthventoresand increasingost of environmental
issues neesprinciples ofmobility and efficiencyto be ensured by the state

1 Goal 4 The goalstatesthat sustainablemobility supported byintelligent
Transportation Systemswill be ensured bycreating a cooperative
environment that brings relevant institutidogether to work on Intelligent
Transportation Systemsspecidly on sust@nable urban transportation and
mobility. It is alsostated thaa special fundwill be createdo support studie
and progctsthatfocus on addig value reducing environmentasues, and
increasiy safety and security.

1 Goal 5: The goal states thateasureswill be takento act within the
framework of international measuragainst climate change amtrease
energyefficiency. The aim to ensure compatibily with the Paris Climate
Agreement and EU legislation a&ldressed explicitlin this goal.The most
significantproposal of the goal is th#olluter Pay principle. It is stated
that renewable energy productiowill be encouraged whiletaking



preventatie action to reduce negative environmental impacts by
internalizing the external (social) coststisbse whareate it.

1 Goal 6: Thegoal stateshat measures will be implemented to ensure that the
transportation sector's overall safety and secuaity increased while
considering public and environmental health

The2053 Transportation and Logistics Master Planagyareclearandencompass
thesameaimsasthis dissertationThey are createt take responsibilitpn the way
toreaclhing theParis Agreemeids 2100 global warmingoal As thisstudyevaluats
theeconomic an@nvironmentatosts and benefits akingelectricshipgs n T ¢r ki y e
it will be significantly helpful otthe way toreaching the sustanability, efficiency,
environmental and economi@argets adoptedin the 2053 Transportation and
Logistics Master Plan

Par i s Ag r2e08 ghobal wadnmsngoalrequires low and zeremission ships
to be builtwell before 2050, and hopefully l8030s[2]. The main reason behind
this requirement is that even if all GHG emissions waiminated today, the
committed warming effect of the existing GHGud still take several decades to
stabilize[6].

Even thoughthe IMOO s ambi t i @aels € rhies sgil corb a | mar i tir
GHG emissions are stilcomparable toani ndustri ali z&HG nati on
emissiongoday[7], [8]. Moreover, if he maritime industry was a nation, it would
be the & nation in total GHG emissionsTherefore, electric ships that offer
significantly reduced oreroemissionswill substantially contribut¢e o t he | MOO s

GHG emission reduction effarf2].



Studies show thatull-electric ships are already getting better than fossil fuel
powered ships in terms of economic feasibility and environmental protection
especially in more vulnerable areas such asdtlastakcitieswhere the population is

living and the coastal ecosystems which proésggenl services to all living9]i

[14]. Moreover, these benefits ffll -electricships are only expected to improve in
time as their ranges are expected to improve distances scaled by thousands of

nautical miles as early &lse 2030s[15].

HVAC- system with Energy efficient lighting and
Low weight by use rotary heat exchangers. light control.
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Direct mooring solution L t Thruster and feathering

Electricinstantaneous water
reduces energy consumption heaterat each consumer propeller located on
by the loss of thrusting. location. the same hull.

Figurel.1l. M/F Ampere, the first fulelectric ferry in the world.

The idea of using renewable energy and electric ships in tandem has been gaining
traction recently due to increasing awareness of Climate Change and Global
Warming,as well aghe recent oil shocénd the energy crisitlowever, heideais

not new dectric drive systems were used on civilian vessels as early as the 1880s.

11t wasobserved that there are two terminologies used promintmtly Full-electric ships and
all-electric ships. The author chooses to use the first terminology in the study.



Theideaof ecologicalpollution-free, efficient, and safe electric ships evolved into
the modern meaning @dll-electricships in the 2010s. Or@own examplef full -
electric shigis the M/F Amper¢Figure 11), the firstfull-electricferry in the world
[16]. M/F Amperehas been operational since 2048d her batteries are charged
using thdocal power grid that isolelypowered by renewabl@ydro)energy power
plants[17].

With the eveidincreasing R&D on solar cell technologigsd reducing cost per kW
capacity installegheglobal totalinstalled caacity of solaphotovoltaic PV) power

plants hasncreased t@431 GW in 2021, whichhas growrn9%in 2021[18], [19].

This 19% increasen installed capacityesulted in a recorbreaking 1 PWh saf

PV electricity generation in 202[118], [19]. However, to reach the Net Zero
Emission target of the Paris Agreement, solar PV electricity generation needs to
reach aglobal total of 74 PWh by 2030[19], meaning that there is much to

accomplish and many records to break ahead of us.

As Patrick Geddestated in 191%20], the solution is to;

Think global, act local

Therefore, a globahindsetand cooperatiothat drives localied electric revolution
effortsareessential to mitigate the anthropogenic sources of global warEnegy
polluter must be considered when it comes to reducing global emissiariime

transportation is no exception.

Furthermorethe maritime and aviation industry is not expectedaticlt up to the
emission reduction valuesgen in the road transportation industrgay,any sooner.
It is argued that the increasing emission levels duteéb growth is expected to
nullify about half of the global emission reductisnachieved bythe road

transportation industrj21].
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Figure1.2. Prominent saway public transportation servidesn T ¢r ki ye ar e | oc e
in the centers of large citiesich aBursg ¢ a n,a k K anéh ialova and the
megacity Kstanbul

The seaway passenger and vehicle transportation service, or in the more known form,
the seawy public transportation, has been selected as the focus of this stusly. Th

subjectwas adopted because the most prominent seaway public transportation



services in Tg¢grkiye are | ocated in the
¢tanakkal e,t ieersd smegacais Kstanbul, where mi

these services every ydaP], [23], as sbwn in Figure 1.2

Citizens located nearby are directijfectedby the GHG and particulate matter
emissions from the ferrieddditionally,theferry operators n T ¢ pritkarily the
municipalities, araffectedby the rapidly increasing openagj costs due to the oil
shock. However, as we get closettte2030s it is envisioned that a regulated carbon
market will be formed to force emitters to internalize the external costeotal
costsrelated taheir emssions.These external costs are usually paid by society as a
whole without a carbon market, and this transaction is not necessarily strictly in
economic terms. It could be paid in terms of changed land use, increased healthcare
costs reducedwvelfare,damaged ecosystem health, and reduced ecosystem services
[24].

Therefore, m simple termscarbon taxes will be introduced the near future
Undoubtedly this is expe&ted to increas¢he operational costef seaway public
transportatioroperatorsThereforeconsideringearlierapplications in the worldnd
researchresults operatingfull-electricf er ri es i n Tg¢rkiye shal

beneficialin economic and emronmental terms

As there were no recetiiteses founthatconducted a techreconomic analysis on
operatingull-electricferriesi n T¢r ki ye and no ot her studi
technical aspects dinergy Storage SystemiE§S batteries(such as capacities,
chargingratesetconboard ferries to be operated i
economicand environmentaévalation of full-electric ferries to be operated in

T¢rkiye was selected.

Varioustechnical and operationaiformation including the arrangement of piers,

lines, ferry particulars, maneuvering characteristics, drive systems, and fuel
consumption were needéo study existing fossil fuel ferries to create the basis for
full-electricferries TheGe ner al Management of Kzdeniz |

required data within the scope of this thesis work. For this reason, the technical



specifications of thdull-electric ferries, ESS, Renewable Energy Power Plants
(REPP), and ferry chargeere determined based on theawaypassenger and

vehicle transportation serviggovidedi n Kz mi r .

1.1  Methodology

The secondary data gathered from the publications of intenahtoyganizations
such as the IMO and ttiéeratureon Solarenergy Earth System Sciences, Maritime
Transportation, Intelligent Transportation Systems, Econgmiasd the

Environmentwereanalyzed.
Three main topics that are included in this studylmmoutlined as follows:

The costs of using fossil fuels in the maritime sector,

Benefits of using th&ull-electricdrive and charging systems in maritime,
Reducing operational costarther by using renewable energy sources for
electric drive systemsnbaard electric ships.

These topics are adopted to evaluatecthes of using fossil fuels in the maritime
sector and how they can be mitigated by convettiinglectric drive systems and

further reduced by using shore and sbgsedsolarPV systems.
The mehodology of the study is separated ifit@ main phases:

Literaturereview, data extractigmnd analysis,
Simulation modetreation
Analysis of simulation findings,

Finalization of the design of ship and shore ESSs and REPPs, and

= =4 4 A4 -

Conducting ¢chneeconomicevaluation

Sustainability, electricships and renewable energy for maritime transportasian
relatively new matters of concerA comprehensivditeraturereview revealeda
limited number ofcientific publications related telectric shipsrenewable energy

in maritime and techneeconomic evaluation of electric ships.



Ship ESS, electric drive and propulsion systeamslbattery management systems
arethe mainsubjects otheliteratureon electric ships. It is also observbetmany

of these publications are purely technical, meaning they have an engineering and
technical perspective on matters relateéleztric shipsOnly a limited number of

studiesincludedaneconomic analysis of using electric ships.

The literatureon the costbenefit evaluation of usintyll-electricshipsis rare The
rarity of suchliteratureis thought to belue tothe scaraty of data onfull-electric
ships. The studies that includeostbenefit analysis ofull-electricships have two

differentapproaches due to the@ariousobjectives and scales.

I n one approach, several studies focus or
scenaric such as MAWhat if we convewased a f
observed that those studiesre funded by international or national organizations
andutilized special irfhouse tools to condum-depth analyss o several different

scenaric.

In the other approach, several studies focus on a maritimevaeraelectricships
are operated oareto be operated. These studies focus on the environmental and

economic analysis of usiralectricshipsin aspecificgeographical area.

This study talesa blendedapproachThe studyevaluateghe technical aspects and
environmentaindeconomic costs and benefits of usinlj-electric ferriesas a fleet

in a specific geographical areaT ¢ r ki we t h sever al Awhat i fo

Determining the battg capacities of ferries to be usedTiry, r kis the @rst step to

be completed to lay a foundation for the rest of the analysiseistudy.However,

to do that, the redife operational data must be known, including internal company
matterswith dired financial implications, such as the funsumption of existing

fossil fuelferries.

Theauthorcontacted several ferry operatorsy T ¢andkaquestedataaboutthe
ferries they operat® be used in this studi z d evaskirzd to share the data and

provide professional insight when needethe General Management and



Superintendent Departmentskfz d &indily zooperated throughothe research.
Theyprovided information on ferry lines, shiand related operational infoation
and technical data, on a strictly ndeeknow basisAs a resultthe focus of the

study wassetonK z mwhereK z d epetatests ferries.

1.2 Research questionaind hypotheses

This study has four main research questions and hypothessgs ofwhich ainsto
take a different aspect of the environmental and teelmooomic evaluatioaof full-

electric ferries

T Ql:.lsoperatingfule |l ectric ferri €&gr kargathzhmi r hel pf u
Paris Agreemegt goals by 20507
1 Q2: Is it technologicallypossible to convert existing ferries to felectric
ferries that can operate in Kzmir withou
1 Q3: Cantheconomiaosts and benefitsofusingfdil ect ri ¢ ferries in
reach the breakven point in 10 years?
1 Q4: Can the sum oéconomicand environmental costs and benefits of using
ful-el ectric ferri es-evenpoirin Wiygarst each t he br ¢

The followingresearchypotheses were created as per the research questions above:

1 HI1: Operating fullelectricferr es i n Kzmir i s helpful for
Paris Agreement goals by 2050.

1 H2: It is technologically possible to convert existing ferries to-étdktric
ferries that can operate in Kzmir withou

1 H3: Theeconomic costs and benefitsof using-®lll ect ri c ferries in |
reach the breakven point in 10 years.

1 H4: The sum of economic and environmental costs and benefits of using full
electric ferries iewmenpomnmnlOyearan reach t he

10



CHAPTER 2

REVIEW OF LITERATURE

The national thesisenterd at abase of the Council of Hi
Ter ki ye wooskeysads relatbedealelectric ships. The keywords include

but are not limited to thefollowing keywords Electric shigs), electric vessés),

electric ferry(s), electric maritime, electric propulsiorhattery ship(s), battery

vessel(s), and their Turkish translations.

A total of nine theses were found to includeese keywords. A detailed review
showed thathere had been a significant focus on the technical aspect of electric
ships,especiallyon electrical engineeringnarine engineering, ambwer systems
engineering However,none ofthem adopted a holistic gproach that combined

technical, environmentghnd economievaluationof full-electric ships.

1 Y é | f28]zonducted aenvironmetal and technical analysi$ the energy
system of dull-electricor hybrid ship The sudy alsoextensively examines
national and international maritime regulatiom$avor of electric ships and
makes recommendation& single 4S clas®ko-Ro ferry that IDO operates
was taken as the basis for the study. A caignsive analysis dhe power
systemf the ferry and t esvironmental effectwasconductedincluding
an emission analysis via LEAP softwaf@e conclsionstaedthat a hybrid
ferry would reduce emissions by 50% anidil&-electricferry would reduce
them to the absolute minimuwhile providing no calculatios or technical
details about the ESS battery (gtgpe, capacity, consumption rate, charging
rate, etg. The dudy does not include any economic analysis.

1 Y i j[d6tconducted m environmetal, technica] and economical analysis
of aninternal Combustion EnginddE)p ower ed cargo shi pds ¢

management systerithe energy management system in the study =

11



used whileonly dockedat a port which isalsocompliant with smart grid
infrastructire and capable of twavay energy transfersThe wsage of
renewable energy is alworoughlyinvestigated in the studit.is stated that
there could be significant energy and emission reductioagothe twoway
energy transfer ability, smagrids, and energy management systems. It is
also stated that the green port and smart city mentalitypawk the road for
more susdinable maritime transportatiodowever thethesis is not intended

to operate or evaluatan electric ship but rather todevelop energy
management algorithms as a resultttef study. Therefore,a designthat
includes technical details on the ESS batteiesnot directly stated
Furthermore, he indirectly mentioneddesignin the study is not a Hyid
electricship bydefinition, asonboardgenerated energy is uskxa purposes
other than propulsio

¢ e | [R7k conducted a technical and economic analg$isnfantry-type

|l ei sure craft operated i nitiststatedthatz mak r i ve
infantry-type leisure craftare wooden crafts thateperfectedas a result of
over a centry of navalengineering andrenow commonly used for fishing

and touristic sightseeing purposes. The conversion of such craftalinto
electric crafts, including thetechnical aspectssuch as thepower
consumption and ESS baits, was givenn greatdetail. The environmental
benefit of emission and noise elimination is briefymmentedn without
anysystematic analysis @conomicevaluations.

E r d o[R8 conducted dechnicalstudy to create an electric ship design
using primary data and combining navatlaelectric engineering fields. The
study includes a technical analysis of hull characteristics, electric propulsion
and drive systems, and ESS batteries in great detail. As a result of the study,
the construction of a catamaran ship was planned, andtatyp® hybrid
electric propulsion system wasiilt. There is no environmentat economic

analysis in the study

12



1 Konur [29] conduckd a technicalanalysis © electric system optimization.

The research studied various power consumption and generation efficiency
optimization methods that can be applied to the electric boat with ESS
batteries and solar PV REPP onlbaKonur introduced athermal
management solution to solar PVs atddiedthe theoretical effects of an
energy management system and higgféciency electric motorsn overall
energy efficiencyln the study,tiis stated that the energy efficiency of the
boat can be incread by up to 147%vhen all optimizations are applied
which could double the range of the bod@here is no environmental or
economic analysis in the study.

1 Akten [30] conducted aechnicalanalysis of alternative energy sources
(especially fuel cells)to supply hybrid electric ships in great detail.
Moreover, Akten designedboatand its electric drive system that utilizes
fuel cells to produce electricity onboaltlis stated thatvhile fuel cells are
environmentally friendlyandhave no noise or vibrationghe capital costs of
fuel cells are prohibitive to the extent that thage not feasible alternatives
to ICE engines at the time of writinglowever it has been observed that the
operational costs and savings of ICE and fuel cells were not compared, as
there isno further environmental or economic analysis in the study.

T G° r g[3l conducted a&omprehensivéechnical and economic analysis
that compared the costs and benefits of generating electricity ontzgal
ships usingdiesel ICEsor gas turbinesThe ships in question are not
particularly electric and are traditional fossil fymlwered ships; however,
these power plants coutetappiedto hybrid electric shipsSignificant work
was done to conduct the technical and economic analysis, considéring
operational aspects of operating cargo shipgreat detailThe study states
that gas turbines generate the highest power per unit of volume, which could
be significantly beneficial for hybrid ships as the maritime industry evolves

due to emission eduction aims.There are brief comments on the

13
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environmental aspect of implementing such power platisout further
analysis in the study.

¥ z s[32] conducted a comprehensive technical analysis of the emgergin
hybrid electric drive technologieasof 2002. The ships question are not
particularly electric and are hybrid fosdilel-powered ships. The only
alternative energy source mentioned in the study is fuel cell technology. It
could be argued that this due to the battery technology not having the
energy density today as a practical alternative. There is no environmental or
economic analysis in the study.

Y a J miB}conducted a comprehensive technical analysis of electric drive
systems on ships. The indirectly mentioned simguestiorarehybrid shifs.

There is na@nvironmental or economic analysis in the study.

The focus of international studies the general subject efectric ships and relative

subjectshas attracted attdon in recent yearsdccording to Google Scholathere
are approximately232000 publisled studies before 20p0@nd 462000 after 2000
relatedto electric shipsas shown in Figure 2[B4].
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Figure2.1. The yearly mmber of studies published on electric sh§4.
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The literatureon theelectric ship subject is vast and includesreadspectrum of
scientific fields.As expected, thditerature on the specializedull-electric ferry
subject issignificantlynarrower than on the electric ship subjégain, publications

onfull-electric erriesare from a large variety of different scientific fields.

The most prominent and relatively recent studies on full electric ferries were
reviewed during théteraturereview phasdt has been observed that tharelarge
scalestudiesonfull eledric ferriesfunded by national or international bodi&ghile

not limited tq the EUfunded eFerry project[9], the Inte-American Devedpment

B a n ktddg on electric ferries in Latin Amerifg0],andWa s hi ngt on St at e

study ontheelectrification of their ferry syste35] werereviewed in this study.

All of the studiesnentionedabovehave reports atheir findings in an opeaccess
manner.It has been observed that the economic, technaal environmental
aspects of full electric ferries are the most prominent concerns in these dtudies.
was statd that electric ferries are among the first feasible steps toward an emission
free maritime, along with fuel cell technolof}, [10], [35]. It is also stated thahe

electric ferry market will grow into a mulhillion dollar industry bythe 20409[10].

The EUfunded eFerry project aimed to showcase the appiits of emissionfree
electric ferries The 4 MWh batteries of the experimentéferry MF Ellen had an
unprecedentedange, replacing the ICE ferries operated on the 22IdMgS 3 b y
FynshavS 3 Hirye in south DenmarkMF Ellen is expected to have an operational
lifetime of 30 years. It is stated that MF Ellen will reduce the total operational costs
by up to %36during the operational life of the ferry due to its significantly more
efficient full electric propulsion system. The expected bi@adn point of the ferry

was catulated as 4 to 8 years, depending on the scej®drio

Overall passenger satisfaction was very high, and a survey was carried out as a part
of the social evaluation of ¢hstudy. 86% of the passengers were very satisfied or
extremely satisfied among the daily maximum of 180 passengers transported during

the COVID pandemic, stating that tfery's shorter travel duration, noiselessness,

15



and environmental friendlinesgas he most contributing factor to their satisfaction
[9].

It is stated that the ferriyas significantly reduced environmental pollution anidi
reduce annual GHG emissiong 520 tons of C@ 143 tons of NQ, 1.5 tons of

SO, 1.8 tons of CO, and half a ton of particulate matter compared to a newer
generation ICE ferry9].

One of the most significant findings in the study was discovered during the design
and approval phase of the battery capacities. As recommended bii@he
MSC.1/Circdar 1455,the requirement of emergency reserves for full electric ships
was taken into account, and the emergency reserve was increased to 8&hidWh

is 20% of the total ESS battery capacityom the initialy assumed400 kwh.
However, it is also statl that this value is lower than the intendedpth of
Discharge DoD) limit of the ESS batteries and should not be reached under normal
operational condition$9]. This vital lessonwas alsotaken into accounwhile
consideringthis study's emergency reserve capacities and DoD levels of ESS

batteries

The study Opportunities For Electric Ferries In Latin America by the-Anegrica
Development Bank was published in 20Zhe report includes data on several
electric ferries operated at the time of writing, an electric ferry market foracakt,
the feasibility analysis of operating electric ferrigsLatin America to create an
economic mode[10]. Three major supply chains were identified for the model,
namely battery supply chain, systeand vessel design and build chain, and onshore

infrastructire and power procurement, as shown in Figuze 2.

It is stated that the study contaensomprehensiveechnicalanalysisof 35 existing
and 20 plannedlectric fery operationsat the time of writind10]. A total of seven
electric ferries-including MF Ampere and MF Ellenhave detailed technigal

operationgland historicalnformationgiven as example casesthe stug.
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It is stated that battery technology will develapd as a result, the battery prices
will diminish by 80% as of 2040. It is also stated that the battery energy densities
will increase significantly, allowing a 200%crease in theange of fast catamans

[10].

It is also stated that if all possible lines are converted teefetitric, there would be
250 full-electric ferriegraveling om0 routes. Moreovegn annualeduction of 554
million liters of diesel fuel used by ferriasd 1.3 million tons of C&emissionss
expected It is also stated that the energy costs will reduce by 136 million USD

annually especially if renewable energy sources are pref¢t@d

1. Battery suppl
Raw materlal Cell cell Battery Battery
extraction and component pack :
4 manufacture recycling
processing manufacture assembly

2. System and vessel design and build

] Propulsion Sh;ph9|ld|ng Battery Breaking
management s and fitout o E
and integration, ¥ and refits P

3. Onshore infrastructure and power procurement
Chargers and onshore Shoreside power Grid upgrade and Power
equipment storage (optional) connection procurement

Figure2.2. The three major electric ferry value chajh8].

It is also stated that a significant development in battery manufacturing is needed in
Latin Americaas electrification ball modes of transportation advancesd the

resources needed to accomplish that are abufiint

A striking statement in the study is that the cost of cafilmer applications h&
reduced to feasible levels since the 1990s. They can offer significant savings due to
reduced weightmeaning reduced ESS costs due to less capacity regesieecially

for larger ferries Moreover, the usage of carbbher designs irthe maritime has
increasedsince the 2000s at a steep ratignifying the recent trend of carbéhber

designs in the maritime industf40].



The System Electrification Plan of Washington State Fe(M&SF)is a part of the
2040 longrange plan of WSF. WSF owns and operateddigest ferry fleet in the
USA, transporting 24 million passengers annually. TB8 Billion USD plan was
created considering reliable service, customer experience, managing growth, and
sustainability and resilience then{88].

While fleet electrificationis only part of the plan and is not the final aim, iviisl

in increasing efficiency and reducing opasaal costs and emissiarisis stated that

the CQ emission levels from the ferries will be decreased below the required 2050
levels stated by the Revised Code of WashingR@W) 70A.45.020as 575%, as

of 2033[35]. However,as stated in Appendix A of the plan dated December 2020,
the RCW70A.45.®B0 was later amended Ingrossed Second Substitute House Bill
2311(2 02 0 c), aRdat isAowIequired that the overall GHG emission should
be 70% below 1990 levebs of 204(036]. As a 79% GIG emission reduction is
expectedby WSF as of 2037the emissiorrequirementdor 2030-asit is today
should be metHowever,the plan does not state whether the 95% GHG emission

reduction target of 2050 could be met without implementing full electriegerr

According to the 2040 longange plan, all piers will be converted to have full electric
charging capabilities between 2027 and 2083reover, six existindgCE ferries are
planned to be converted to hybatkctric ferriedby 2033, and 16 neMuilt ferries
will be added to the fleet by 20335].

The plan states that the ESS battery lifetimes would be enginedbedoetween 4
to 10 years. A steep drop followed by a stagnation in the per kWh prices of ESS

batteresis expected, as it is stated that the expected prices are as fi@kjws

650 USD in 2020,
340 USD in 2025,
302 USD in 2027,
265USD in 2029,
227USDin 2031,
218 USDas of 2033 and after.

= =4 =4 4 A -
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One of the most striking analyses in the plan is that the hybrid plugin ferries would

not meet the emission requirements if there were no shore charging aJ&idble
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CHAPTER 3

ANALYSIS OF ELECTRIC SHIP DESIGNS

It was necessary to analyze all existing and beilding electric ships worldwide to
identify a particular relation between the battery capacitieseaftric ships. This
relationcould therbe formulated, and the ESS capacity estimations in the study can
be tested against it. Therefore, a list of technical specifications and related
navigational data was needed. However, it has been found that such a haldtc lis

not exist in the freer nonpaidsubscriptionrequired domains of classification
societies, ship register domains, governmental bodies, or similar organizations at the

time of writing.

As a result, there was a need to create such a list. Sevena databasesources,
blogs, and websitef], [10], [35], [37]i [52] were analyzed to create a list that
includes technical data @ntotal 0f242 electric ships at the time of writing. The list

can be found i\ppendixA.

It was aimed to gather the following information about any electric ship that was

found:

Type,

Battery Installation Year,

Gross Tonnage,

ESS Battery Capacity,

Passenger & Vehicle Capacity,

Sailing Distance (NM) and Total Daily Sailing Distance (NM),

Battery Use Scenarios, and

=4 =4 =4 4 -4 A4 -4 -

Charging Systems.
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As a result, it has been observed that the number of electric ships increased after
2017, as Tabl8.1 clearly shows. Té increase in the number of electric ships could

be a signthat a wider acceptance of electric ships in the maritime transportation
industry is already happening. However, it should also be noted that critical global
events such as global pandemics, enenggs,0il shocksshifting balances in large

scale economies, and regiorald globalinstabilities are expected to affect the

maritime industry, especially on new ship orders.

It should be noted that electric ships have a-pediect track record on safety.
according to the IMO GISIS database, no serious maritime accident occurred
involving an electric ship. However, to be more precise, only one electric ship has
been involvedin a maritime accident, a small fire and an explosion in the ESS
compartment due to seawater sprinkler system failure. As the Norwegian Maritime
Authority states, there were no casualties, and the ship safely reached the pier under

its own power53].

Therefore, it could be argued that the total number of electric ships has been
increasing due to an exponential reduction in ESS costs, theipadact track
record on safety, and ternational treaties and national policies related to

modernizingmaritime transportation.
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Table3.2. The ptal number of ships distributed to types.

Levels Counts % of Total Cumulative %%

Bulk Carrier 4 1.7 % 1.7%
Cargo 1 0.4% 21%
Container Vessel 2 0.8 % 2.9%
Cruise Ship 2 5.0% 7.0%
Fern 102 42.1% 50.0 5
Fishing Vessel 33 13.6% 63.6 %
Cffshore Support Vesse 62 25.6 % 89.3 %
Research Vessel 4 1.7 % Q0.9 %
Sailing Ship 1 0.4% 913 %
Tanker 0 4.1% Q5.5

Tug g 3T % 99.2

Yacht 2 0.8% 100.0

It has been observed that there are 102 ferried¥é)262 offshore support vessels
(25.6%), and 33 fishing vessels (6306) out of 22 electric ships on the lishs shown

in Table 3.2 1t could be argued that electric ferries, offshore support vessels, and
fishing vessels are the types of ships that genetedlyel short distances in a

particular geographical area.

It has been observed the least number of electric ships are 2 container ve3$%g|s (0
2 yachts (%), 1 sailing ship (@%) and 1 cargo ship .@%). It could be argued
that these types dlectric ships generally travel longer distances and could travel

through various geographical areas.
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Figure3.1. ESS Battery capacityistributionper electric ship type.
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There is no clear relation betweship types and electric ships' battery capacities.
However, ag-igure 3.1shows, the distribution in this graph is left heavy, indicating

that most electric ships hav®@0 kWh or less ESS battery capacities.

The types of ships alone do not give aaclpicture of the correlation of the ESS
battery capacities of an electric ship. Therefore, another quantifiable value of a ship
that indicates its size, the Gross Tonnage (GT), was introduced. GT is defined as the
moulded volume of all enclosed spaceshef ship[54].

It is necessary to mentidhat GT is a nodinear volumetric valuation of a sh#

entire internal volume. As a general simplified rathes GT to volume ratio isigher

for smaller shipswhereasfor larger shipsthe GT to volume ratio is loweAs the

GT value increases, the volume and hence the size of the ship increases less than the
GT value. For example, a ship with @00 n¥ volume is rated as@00 GT, whereas

a ship with D @00 n¥ volume is ratec@s30000 GT, not 2800 GT.

rrrrr
UL

E“‘_ Type

= Cruise Ship

. Ferry

b Fishing Vessel

@ 5000 A = Offshore Support Vessel

0 40000 80000 20000

GT

Figure 3.2. Correlation between electric ferry types, ESS battery capacities, and
Gross Tonnage.
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It was expected that as the ships get larger, the ESS battery capacity gdtould
exponentially largerThere isa clear correlation between GT atite ESSbattery
capacity of electric ships segregated per type, as shown in B@unehere ship

types with morethan15 ships arancluded inthe graph to avoid outliers.

Ferries fishing vesselspffshore support vesseland cruise ships show a positive
correlation between GT atbSbhattery capacities, meaning that the battery capacity
increases as the ghsize increases, as expected. However, this is not the case for
other types of ships

Therefore, another variable, th@opulsion systentype of electric ships, was
introduced as shown in Figure 3.3wokinds ofpropulsion systemexist in electric

ships: Hybrid andull-electric Hybrid ships utilize other sources to generate energy
onboard ships, e.g., generators WAt that use stored fossil fuels in fuel tanks to
charge batteries. Hybrid ships6é systems
modes to provide full power, conserve energy, or increase maximum distance. On

the other handull-electricshipsuseonly onboardESSbatteries

It was determined that the total number of hybrid ships is 181 on the list. Therefore,
virtually all electric fishing and offshore support vessels are hybrid ships on the list,
as only one fishing ship is determinedalt-electric There are 48hips determined

to be hybridferries

It was also determined that the total numbefudifelectricships is 61 on the list.
Most ofthefull-electricships are ferries (n = 55). Therefore, it is observed that there

are mordull-electricferries than hybriglectricferries(n = 47) worldwide.
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Figure 3.4. Gross Ton versus ESS battery capacity, groupegmgulsiontype.

Orange representsll-electricships, while blue represents hybrid ships

The correlation between ship battery capacities and GT becomes apparent when
electric ships are grouped paopulsiontype and ESS type. FiguB4 shows the
positive correlation between GT and battery capacities when grouped per type of
electric ship Moreover,full-electricships (shown in orange) have larger batteries

than hybrid ships (shown in blue) at the same GT values.

It was observed that lmle smaller electric ships have relatively similar battery
capacities, the ESS capacity difference betwdhelectric and hybid ships
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becomes more evident as the GT and size of the ship incidasesason for this
difference in battery capacities is the use cases of ESS. Mhikdectricships use
ESS for Zero Emission Operations, hybrid ships often use ESS to increaak over
efficiency, improve power saving, redu@nergy consumption (such as peak
shaving)andboost total power output.

In the list, there are 37ull-electric ferries worldwide identified agurrently
operatonal. Technical and navigational data on thdsk-electric ferries were
gathered or created using several databases, AIS tracking history, and information
from ferry operators and news outlets. Only one ferry did not have any information

on the number of trips it makes daily.

The largest ESS onfall-electricferry has an 1000 kWh batterycapacity while

the smallest ESS onfall-electricferry hasa 183 kWh battery capacity. THESS

battery and battery management systems are scalable between miniature and gigantic
proportions within ships' design limitatiorfSor example, the largest ESS has four
dedicatedattery compartmentsvo of which are on the top deekdthe othertwo

to thefore and aftbattery roomswhile the smallest ESS is located in the engine

room.

All three graphsn Figure 3.5showing the bttery, vehicleand passenger capacity,
sailing distances, and the daily number of trip data ofdiattric ferries are left
heavy. As a result, is arguablethatfull-electricferries in the list are concentrated
below 3000 GT and ®00 kWh ESS anttavelless than 200 NMaily. These values
give a general idea dll-electricferries’ sizes, ESS battery capacities, and service

ared.

The service areas of such ships were observed to be geographically located in or near
city centersespecially at rivers, bays, and islands. As the desmmigkiows, the trip
distance between two ports or the Sailing Distance varies betw@eNBl and 10

NM (M = 3.54 NM), while the Total Daily Sailing Distance varies betwe&it NM

and 202 NM (M = 76t NM).
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Using the data available, it is also possible to test whether other varialitdls of
electricferries correlate. Therefore, the correlation between the Vehicle Capacity,
Passenger Capacity, per trip Sailing Distance in Nautical Midledaily umber of

trips, and Total Daily Sailing Distance in Nautical Miles were analyzétie
correlation analysis shows strong statistical relationships or associations between the
variables identified fofull-electricferries as showrin Table 3.3 Two variables

wereobserved to be directly relaténlthe battery size.

y=0,7312x+232,37
R?=0,669

4000

Battery Capacity

Battery (kWh)

2000 3000 4

2000 0] 2000 4000 6000 8000 10000 12000

Gross Tons GRT
5

Figure 3.6. The graphical representation of the correlation between ESS battery
capacity and GT.

It could be hypothesized that as the size @ilaelectricf er ry i ncreases,
battery capacity needs to get larger to travel the same distance due to higher total
resistance. This hypothesis seems to be correct. There is a very strong positive
correlation betweerthe ESSbattery capacity of dull-electric ferry and GT

( Pear s o8nl68s arn d= D .00B),aseshowrire Higarev3.8doreover, the

l i near f ung@3lixe A3Bo/fo0 iwher e0y i s ESS batter

GT has the 680% explanatory power of the correlatio @06 6 9 aavel U |
below Q001).
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6000

4000

Battery Capacity

Battery Capacity

2000

2000 -
Passenger Capacity

Passenger Capacity

Figure 3.7. The graphical representation of the correlation between EB®&ry
Capacity and Passenger Capacity.

There is an even stronger correlation with ESS battery capaditye iBassenger

Capacity ( P®&20rasdopmafues < 0.001Fas §hown in Figure 3.7

Moreover, t he | i noé8ixi 4078 haet wber efy Ays =ESS b
capacity and x is Passenger Capacity has thé588 explanatory power of the

correlatin (RR=06 875 and U.0blpvel Dbelow O

It could also be hypothesized that there is a limit to the maximum Total Daily Sailing
Distance of dull-electricferry, which results from the Sailing Distance multiplied
by the Number of Daily Trips. The negatigerrelation between Sailing Distance
and the Number of Daily Trips could indicate that this hypothesis is correct
(Pears®B26 andg U .008).\VTeefefore,ét Is possible to state that
the Sailing Distance and Number of Daily Trips areensely correlated; as the

Sailing Distance increases Number of Daily Trips decreases and vice versa.
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3.1 Analysis of electric ship ESS battaes

The ESS manufacturers of 98% (@37 out of 24) electricships in the list were
identified.

Table3.4. ESS manufacturers afl electric ships

ES3/anufadurers Counts % of Total Cumulative %
Corvus 211 87.2% 87.2%
[ SOt | 14 5.8 % 93.0 %
Echandia 9 3.7% 96.7 %
Unknown 5 21% 98.8 %
Siemens 2 0.8 % 99.6 %
AKASOI 1 0.4 % 100.0 %

For all electric ships, it was observed that Corvus is the most prominent ESS
manufacturer by a large margas shown in Table 3.Zhe remaining manufacturers
were, by order of their share, Lecla@tEchandia Marine AB, Siemens, and
AKASOL. There is no specific manufacturer information available on five of the

electric ships.

Table3.5 ESS manufacturers @il -electric ferries only.

ES3/Manufadurers Counts % of Total Cumulative %
Corvus 24 64.9 % 64.9 %
Echandia 6 16.2 % 81.1%
[ $Of I 3 8.1 % 89.2 %
Siemens 2 5.4 % 94.6 %
Unknown 2 5.4 % 100.0 %

Forfull-electricferries only, it was observed that Corvus is again the most prominent
ESS manufacturer by a large margas shown in Table 3. Corvuso6s shai
followed by Echandia Marine AB, e c | aand 8&ieénens. There is no specific
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information availale on twofull -electricferries.Literaturestates that ESS modules'
energy densities and volumes vary depending on manufacturers and their
technologieg$35].

Table 3.6 There are different energy densities of products of marine ESS
manufacturer§35].

ESS Capacity Weight Volume Energy Specific
Manufacurers (kwh) (kg) (m®) Density Energy
(Wh/L) (Wh/kg)
Corvus 124 1628 1.4 87.1 76.4
Spear 124 1200 1.3 96.9 103.6
Siemeng 59 900 11 53.3 65.9
SPBES 65 950 1.3 50.9 68.4
Lecl & 58 616 0.6 90.2 93.8
XALT 142 2000 2.8 51.4 71.0
Saft 53 560 1.0 53.0 71.0

As a result, to get 1 MWh of installed capacity with the manufacturers and product
lines in Table3.6, the number of units needed to be installed is indicated in Table
3.7. It was observed that the product that Spear offers has the lowest total volume
andweight among others, as per having the highest Specific Energy.

Table 3.7 Weight, volume, and unit information of different ESS products for
forming an ESS with ~1 MWh capacitiyased of35].

Manufacturer Numberof Installed Capacity Total Weight| Total Volume
UnitsInstalled (kWh) (kg) (m3)

Corvus 8 992 13024 11.2

Spear 8 992 9600 104

Siemeng 17 1003 15300 18.7

SPBES 15 975 14250 195

[ SOt | 17 986 10472 10.2

XALT] 7 994 14 n | 196

Saft 19 1007 10640 19.0
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3.1.1 Safe operation lifetime, and degradation of ESS batteries

Thermal management is an essential element for the safe operation of ESS batteries
and the life span of the batteries. Studies show that wh&tMG battery cells are
operated in high temperatures for extended periody, ¢ha lose a significant
portion of their capacity. For example, in one study comparing the effects of
overtemperature on the aging ofMINC cells, it was observed that cells lost 24%

of their capacity when subjected 1®00 full charge and discharge dges at the
constant temperature of A5 [55]. Furthermore, it was also observed that the cell
temperatures reached over Z50and as a result, cells emitted higilmmable

gasses such ag kEnd GH4 [55].

Degradation is a crucial aspect to consider when powering vehicles wibm Li
batteries. The State of Health (SOH) degrades as batteries etenglcycle
consisting of a charging and discharging operation. An 80% SOH is usually

considered as End of Life (EoL) for a-lan battery.

Studies show that ENMC batteries have a lifespagenerdly dependent on the
Depth of Discharge (DoD[p6], [57]. As arule, for all Li-ion batteries, a cell with
low DoD has a lower degradation ratio than a cell with higdDwhile all others

are kept static.

The Weehler curve in Figur8.8 shows that the relation betweewnand lifespan

is inversely correlated. As the oD decreases, the cell's lifespan increases
exponentially{56], [57]. Moreover, the rate of degradation increases as the SOH of
the battery decreases. The degradation rate depends on variables such as operating
temperaturesDoD, initial SOH, and others. However, the initial SOH is typically

the main contributindgactor affecting the degradation rg&6], [57].
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Figure3.8. The DoD and life cycle values used in this study using the averages of
the data for marine ENMC batteries produced by several manufactUgsh

Therefore, assuming the energy consumption profile is kept the same, it could be
argued that as the batteries in a ferry ESS age, their capacity will reduce. Moreover,
it will degrade to its EoL fast as it ages. As a result, it is necessary to take data

related to the marine ESS battery degradation and capacity reduction into account

for estimating the total cost of operating electric ferries with higher precision.

DoD mainly depends on the capacity the battery. Therefore, if the energy
consumption pattern of a ferry is unchanged, the first method for decreasimgxthe D
would be to have a larger ESS. The second method would be lowering energy
consumption by traveling at slower speeds. Howevevgelireg at slower speeds
reduces the possible frequency of trips, requiring more ferries to be operated to
sustain the same frequency. Therefore, decreasing abet® increase¢he ESS
battery lifespan on &ull-electricferry can increase capital cestndlengthen the

breakeven period58].
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As a result, it could be argued tHatding the correct BD of the ESS on &ull-
electricferry is essential for estimating the capital costs and other economic aspects

of operatingull-electricferries.

3.2  Analysis of ship charging system designs

It was possible to gather information abomiaimal number ofull-electricf er r i es 0
charging systems in the study. There are toodiffi@rencesdetween extreme values

to make a meaningful analysis between charging systems. Howssaral
statistical valueshould be mentioned. Only 12 ships wdhta related to their
charging power and four with data on their charge times and charging rates are on
the listand given in Table 8. The charging systems have a mean charging power

of 2218 kW. Additionally, a mean charging time of 10.3 minwtes dserved.

Table3.8 The number of ships with data on their charging systems and technical
details of those charging systems.

Descriptives

Charging Power (kW) Charge Time (Minutes per trip)

N 12 4
Missing 25 33
Mean 2218 10.3
Median 560 7.50
Standard deviation 3498 6.65
Minimum 120 6
Maximum 11000 20

There are different types of ship charging systesssshown in Figure 3.9Vhile
virtually all charging system types have scalable charging power surpas$fiyy 10
[59], [60], there are high and low voltage and AC and DC versibskip charging

systems. Moreover, manufacturers offer wireless and plugged connector types.
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Figure3.9. Examples of different methods for transferring power from shore ESS to
ferry ESS.Top row: Pluggedpower transfer systenBottom row: Wireless power
transfer systenPhotos fronj60].

The selection of which type of version to be used depends on both thesisl®ore
powerline infrastructure anghipboard ESS used. The aim is to transfer and store

electric energy with minimal losses.

It is optimal to minimize the losses in energy transfernore losses in energy
transfer resulin lower costefficiency. Moreover, more losses in energy transfer also
create higher heat output to the systAgtive or passive cooling systems are needed
to mitigate extra heat in the systeWhile passive cooling systems do not require
extra energy toaol the system, they are often hindered and limited by weight, heat
transfer capacityand available spacé®n the other hand, active coolers require
energy to operate, increasitige total energy while offering better performance
characteristics.
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Figure3.10. Different types of ferry charging stations and extensions. Left to right:
Tower winch type, Panto type, Tower arm type, Bow tWieotos fronj59], [60].

As shown in Figure 3.10different ship charging system designs arailable
worldwide. Different ship chaging systems offer different advantages and
disadvantages. For example, towgre solutions often offer higher power output
than other charging sysns, achieving a shorter charging time. However, their
capacity to withstand the movement of a berthed ship (which can stay in place with
mooring lines or while running on engine power) is relatively lower thantgpes

chargers.

Towertype and bowtype chargersften offer significant compensation for vertical
movements. Pamttype chargers often provide lower charging power compared to
other types of chargers. Moreover, the physical size of a ship can enable or limit the

usability of certain types of chgers.

As a result, it is necessary to take the size of the ferry and the average weather and
sea conditions in the service area into account while deciding on the design type of
charging system for an electric ferry. Weather and sea conditions haverdiffer
effects on different ferries due to having different docking locations, different form

factors,andstability characteristics.

The study has two main hull types of ferries: Passenger ferryRariglo ferry.
Passenger ferries are designed to dock byngethieir bow fenders on the pjeas

shown in Figure 3.1IThey can stay stationary by mooring forward spring lines and
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engine power if required. Passenger ferries can make fore and aft movements rather
than rotational movements during heavier weathersaadconditions. Therefore, it

is ideal to utilize bowtype chargers for passenger ferries.
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Figure3.11.Bow-t ype chargers are ideal for charging

On the other handRo-Roferries are designed to dock by resting on their broadside
fenders on jetties and bow fenders to the pi@ssshown in Figure 3.1They can

also stay stationary by mooring bow lines and engine power if requR@&o
ferries cammake rocking and rotational movements during heavier weather and sea

conditions. Therefore, it is ideal to utilize towtgpe chargers for thRo-Roferries.
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Figure3.12. Towertype chargers are ideal for chargRgRof er r i e sPhaton Kz mi r
from [60].

Manufacturers claim that ferry chargers can sustain a maximum oi\V¥1of
charging power for towetype chargerand6 MW for bow-type charger§s9]. The
calculations in the study suggest that the maximum charging power requested by the
ferries should be within the charging powangesof ferry chargers. However, the
power provied to the ferries will depend on the configuratiothefferry and shore

ESS batteriesand the electrical infrastructure on piers. For examemeferry
chargers have a higher maximum charging poat@rg in AC configuratiorthanin

DC configuration

43



3.3  Analysis and moddling of REPP designs

In the study, wind and solar PV enenggre selected as the two most prominent
REPP considered suitable for Kzmir. Ther e a

evaluaing the wind and solar power pis as the REPP in this study:

1 Suitability,
1 Reliability,
1 Applicability, and
1 Feasibility.

Kzmir has a si gmboutff%a,at |l yhé awgedppoteoni al o
while it is not uniform throughout the citgs shown in Figure 3.18loreover,the

electrical infrastructure (38kV and 154kV lines passing through the city, large

substations, and simigais developedprimariy around the city's urban cofé1].

Thereforeproducing and selling the power produced by wind power plants to the

grid shall not be an issue in Kzmir.

RUZEAR
HIZ| {mis)

A
7 Alanler

EREEO0000ODNEEN

-

Figure3.13The wind potenti al enargassodwnskitabiei r. Bl ack
locations f@ building wind power plant62].
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However, the high wind potenti al I n Kz mi
speeds and higtiensity land useas shown in Figure 3.13he piers in this study

are located in the inner bay. The surromgdihighdensity residential and
commercial development around the inner bay practically makes the installation of

wind power plants impossible. Moreover, even if the land use were suitable, the
yearlylow average wind speed among the shoreline of the inanerwhere piers

are located would significantly reduce the efficiency of wind power plaj@s],

[62].

Irrespective of the technology used, these two problems create significant feasibility
isstes by increasing the time it takes to return the investment compared to optimal
land use and wind speed conditions. Therefore, wind power plants were not included

in the model.

It could be argued that the sol @agh PV ene
[63], especiallicompared to northern countrjess shown in Figure 3.1#owever,

as solar irradiation depends miltiple factorsincludingthd at i t ude and t he
axialtilt, gettingcloser to the equator in the northern hemisphere generally increases

the solar PV potential.

e
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GEORGIA
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Peling s

Figure3.14 The average direct seghbwingcountrieg di at i o
and several European coues{63].
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Kz mi rhasa fektwvely high solar irradiance compared to the rest of the cities on
the shoreline. The average direct irradiation in the ibagris about 5 kWh/fiday

or 18244 kWh/ntlyear. If the tilt angle of the PV panels is optimized, the average
irradiation increases to.86 kWh/nf/day. Furthermore, the daytime duration or

hours of daylight n  Krmcreasesipto 15 hours in Jung4], [65].

Solar PV panels with 15% efficiency were usedthis studyto establish the
performance baseline to estimate the lowest average solar PV energy output values.
The estimated average hourly PV energy output of 1 kWp solar PV array located in
Kz mi r eniinsTabg3.9y64]. Please note that the tilt of tlaerayis fixed at 0
degres, as the panels on ferries need to be set at this angle for continuous power

generation.

In the studyfixed panels were usetHowever,it is possible to increase tie@ergy
output by using higher efficiency panetgetting panels to the optimal anglasd
settingone or tweaxis trackingsystemst the cost of raisingapital and operational

costs
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CHAPTER 4

DATA EXTRACTION

Piers anderries in the model needed to be reflected correctly from theHlifeal
twins. Therefoe, relevantinformation anddata had to be extracted from written
forms and documentsnlineresources, and tHeerature The following subsections

give a detailed review of the findings @asesult of the data extraction phase.

41 Ferries operated in Kzmi

There are 2 Light Craft (LC) carbon composite catamaran passersijgrs two
High-SpeedCraft (HSC)carbon composite catamaran passespas three2015
serieRo-Roferries andtwo 2020 seriesRo-Roferries operatedyK z d eForiease
of reading, all vessels mentioned abave addressealsferriesin the studyunless

necessaryPhotographs of the ferries can be seen in Figure 4.1.

Carbon composite catamarans operateld zyd evere uniquen many waysThey

were thdargestcarbon composite catamarans in the world when they were billed for
construction as of 201[B6]. These catamarans were upgrades from ferries that ha
been operated sintbe 1970si n  KEhayianduxurious,ergonomicuniversaly

and accessibly designedpsteffectiveg equpped with high-end navigationaland
modern infotainment systems, and significantly more environmentally conscious
thanthe old feries Ferries were also built with theccessible ship design mind.

They haveccessible restrooms, accessible parkinggsaible elevatora,children's

park, catering services, bicycle parkiagdopen decks

The technical data on ship particulars and energy consumption characteristics of all
ferries operated by Kadshownzn Tabde4.a.f 2022
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Theresidento f Kz mir publ i cl y [67f Tthe mbmes oftfelries f er r i e s’

owned by Kzdeniz are as foll ows:
Light Cratfts:

1. ¢ AKABEY
2. DOKUZEYL! L
3.1881 ATAT! RK
4. SOMA 301

5. DARIO MORENO
6. ATTKLA KLHAN

7. FOC¢ A

8. CENGKZ KOCATOROS
9. G! RSEL AKSEL
10.SAKT ALTI NORDU
11LVAHAP ¥ZALTAY
12METKN OKTAY
13.GEZK

High Speed Crafts:

1. KHSAN ALYANAK
2. PROF. DR. AZKZ SANCAR

Roro Ferries (2015 Series)

1. HASAN TAHSKN
2. AHMET PKRKKTKNA
3. KUBKLAY

Roro Ferry (2020 Series)

1. FETHK SEKKN
2. UJUR MUMCU
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Figure4.1. Photographs aheexteriorof LC (aandb) andRo-Ro (b andc) ferries
Photos from personal archive and Kzmir M
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Theeconomiadimension otenderingsuch ferries waapublicizedmatter. he total
cost of 13 LCand2 HSCferrieswasestimated a317000000EUR or 267836400
TL [68], while theyhad beeron tendeb y

Kzmir

Me t r o pi2012t an

With such an ambitious projechere were technical challenges to be solved, time

constraintsand high standards to be mas a resultK z d e narbanécemposite

catamarans got nationwidgtentionfrom the endemphaseo the delivery of the first

ferry.

Table 4.1. Ship particulars and other relevant information of ferries operated by

Kzdeni z

Light Craft High Speed | Ro-RoFerry | RoRoFerry
Passenger Passenger | (2015 Series)| (2020 Series)
Ferry Ferry

TYPE: Carbon Carbon Double Double

Composite Composite Ended Ended

Catamaran Catamaran Monohull Monohull
LENGTH O.A. (m): 39.00 39.00 7890 74.00
LENGTH B.P. (m): 3812 3812 68.37 66.93
BEAM O.A. (m): 1160 1160 17.40 15.60
DEPTH MOULDED (m): 3.50 3.50 3.40 3.00
DRAUGHT (HULL) (m): 1.67 1.67 3.00 2.80
GROSS TONNAGE: 47900 47900 123325 134100
LIGHTSHIP (tons): 13910 14870 114300 110660
NET TONNAGE (tons): 146 173 400 400
FUEL CAPACITY Iiters): 10180 16590 51620 57500
FUEL CONSUMPTIONIiters™NM): 18 28 41 25
MAX SPEED (knots): 16 32 14 13
SERVICE SPEED (knots): 12 24 11 11
MANEUVERING SPEED (knots): 8 10 5.50 5.50
MAIN ENGINES: Baudouin MTU 16V MTU 16V Baudouin

12M26.2 4000M53 4000M54 12M26.2
PROPELLERS: 2x CPP 2x CPP 2x CPP 2x Twin

Azimuth

M. E. TOTAL POWER W): 1472 3680 3370 1472
PASSENGER CAPACITY: 426 404 300 322
VEHICLE CAPACITY: N/A 71 51
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42 Piers operated in Kzmi

Kzmir is the third

r

bT grgkewstit @ populatign of 48

million [18]. Sitting on the eastern coasttbé Aegean Sea and dating back@)

years, the city of Kzmir

has

al ways

and international tradg70]. The city houses heavy industrial, hidénsity

residential and commercial eévelopments; along with an international airport, a

t

he

been

cruise ship terminal and many large commercial ports, ship deconstruction/recycling

facilities, extended lightail, and conventional rail transportation netwgqrksd

hundreds of kilometers of higluality highwayg[71], [72].
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K z mniagprepared by the Ministry of Environment and Urbanizatgirowing the

inner bay[73].
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The inner bay houses the urban core of the city. A very-tégisity residential and
commercial development and several government buildings surround the inner bay

as shown in Figure 4.2

There is at least one pier in each district that has a coastline to the inner bay, namely

the Bostanl e, Kar kéyaka, Bayraank li éh,a , AIGR ant eghke
and | - kuy aslshown ip Figeire 4.l piers areclose to other public

transportation modenabling transfers between different lines and modes. The

available other transportation modes currently include road (buses),Rdilgnd

subway)and normotorized (bicycle rental stations on segregated bicycle pathways,

separated pedestrian pathways) transport.

1ZMIR
BUYUKSEHtH Yenifoca
BELEDIYESI

Figure4.3. TheK z nfarry lines and piermap[74].
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The outer bay has a relatively lower residential and commercial density and

development. Howevedue to urban sprawl on the main intercity roads, several old

town centers, and local tourism hotspots are located on thdamsralong the bay
G¢ézel bah-eantr Fa; a Mpr dtbheypianayokthekeoc at e d

The

town centers and local public transportation hubs.

Yasséca

development on the island the beach and related leiswand tourism businesses

operated by the Metropolitan Municipality. There is no other commeumsial

Ada i s an

i sl and

t hat i s

a

residential development on the islaf@he seasonal passenger transportation line is

activated in summer, with one or twoishoperating on the lindepending on the

demand
Table42.Coor di nates, types, and status
Name Coordinates Transport type Status

Bostanl & 384519N, 27.098B E Passenger and Ca Active
Kar K €y ak 384547 N, 27.126 E  Passenger only Active
Alsancak 38.4388 N, 27.14B E Passenger only Active
Pasaport 38.4286 N, 27.135 E Passengeronly  Active
Konak 38.4186 N, 27.128B E Passengeronly  Active
Karantina 38.4141 N, 27.124 E  Passenger only Active
G°ztepe | 3839%4N,27.088B3E Passengeronly Active

l - kuyul a38405% N, 27.07 E Passenger and Ca Active
G¢ézel bah 38.378N,26.895E Passenger only Seasonal
Urla 38.3639 N, 26.7722 E  Passenger only Seasonal
Mor doj an 38518 N, 26.626/ E  Passenger only Seasonal
Fo-a 38.6664 N, 26.753 E = Passenger only Seasonal
Yasséeca |38408N,26.799 E Passenger only Seasonal
Bayr akl € 384636 N, 27.164 E Passenger only Inactive
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There is a total of 4 piers available for passenger transportatiomo of the piers
are also capable of vehicle transportation. Tah[ shows all piers’ names,

coordinates, transport types, and statuses.

The geographical information of théeps was gathered using the General Transit

Feed Specifications provi ded [7BlyTheKz mi r Me t
exceptions are Yasséca Ada and Bayrakl e pi el
in the General Transit Feed Specification (GTFS) and were gathered manually.

4.3  Departure schedules

The seawaypublic transportatin service is carried out according to a semiannual
departure schedule announced by Kzdeniz. The
transportation in the inner bay between 07:00 andX23A recordof 18 million

passengers and 1.4 million vehicleswere ansported amia%l |y by Kzc

The aithor was providedwith the data orthe lines and schedulesinouncedn
October 202&nd given in Appendix B

56



5.1

CHAPTER 5

MODEL CREATION

Challenges

The mostcomplexchallenge was selecting the appropriate software for Hiogle

and simulationsSeveral simulation softwamneretrialed including but not limited

to, Anylogic, Arena,PTV Visum, PTV Vissim, Flexsim The frequent issuesith

the simulation modéng softwarefaced were:

1

Including general workflows rather than transportatiocused workflows,
Designed fortoo general discrete event simulationpurposes which
significantly lengthens the model design period,

Designed for too specifidiscreteevent simulation purposgwhich limits
the capabilities of the software,

Lack of reporting components toolsor requiring reporting components to
be built grouneup,

Requies coding in C++ or similaprogramminglanguages evefor the
simplest things (like time, dimensional movement variables, naming and
recallinga group of objectsdefining acceleration and speed limit profiles,
and similaj,

Non-userfriendly interfaces, hardto-configure or nonwindowed user
spacesand

Lack of visual representation dfnamic objects.

After two months of trid, it was observed thd&lexsim is a ommercial discreet

event simulation softwaréatis transportatiororientedmodetbaseduserfriendly,

easily configured for user needand fully documented withonline support

availability. ThereforeFlexSim was chosen as the simulation softwarghisrstudy
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5.2 Schedules

All departure times in the October 2021 schedule needed to be converted to hourly
values with 1¢ accuracy, athemo d el was 1 A oonverkiondabléwas s e d .
created tautomate the proceasd providehe departure times

It is also necessary to mention that all the simulation starts at 00:00 on the last
Monday beforghenew year Therefore, all the runs of the modet rather models,
as it was developadcrementallyover time were exactly 52 weeks long.

53 Piers and Lines

To model the piers into a simulation, the coordinatekegiers,lines between those
piers and waypoint data for eadime were neededAs of October 2021, line and
schedule datevereprovided byK z d eThe caordinatesf the pierswere gathered
viaKzmir Metropol it aandaMshownmniTgblell2i t yé6s GTFS

53.1 Lines

Kzdeni z announced .Alllinekaxces heineBaredicludedb er 2021
in the model

Weekdaypassengedines are given below

1. Kar Kk éeoadkaKar Kk €y aka

2. Bost-&mbkéBo st anl é

3. Bost-Kmalr & e jomdk-aKar Kk eBa&ktaanl é

4. Kar Kk & xlsakcak- PasaportKar Kk éyaka aBRadapdftar Kk éyaka
Alsancak-Kar k ey ak a

5. Bo s t-&Alsancak- PasaportBo st anl| & -aPashpoBAisarticakn | &
-Bostan | &

6. Bost-malr & & Pagdpat Alsancak-Kar Kk eBa&ktaanl é
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7. Kar kéeyakay-GP at-&gantha-Kar Kk ey ak a
8. | - kKuy-GP at-®@saport Alsancak-G° zt-ép&uyul ar

Weekendoassengedines are given below

9. Bost-Kmalr & e joadk-aKar Kk eBa&ktaanl é
10.Bo s t-malr & & Ragdpat Alsancak-Kar k eBa&taanl é

The allweekline is given below:

l1Bost-anke@y-8B8bat anl & (Passenger and

5.3.2 Segments

Each line is named after the piers visited on #pecific line.The inesconsist of
segments thderriestravelbetweereach departure and arrivalny pier.Therefore,
travdling a segment mearesferry deparing from a certain pier, traveling, and
arriving ata certainpier. All segments oall lineswere identified and given in Table
5.1

Table5.1. Segments of all lines in the October 2021 schedule.

ARRIVAL
ALS PAS | KON | KARAN GOZ| UCK
4 5 6 7 8

12 13 14 15 16
20 21 22 23 24
29

PAS 25 26 27
KON 33 34 35
KARAN 41 42 43
GOz 49 50 51 53
UCK 57 58 59 60 61
BOS | KSK | ALS PAS | KON | KARAN

DEPARTURE

Included (22 Segments)
- Not Included (2 Segments)
Non-existing

/A
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Waypoints that all ferries go through were credtechalculate the distans®r eah

segmentTherefore, when a ferry travels along a segmetitamodel, the distance

it travels shallbe equalto therealtlife distancesFerry mareuveing characteristics,

datumdatg andreatlife approachbearingswere considereavhile creating those

waypoints.As a resultthe minimum distancethat any ferry will have to traved

complete any given segmemerecalculatedThe distance matrix in Tab%2 shows

the compued minimum segment distances between all piers. For deathp

segment

bet ween

bet ween

Al s amvouldeb&31.69 hMilong.o - a

Ka rix28ly MKleng, ewhiledthe $egnmeiatk  p i

Table5.2. Calculated minimum segment distances for all p\asues are in nautical

miles.

KSK 1.28

ALS 214 | 1.30

PAS 211 | 1.68 | 0.82

KON 233 | 2.15| 1.49 | 0.90

KARAN 261 | 285| 245 | 1.85 | 1.10

GOZ | 317 |375|355|1298| 226 | 1.16

UCK 3.07 | 375| 383|327 | 267 | 1.65 | 0.75

GUZ |1066|11.77[1245|12.11(11.69| 10.86 [10.22| 9.61

URLA |16.40|17.51|1819|17.85(17.43| 16.60 |15.96|15.35| 6.30

MOR [25.00|26.11|26.79|26.45|26.03| 25.20 (24.56|23.95|15.60|12.20

Ch 412990|31.01|31.69 31.35|30.93| 30.10 |29.46|28.85(21.40|20.40|11.50
BOS |KSK |ALS |[PAS | KON |KARAN GOZ |UCK |GUZ | URLA MOR

The minimumtime (in minutes) to complete any segmevds also estimated

referencing the average service speedsroies owned bK z d eas shawrby the
matrix in Table 5.3, Therefore, the data on realistic pterpier navigational

distances and estimated travel times for all possible segments in the model were

calculatedPlease note that for segments to or from GUZ, URLA, M®R d

FO¢A

piers, the HSCs were operated at a imaxn service speed of 20 knot<Cs were

operated at a maximum service speed of 12 knots for all other sesgmen
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Table5.3. Calculated minimum time to complete segments. Values are in minutes.

KSK 6.4
ALS 10.7 | 65
PAS 106 | 84 | 41
KON 117|108 | 75 | 45
KARAN | 131 | 143|123 | 93 | 55
GOZ 159|188 178|149 | 113 5.8
UCK 154|188 | 192|164 | 134 8.3 3.8
GUZ 320|353|374 363|351 | 326 |307]|288
URLA | 492 |525|546|536|523| 498 |479|46.1 | 189
MOR 750783804 |794|781| 756 |737|719|46.8| 36.6
Ch41]897]|930|951 941|928 | 903 |884|86.6|642| 612 | 345
BOS |KSK |ALS | PAS | KON | KARAN | GOZ| UCK|GUZ | URLA| MOR

5.3.3 Ferries

In order to calculate the energy consumption of ferries, dataednel consumption

of ferriesare neededrossil fuel ferries use fuel tanks to store Ultra Low Sulphur
Marine Diesel Full-electric ferries use batteries to store energy to power their
electric engineslnitial analysis show that the fuel tank compartments' Szkarge
enough for ESS to be fitted.

The existing hull design is used without significant alterations for ESS battery
compartments afCE ferries are to be converted fidl-electricferries in the study.
Installing ES®atteriedbelow deck levetouldincrease thenaximum righting lever
However no othersignificant outcomes expected ashe ESS battery weight
distribution is uniform Furthermore, theotal weight of maximum fuel onboard and
thetotal weight of th&eSSto be installeccould besimilar, albeit entirely depending

on the capacity, produceand technology of ESS batteries.

Therefore,fossil fuel egines' acceleration, decelerati@amd energy consumption
profiles while ferries are trallang at their cruising speedgere usedisa basisin

themodelKzdeni z kindly provided the average
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in order to establisthosebase energy consumption profiles émnvertederries in

the study.

The performance and fuel consumption profiles IGfFE used on ferriesvere
analyzed It has been observed that there are three different types of main engines

were installecnboard all ferrie§76], [77]:

1 LCsand 20D SeriesRo-Ro ferriesareequipped withtwo sets oBaudouin
12M26.2 egines,

1 HSCswere equipped witMTU 16V 4000M53 enginesand

1 2015 SerieRo-RoFerries were equipped with MTU 16\0d0M54 engines.

It has been observed that the main engines were operated at their optimal specific
fuel consumption ranges. The lowest @fie fuel consumption of all engines
mentioned above is T3/kWh, while the highest specific fuel consumption is 210
g/kWh. Furthermoret has also been observed that the fehigaseat leasB0% more

power available on average until reachthgr respectiveMaximum Continuous
Rating (MCR)valuesfrom the power levels required to sustagrvice speeds on

calm seas.

The nominal power required for ferries to travel at their service spesds
calculatedusing the formula beloywwherek is the coefficient of MCR value that is
necessaryo sustain service speedsis the number of main enginesboard and
BSFCis the Brale Specific Fuel ConsumptiofBSFC)

y Qb 6 g M6 Y06
(1)

It is alsopossible to calculate the energy consumption naeesautical mileat the
cruising speed of all motors by dividing the value by the service speed

of the ferry.Calculated nominal power and energy consumptionvagesfor all
ferry typesaregiven in Tables.4.
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Tableb5.4. The nominakngineélectric motor power and energgrsumption rate of

ferries at cruising speed.

LC HSC RoRo Ferry | RoRo Ferry
(2015 Series| (2020 Serie}
Nominal power af 95680 2760.00 185350 117760
cruising speed (kW)
Energy consumptiol 79.73 11500 16850 107.05
rate at cruising spee
(KWh/NM)

All ferries' acceleration, deceleration, and related energy consurm@reranalyzed

to have complete energy consumption profilBise acceleration and deceleration
valuesfor all ferries inthe model match the duration aghareuversin actual
operations. Therefore, ferriesttremodel accelerate and decelerate similarly to their
reatlife twins.

Calculated nominal electric motor power and energy consumption rates irb¥able
are only valid while ferries travel at cruising speeds. By design, IGfe aa
increased BSFC when working at RPM valuetsiole their rated service spegéds
shown inFigure 5.1 Therefore, ICEreless fuel efficient when working at the lower
RPM range that is used for traleg at speeds slower than rated service speeds.
Furthermore, ICE usually dwoot sustairmaximum torque at their maximum power

output range.
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Figure5.1. Fuel consumption profile of Baudouin126.2 engind76].

Modernandhighly efficient déectric motors are virtually immune todbe effects.
With EU and USA's premium efficiency electric motor prograshsctric motors
can sustairover %% efficiency at virtualy all RPM rangesthey are primariy
operaté [78], [79]. Moreover, eletric motors camairntain maximum torque ahost
of their RPM ranges while achieving very higfiiciency levels.Optimally, all
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selected electric motors to be useduh-electric ferries in the study shall comply

with the IE3 Premium Efficiency class requiremestsown in Table 5.

Table5.5. The IE3 Premium Efficiency class requiremdi8g).

Efficiency Levels
3-phase induction motors

Efficiency Classes |
IEC 60034-30-1, 2014

Testing Standard
IEC 60034-2-1, 2014

Performance Standard
Mandatory MEPS "

(Low Voltage < 1000 V) Global classes IE-Code ' incl. stray load losses National Policy Requirement
Super Premium Efficiency Preferred Method " EU 28 * (75 - 200 kW)
Premium Efficiency Canada (0.75- 375 kW)
Mexico (0.75- 375 kW)
UsA (0.75 - 375 kW)
USA* (0.18 - 2.2 kW)
South Korea [0.75- 375 kW)
EU 28 * (0.75 - 1.000 kW)
Switzerland ** (0.75 - 375 kW)
Turkey (0.75- 375 kW)
Japan Toprunner [0.75- 375 kW)
Israel (7.5 - 375 kW)
Singapore [0.75- 375 kW)
Taiwan (0.75 - 200 kW)
Summation of losses Brazil (0.12 - 370 kW)
with load test: Ukraine ** (0.75 - 375 kW)
Saudi Arabia (0.75- 375 kW)
High Efficiency IE2 Additional losses Py, Australia [0.75- 185 kW)
determined Chile 0.75 - 375 kW
from residual loss China (0.75 - 375 kW)
Peru (0.75- 375 kW)
Colombia (7.5 - 373 kW)
Iran (7.5 - 375 kW)
EU 28 ** (0.12 - 0.75 kW)
Israel (0.75 - 5.5 kW)
India (0.37 - 160 kW)
New Zealand [0.75- 185 kW)
Standard Efficiency _ Costa Rica [0.75- 375 kW)
Vietnam
0203 2020 1) Output power: 0.12 kW - 1000 KW, Il) for 3-phase machines direct online < 1KV *) Polyphase: eq. to |E3; single phase: IE2 levels or above

Impact Energy Inc. & TPA advisors
& EMSA 2020

50and 60 Hz, ine operated
2-, & 6 and 3-poles

rated output power < 1000 kW
1} Minimum Energy Performance Standard

**) Tiert: per 157/21; Option IE2#V3D removed (0.75-375 kW)
Toer2: 1/7/2023; 1-phase »0.12 kW IEZ; 0.75-75 1 200-1.000 kW IE3
***} [E3 or IE2+VSD, per 1-8-2019 + 2 years for implentation

The model's electric motor energy consumption baseline was created using the

existing ferries' nominal power and energy consumption values at calm seas

However, t is necessary to mention thaeary does noalwaysnavigatein calm sea

conditions.Heavierweather and sea conditiotisat ferries can be operateshjuire

higherenergy consumptioratesthancalm weather and sea conditidostraveling

at the same speetihe effects of weather and seanditionson fuel consumption

were studied andxplained intherespective subsection.
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5.4  Optimizations and limitations

There were several optimizations and limitations while adding line$eanésinto

themodel.The optimizations are as follows:

1 Onlyferriesthat he Kz mir Metropolitan Municipal.i!l
study.
1 An optimized number dferrieswere operated on each line.
o Currently K z d éohoiwszanoperational model thambines owned
and chartered ferrieaimingto reduceotal operatng costs
o0 Ideally, the number of ships owned bz mi r Metropol ita:
Municipality isalsoenoughfor operatingnost ofthe lines in the inner
bay, albeitfacingcertain limitationamentioned below

o0 As aresultthemodel has a fleet of3ILCs and 4Ro-Roferries

The ESS capacities are limited by the ship design batlery energy density
Therefore there werecertainlimitations appliedwhile implementing thénner bay

lines tothemodel

1 Kar kK é-yPadaport- Alsancak- Kar kéyaka | i ne: Weekday
between 10:35 and 16:3@ebeing carried out by ferriesinstead of Zerries
on the scheda in order to increase charging tinagailability, therefore
reducingthe requestectharge rateK z d eurrently operate LC ferries
and 1charterederry, whereas3 LC ferrieswere usen this linein the study.

1 Bost-®ashpért Alsancak-kBost anl & | ine: Weekday depa
10:35 and 16:5@rebeing carried out by frriesinstead of Zerrieson the
schedulan order to increase charging time availabiliWore charging time
reducegherequiredchage rateK z d epenate LC ferrieswhereas3 LC
ferrieswere used on this line in the study.

1T Bost-dnlkay-Blost anl & | ine: Weekday departur

out by 4 ferries.
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T Kar Kk &y aka y-ud°art -eKarantina- K a r K éligeaWeakday
departures 010 out of 18rips per week can be assigned to LC13.

0 The lasttrips for each weekday cannot be complete@ to the ESS
capacitylimits.

T | - kuy-@GP at-&arantina- Konak- Pasaport Alsancakline: There
are not enough ships to assign to this line. A total afipSper week (3rips
per weekday) are not included.

o This line is parallel to the coasthere are alternative modes of high
frequency& high-capacitypublic transportationrsuch asusses and

LRT, nearby the piers in this line

A weekly total of 14trips on outer bay lines that are operated on weekends only

during the summer periathnnot bencludeddue to the ESS capacity limits

1 The shortesbuter bayroute K a r Kk & KandkaUrla, is 1958 NM long,
one way. A HSC wouldrequire approximatel®2517 kW, while an LC
would require 1561 kW to get toUrlafromKar Kk €y a k a

1 The longesbuter bayroute Ka r Kk & Wa k d ¢ig 2B85NM long, one
way. An HSCrequires approximately ®1.7.8 kW, while an LC requires
23001 kWtogettaor doj an

0 Thereis an estimate@0% increase in consumptionheavy weather

states on top of these vahi

As a result ofthe above optimizations and limitati®, a weekly sum of 325
individual trips was definedin the model. The following number ofrips are

completed weekly in the model:

T 419Bost-danlké&yand4a% - kuy-Bbattaps | é
1 345K ar Kk & Koadkand 34Konak-K a r Kk é@rpsa k a
1 205B o0 s t-&onbkand 209 o s t -Konbké&ips,
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T 60K ar k & laakcaktrips, 60 Alsancak- Pasaportand 60Pasaport
Kar k épsa k a

1 220K a r k é yashpart220 Pasaport Alsancak and 220Alsancak-
Kar kK épsa k a

1 125B o s t -Alsdna@ktrips, 125Alsancak- Pasaportand 125Pasaport
Bosttaps !l é

1 60B o s t -&Pashpert60Pasaport Alsancak and 60Alsancak-Bo st an | &
trips,
176Bo s t-malr & ayddkaar K é B a & ataps and
10Kar keyakayldo] akuy-GP at 80Gce z t-&aranting

and 10Karantina-K a r K é@rpsa k a

It is also necessary to mention that the October 2021 schedule was used-for year
long simulations Any other schedulethat have been published since were not

considered in tis study.

There are not enough ferriesvned byK z mi r Metropoytofulgn Municip
complete the October 2021 schediMereover there are not enough ferriesneet

the additional lines opened the summerdor the same reason

5.5 Modellogic

The model has three mailogics to manage lines, weathesga states, and ESS
battery dischargingnd chargingEach logic is explained in detail in theespective

subsectioa

68



5.5.1 Line logic

In FlexSim, usesmustdefine sources, transparendsinks to assign process flows

or transportcarga In the model, he piers are the sourcekall cargoon aline, and

the cargo is the passengers and vehiclé® passengeiend vehiclego be carried

are created on the sources attached to piers, phssengers and vehicke® shifted

to queues to be loaded on the correct ferry. Following the travel phase, ferries arrive
at the pier and unlogossengers and vehicl€sgure5.2 showsthe ferries, cargo,

piers androutesin 3D.

In the model, therés at leastone sourcestack, andsink at ech pierat all piers.
These sources, stackmd sinks are an essential part of the model that enables the

transport of correct cargo (ngers and/or cargbpm and tathe correct pier

ouUS

Lightcraft 1

Bostanli Pier

Ferry 4 (

Routes with
Virtual
Distances

{
UCK_CARS Separate | KON_DEP PAS_DEP ALS_DEP
Loading
and [
Unloading
points

Figure5.2. 3D representation of the model.

There aregwo sources and sinks Bto s t amd €| - Wiery Onkeia for LCs,
andanotheris for Ro-Ro ferries, while all other piers have one set of sources and
sinks Each box on a source represents the passengevelictesto becarriedfor

each segmentn order to successfully complete a segment, passengers or vehicles
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must be carried via the correcttipavith the correct ferry and deliveredtonthe

correct sink

In FlexSim, the user can eithesecoordinatebaseddistances or virtual distanse
Thefirst approach wat useAutomated Guided Vehicld®\GV) paths(which use

the coordinate systemhesecond approach was to use Network Ndddsch use
definedvirtual distancs). Models in bothmethod utilized AGV. The total segment
distances that AGVs tralled were the same in both approaches to conduct a fair

comparison.

Trials provedthatthe second approach was significantly more time effective than
the first approach Furthermore,the secondapproachrequiresconsiderablyless
design complexity andisesless computational powetlsing less computational
powea becomessignificantly morecritical for conducting several yeéwng model
runs Therefore the model inthe studywasconstructed using the virtual distasce

approach.

Eachsegmentvas modHed to create airtual path between two piershown by a
direct line with green arrows in the middaeFigure5.2. However, the patlistance
is notequal to thalirectdistance between piers higtinstead equal to the minimum

segment distance that includeaypoints

There is a preset schedule for each thre all ferries operated on that line should
follow. Therefore, a logic was assembled to manage all ferries and all departures of
each segment on each line.liAe logic for a line chooses the first unreserved
departurereservesand then assigns it tbe next available ferry operating in that
line. Simply put,the linelogic doesnot create the passengers or carghat line.
Instead, the line logiaessigrs thetime of departur@ndthe correct passengers and

vehicles tahecorrect ferry A flowchart of the line logic is given in Figure 5.3.
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In the linelogic, the number of ships marked available for a Isxdynamic.There

are two criteriad changethe number oferries operated on a line dynamically

1 The time of day in the simulatipand

1 Current status of the fees assigned to the line.

First, if thesimulation time matches a peak hate maximunmumber ofavailable
ferriesis increased to the maximum numbveserved for thdine. In contrastjt is

decreased to the minimunumbe when it isoff-peak hours

Second, the current status of the ferry is checkied is available for loading
meaningit has completed its unloading process and is at idle sthissadded back
to the list of available ferrie® be assigned on that lindfterwards, an available

ferry gets assigned to load passengersvahdtles.

Ferriesin the modelare set tadepartby the line logicwhen thesimulationtime
matches the preset departure tidlk.logic starts with the fitsdeparture time set for
that line and continuously cycles throughout the day until all departures on that line

for that dayareexhausted.
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All ferries are assigned a location indicator when it reaches a destinatiomtpger.
approachwas adopted to know where the ferry has been throughout the day
design errors or bugs in theustom code. Moreover,this approach enables
experimening with the chargingelated variables an absolute manner.

5.5.2 Weather and seaconditions logic

The model includes a weather and sea conditions libgitadjuststhe energy
consumptiorof all ferries.Theweather and sea conditiologjic usepreset weather
andseaconditionstable to feed a randomized generator. Then the logic assigns the
energy consumption rate multiplier for the day in the maakekhown in Figure 5.4

The model generates a new randomized daily energy consumption rate at the end of
each day The new daily energy consumption rate is aethe first second after
midnight.

» Source

Set discharge rate

(9 Delay until midnight

Figure5.4. Flowchart ofthe weather and sea conditions logic

The energy consumption rate is expected to increase as the weather and sea
conditionsdeteriorateHowever, it is necessary to determinenumerical values to
be used inthemodel. There are several ways to estimate the effects of weather and

sea conditins orferries' energy consumptiokt is possible to calculate and simulate
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theimpactof weather and sea conditions on a shifhe case of kdepth technical
data availale on the ship's stabilitfHowever theauthordid not have access to such
detailed information and datd@herefore it was necessany estimatehe effects of

weather and sea conditions on fuel consumption.

Several approaches arsed to estimate the effects of weather andseditionson

a ship's fuel/lenergy consumptiom the literature by worldwide research
organizations and engine manufacturénsthe literature it is stated that heavier
weatherconditions significantly increasethe fuel/energyconsumption of ships.
While theamount of fuel/energy consumption insedue to heavier weather and
seaconditionsvaries significartly in the literature it has been observdtat the
consumption rate increaseasconcentrateetween5% and15% [81]. An ICE
manufacturer recommends a 10% to 25% margin for heavier weather and sea
conditions compared to calnB2]. In case of no performance model availability,
International Towing Tank Conference (ITTC) Recommended Procedures and
Guidelines recommends a 15% t@2Bargin for estimating the power requirements

for heavier weather and seanditions[83].

Therefore, it was decided to use a 10% to 20% increase in the daily average fuel
consumption due to weather and sea dondio n s . Supernteedentiepartment
also confirmed thasuchfuel consumption cases were plausible, depending on the

weather and sea conditions that allinve safe operation of ferries.

Beaufort scalesvere used forassigning thewveather and seaonditions Three
incrementalevels of weather and seanditionswere deemed suitable for ferries

operated in Kzmir

i Below 3 Beaufort : Calm Conditions
i1 3to 6 Beaufort : Elevated Conditions

1 Over 6 Beaufort : Heavy Conditions

As a resultthe following rates are appropriate for estimating the fuel consumption

rates in heavier weatheonditionsused in the model:
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i1 Below 3 Beaufort

M1 3to 6 Beaufort

1 Over 6 Baufort

: Calm Conditions, 100%onsumptiorrate

: Elevated Conditions, 110%@onsumptiorate

: Heavy Conditions, 120%onsumptiorrate

The statistical data on windonditionsusing the simulated historical climate and
d avasaathere{B4] akdshowrrinTable5.6.

weat h

er

Table5.6. Monthly average weather and sea conditiaregrouped using the

weat her

simul ated historical <cl84mate and

Calm Conditions Elevated Conditions Heavy Conditions

Rate Chance Max. Days| Rate Chance Max. Days| Rate Chance Max. Days

January| 1x  0.55 17| 11x 042 13| 12x 0.03 1

February| 1x  0.39 12| 11x 048 15| 12x 0.03 1

March | 1x  0.39 12| 11x 0.58 18| 1.2x 0.03 1

April| 1x  0.35 11| 11x 0.58 18| 1.2x 0.03 1

May | 1x 0.23 7]11x 074 23| 12x 0.03 1

June| 1x  0.06 2|11x 081 25|12x 0.10 3

July, 1x  0.03 1/{11x 0.74 23| 12x 0.23 7

August| 1x  0.06 2|11x 081 25| 12x 013 4

September, 1x  0.16 5/11x 0.74 23| 12x 0.06 2

October| 1x  0.48 15| 1.1x 048 15| 12x 0.03 1

November 1x  0.58 18| 1.1x  0.39 12| 1.2x 0 0

December 1x 055 17| 11x 042 13| 12x 0.03 1
The ARatedo multiplier affects the fuel

model. If it is se#t 1, the fuel consumption rate of the ferries is set to 100%. If it is

setat 1.1, the fuel consumption rate of the ferries is set to 110%. If it iat4e?, the

fuel consumption rate of the ferries is set to 120%.

Depending on the month, there is a ylaihance for each weather and sea condition

to occur in the weather and sea conditions logicF o r

exampl e, i

daily 23% chance for heavy conditions to occur in July. However, thaa®ds

chance for heavy conditions to occur in November.
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In the logic,the randomized generator may genecatien conditions for all days in
July by pure changef not limited in any way Therefore a monthly limit is
introduced to the maximum number of days with each conditicgliminate that

issue

Table5.7. Different daily consumption rates were generat&fdur different744-
hourrunsof the simulatiorfor theexactdates.

Date Run 1| Run 2| Run 3| Run 4
28.12.2020| 1.00x | 1.10x | 1.10x | 1.00x
29.12.2020 1.10x | 1.10x | 1.00x | 1.10x
30.12.2020 1.10x | 1.10x | 1.00x | 1.00x
31.12.2020] 1.00x | 1.10x | 1.00x | 1.10x
1.01.2021| 1.00x | 1.10x | 1.00x | 1.00x
2.01.2021] 1.00x | 1.00x | 1.00x | 1.00x
3.01.2021] 1.00x | 1.10x | 1.00x | 1.10x
4.01.2021) 1.00x | 1.00x | 1.10x | 1.00x
5.01.2021] 1.10x | 1.10x | 1.00x | 1.00x
6.01.2021] 1.00x | 1.10x | 1.10x | 1.00x
7.01.2021] 1.10x | 1.00x | 1.00x | 1.00x
8.01.2021] 1.00x | 1.00x | 1.00x | 1.10x
9.01.2021| 1.00x | 1.00x | 1.00x | 1.10x
10.01.2021) 1.00x | 1.10x | 1.00x | 1.00x
11.01.2021) 1.00x | 1.10x | 1.10x | 1.00x
12.01.2021) 1.00x | 1.00x | 1.00x | 1.00x
13.01.2021) 1.10x | 1.10x | 1.10x | 1.00x
14.01.2021) 1.10x | 1.10x | 1.00x | 1.00x
15.01.2021) 1.10x | 1.20x | 1.10x | 1.00x
16.01.2021) 1.00x | 1.10x | 1.00x | 1.10x
17.01.2021) 1.00x | 1.00x | 1.00x | 1.10x
18.01.2021) 1.10x | 1.10x | 1.00x | 1.00x
19.01.2021) 1.10x | 1.10x | 1.20x | 1.10x
20.01.2021| 1.00x | 1.00x | 1.00x | 1.00x
21.01.2021| 1.00x | 1.00x | 1.10x | 1.10x
22.01.2021f 1.00x | 1.10x | 1.00x | 1.00x
23.01.2021| 1.10x | 1.10x | 1.00x | 1.10x
24.01.2021f 1.10x | 1.00x | 1.00x | 1.10x
25.01.2021| 1.10x | 1.00x | 1.10x | 1.10x
26.01.2021f 1.00x | 1.00x | 1.10x | 1.00x
27.01.2021| 1.10x | 1.00x | 1.10x | 1.00x
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It is necessary to emphasize that the model's total daily energy consumption depends
on the weather and sea conditions, which ferry is operated, and the schedules. As a
result, the combined effect of randomized weather and@aditionsand different

daily schedules over week resulin a unique yearly energy consumption profile

every single time model is run, as Tablé shows.

5.5.3 Discharging, charging, and battery level checking logic

A combined logicmanages thenodel's discharging, charging, abdttery level
related eventsThe frst part of the logic is straightforwardf. the ferry is inthe
travdling state theferry batteryis set to discharge stats shown in Figure 5.3s

a result, the energy stored in ferry ESS is consumed.

[ » End Travel ‘ ‘ & Start Travel
@ Adjust rate up | @ Adjust rate down |

¥ Sink

Figure 5.5. Flowchart of thestate checking part of th#dischargingand charging
logic.

If the ferry is not in the tralkng state, itis set to the charging statealll conditions

are metTherequiremerd are as follows:

The ferry must complete the Aunl oadi n

1

1 Theferrymustbeithefii dl ed0 st at e,

1 The ferry must have less than 100% ESS charge level, and
1

The ferry must be at a pier widcharging station(s).
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In the real worldjnstantaneously connecting the charging systems to the fesries
impossibleTherefore, a uniformly randomized delay of 30 to 90 seconds for LC and
60 to 180 seconds f&o-Roferries for connecting charging systems at each docking
were introducedwhich is aplied right after the travkng state.For clarification,

the ferries in the Aunloadingd state are not

It is possible to select the piers with charging stations and adjust the rate of charging
in the model. The charging rates are assigned tohhgerpiers at the beginning of

the simulation. The charging rates are also constant and are assigned to ferries on
arrival ata pier with charging availabilityzerries are charged eithentil their ESS

level reaches the maximucapacityor until their departure.

| % Unload
¢ Breathe
@ Get charge rate
. & At charging pier and idle? | 1 Sin I(

Debugger
| @ Set to charge
%5 Create record token | @ Start
@ copy charging rate " Small Delay > 0 |
| Yo Wait for Travel |
| @ BreathE | [ @ I'::éaﬁ?r.lerrent batterny level
3 :;':ﬂ’f:::‘;::‘ Bl e | Write to global table
g Store now number and
instance
Wiail for travel start or charge
erd
) Update global table row
]

' & Breathe ‘—//

| X Sink

Figure5.6. Flowchart of thderry charging logic

78



The battery level checkinglogic constantly checksall ESS charge levels
simultaneouslylf any ESSnboard a ferry aon apier is recharged to 100% capacity
by the pier charging station and the PV panels, the charge rate is set toad kW
shown in Figure 5.7This approach eliminadeany logic in themodelfrom going

beyond 100% capacity for any given ESS at any given time.

”» Source - Stop at capacity

Y

% Wait for Full

Y
2 Set Rate 0 and adjust dock ||
' rate

(® Long Breathe

Figure5.7. Theflowchart of battery level checking logic

554 Renewable energy logic

A renewable energy logic thatsocharges ESS batteries during theytimewas
integratednto themodel. Assolar powelis usedas the source of renewable energy,

it was necessary to establisie total PVsystem power generation rdite each pier

and ferry In order to calculate the hourly power generated by the PV systems, the
following areasveredeemed to beuitablefor PV panelinstallation

175 nt on top of thetop deckand hardcover othe semiopen declof LCs,
750 nt and 450 rAon top of the top deck dhe2015 and 20@ seriesRo-Ro
ferries respectivelyand

f 2000m?on top of vehicle waiting areasBfo st anl & and | - kuyul

79



Solar panel installable area : 25,7 X 7,6 m
Total area around :175 m2
Power output : 26,2 kWp

Solar panel installable area : 47,8 x 17,4 m
Total area around : 750 m2
Power output : 112,5 kWp

Solar panel installable area : 31,5x156m
Total area around : 450 m2
Power output : 67,6 kWp

Figure5.8. SuitablesolarPV panel locationand estimated total PV panel ama
ferries.
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= Solar panel installable area : 70 x 28,6 m

Total area around : 2000 m2
Power output : 300 kWp

Figure5.9. SuitablesolarPV panel locations and estimated total PV panel area on

piers.

Theestimategeak power output of panatsshown inFiguress.8 and5.9. However,

the solar irradiance is not uniform. The hourly, daily arabsealariancesn solar
irradiance were considered in the moaghnhourly Solar irradiance tabfeor Kz mi r

wasused as referencgd64], [65].

The logic use tabulated power generation values fooree kWp PV systemas

shown in Table.9. The logic calculatesach PV system's total hourly power output
valuesat the first second of each hour. Then, the calculated values are assigned to
ferriesand piers with PV panefsr the hour. If the ESS battery is not charged to its
total capacity, the PV system will continuerésharge the ESS.

ThePV system works irrespective of the pier chargers. Furthermore, the energy flow
is only onedirectional: from the pier to the ferry. PV systems onboard ferries do not
recharge the ESS batteries ashore.

81



82



CHAPTER 6

SIMULATION RESULTS

There are several aims of the simulaptasdo get the data required for conducting

the techneeconomic analysis the study As a result, models were developed to:

1 Estimate the time available for each ferry at each docking,

1 Establish energy consumption profiles of ferries,

1 Estimat maximumenergyconsumptiorof ferries per segment

1 Estimate maximum energy consumption of ferpes segmenin simulated
weather and sea conditions,

Estimate the minimum ESS capaeitfor ferries and piers,

Estimate the minimum ESS capaestfor ferries and pierdepending on the
charging availabilityscenaric,

Estimate the power generated by solar PV panels onboard ferripgeesnd
Estimate the minimurferry charging power required all conditionsand
Estimate the effect®f having different ESS capaadiés on the power

requested from the city power grid.

Therewerefour mainstages of modekelected for developmeint this study. These
stages were created as a resuthefstepby-step model development approach. A
specialized feature was introduced to thedeiat each stag&ach main stages

explained in detail ints respective subsection.
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6.1 Basemodel

The base model was formed to estinthgeactuahnnualtotal, persegmentand per
NM energy consumptiomaluesof thefull-electricferriesto be operated n KA mi r .
this stage, the model is barebones and does not incorporate the weather and sea

conditions, any chargingelated logic, or renewable energy logic.

F4 o - o -]
UCK GOZ KARAN KON PAS ALS

Figure6.1. Starting position®f each ferry at the beginning of the model.

The base model consigifa complete model that utilizegectric ferries' calculated
acceleration, deceleration, and energy consumptionusatg the values given in
Table 4.1

A total of 777141battery level changingvens were recorded throughout a single,
oneyearlong run of the model. Aseveral variablesse randomized values in the
model, the model was rdive times while each event was record€le totaltravel
distance total energy casumption number of segmerd, averagesegment
consumption, and average energy consumption per NM for each ferry were

calculatedusing thevaluesaveragedrom thesefive runsand given in Table 6.1
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Table6.1. Calculatecannualtotal traveldistancetotal energy consumptiqithetotal
number ofsegmenrd, andthe energy consumptioper segmentand NM, using the
base model.

Total Travel| TotalEnergy | b2 ® |! g3d t 24 ! gAD t
Distance Consumption | Segments| Per Segment Cons. Per
(NM) (kwh) (kWh/Segment) Nm
(KWh/NM)
LC1| 2026590 174720981 9426 18536 86.21
LC2| 2026590 174720998 9426 185.36 86.21
LC3| 1758271 151588004 8178 185.36 86.21
LC4| 2686421 232459137 13106 177.37 86.53
LC5 2685735 232398881 13102 177.38 86.53
LC6| 2685421 232459167 13106 177.37 86.56
LC7| 1256281 113987168 9918 11493 90.73
LC8| 1256281 113987184 9918 11493 90.73
LC9| 1256281 113987199 9918 11493 90.73
LC10] 2625466 233675630 17467 13378 89.00
LC11l 2625466 233675649 17467 13378 89.00
LC12] 2625466 2336756.69 17467 13378 89.00
LC13 444223 38328803 2088 18357 86.28
F1 3353975 388003353 10925 35515 11568
F2 33536.69 610647452 10924 559.00 18208
F3 3353975 388003339 10925 35515 11568
F4 33536.68 610647392 10924 559.00 18208
TOTAL 39373779 | 4276966006 194285

LC is divided into groups consisting of 3 ferries to be operated on a particular line
as seen from the resultBach ferry in a grougas equalor similar total energy
consumptiorvalues. The reason is the dynamic management of ferries in the model
by line logic.LC3 is an exception in the first group as the ferry LC3 is not utilized
onweekends. Also, LC13 is the only ferry operated orktteer aka&& y - k uy-ul ar
G° z t-&Karantina-K a r Kk dinea k a
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Figure6.2 States of all ferries in the moddlhe model wasun for 48 hours.

In Figure6.2, the travel states &o-Ro ferries are shown in yellovihe LC1, LC2,
LC3, LC4, LC5 and LC6 departing from BOS shown in green, and the rest of the
LCs are shown in orange. It was observed that the line &sgignghe ferry that
completed its lagegmenearlier than other ferride the firstsegmenof a particular

line on the next dayin other words, the first ferry on each line is shifted to the next
ferry every day.Therefore,the number of ferries operated orlie changs to

equalize the dailgistance travéed by each ferrywhere possible
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The LCs have an annual averaggergy consumptionf 87.98 kWh/NM in the
model The lowest annual averageergy consumptiors 8621 kWh/NM, and the
highestannual averagenergy consumptioms 90.73 kWh/NM. The difference
between the highest and the I®vennual averagenergy consumptioms 4.52

KWHh/NM or 5.14% of the gerage yearlgnergy consumption

305

LCI
= S_ARR
GOZ KON PAS ALS

IS _ARR

Figure6.3. The LGs 7 to 12aredirectly assigned to lines that include the PAISS
or ALS-PAS segment. Distances are not to scale.

It is observed thatach group's annual total and average consumydigywhile the
variables such as the acceleration and deceleration data of LCixeateThe
differences are due to the shasegmentlistance between the Alsancak and Pasaport
piers. The short distance between those piers and the randomized time it takes to
unload and load passengers decreases the average speed thaiaiesussainin

this particular segmenincreasingthe averagesnergy consumptiosompared to

other longer segments.

Charging logic is not enabled in this model. Howeeach ferry's highest energy

consumption was recorded estimate ferry ESS capacities.
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There wee specific adjustments to the model:

1 ESS battery capacities of ferries were seteto million -virtually infinite-
kWh,

1T Ferries are abl e t o raencdh ajr-gkeu ydutl akKra rpkiéeyrask
the recharge power is one hundred thousandpgattically unlimited, and

1 AnESS battery levedntrywas recorded at each departure and arrival of each

ferry,

Therefore, any ferry that travels and consumes power will decrease its ESS battery
levels. The largestdifference between an departure and arrival of fesiedl give
the highest-or worstcasescenario energy consumptionThe maximumenergy
consumptiorand therefore the energy consumptiofor the worstcasescenario of

each ferry ishown in Table6.2

A ferry, its crew, andts passengers onboard can face emergencies. IMO requires a
ferry to befull-electric-i.e., not having fossfluelpowered emergency power packs

the onboard ESS battery needs to maintain all critical systems and emergency
equipment(e.g., firefighting) for three hour®]. As a result, a 30% ESS battery
capacity wa exclusively reserved for emergencies and therefore included in the

minimum ESS battery capacity calculations of ferries.

Table 6.2. The maximumenergy consumptioof ferries in calm weather and sea
conditiors.

Ferry & No. Max. Energy ESSattery Capacity ESPBattery
Consumption (Incuding30% Erargency Capacity
Reserve) (Rounded Up)
LC1LC2, LC] 371L1kWh 5302 kWh 540kWh
LC4, LC5, LC 486.7 kWh 695.3 kWh 700kWh
LC7, LC8, LC 3457 kWh 4939 kWh 500kWh
LC10LC11, LC1 576.7 kwWh 8239 kwWh 830kwh
LC13 7352 kWh 10503 kWh 1 060kWh
FL F3 3557 kwWh 5081 kwWh 510kwh
F2 F4 560.2 kWh 8004 kWh 810kWh
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There is asignificant difference in the maximum consumption values due to the
charging availabilitgandt]| ekbyuBastphtes,
total distance of the lineAs shown in Tablé.2, the maximunenergy consumption

of each ferry varies between®8Whand 1060 kWh.

For the LCs, it was observed that the lowest maximum consumption is 500 kwh and
belongs to LC7, LC8, and LC9. The highest maximum consumptio068® kWh
and belongs to LC13.

For theRo-Roferries, it was observed that the highestsumption is 810 kWh and
belongs to F2 and F42 and F4 are th2015 SerieRo-Ro ferries. The lowest
maximumenergy consumptiois 510 kWh and belongs to F1 and F3. F1 and F3 are
the 2@0 seriesRo-Roferries.

One crucial factor that must beonsidered when interpreting the calculated
maximum energy consumption values in the base model is that the charging power
is set to unlimitedn this scenarioTherefore, the time the ferstays at the dock is
irrelevant as it is virtually charged instgn However, as we will see in the following
subchapters, the duration of the charging period has significant effects on the

maximumenergy consumption

6.2 Weatherand seaconditions model

The weather and sea logic defiribe dailyenergyconsumptiorof all ferries.The

energy consumptiomalues in the weather and sea conditions enabled ncadel
only increase up to 120%ompared to thgalues in the base moddlherefore, the
maximumenergy consumptioand ESS battery capacity values déffafries can be
calculated by multiplying the maximumnergy consumptionalues in the base

model by 1.2and given in Table 6.3
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Table6.3. The maximumenergy consumptioof ferries in heavy weather andase
conditions.

Ferry & No. Max. Energy ESSattery Capacity ESSBattery
Consumption (Incuding30% Erargency Capacity
Reserve) (Rounded Up)
LC1, LC2, LC 4458 kWh 636.8 kWh 640kWh
LC4, LC5, LC 584.1 kWh 834.4kWh 840kWh
LC7, LC8, LC 4149 kWh 5927 kWh 600kWh
LC10, LC11, LC 6921 kWh 9888 kWh 990kWh
LC13 8823 kWh 12604 kWh 1270kWh
F1, F3 426.9 kWh 609.8 kWh 610kWh
F2, F4 6723 kWh 960.5 kWh 970kWh

As a result of rounding up to theearesten the ESS battery capacities toeavy
weather and sea conditions have incredse@0% compared to the ESS battery
capacities for calm conditions. The increastheESS battery capacity of each ferry
variesfrom 19% to 22%.

Table6.4. Calaulated annual total travel distance, t@aérgy consumptiqrhe total
number ofsegmerd, and thesnergy consumptioper segmentand NM, using the
weather and sea conditions enabled model.

Total Travel TotalEnergy No. of Avg. Energy C. Avg. Power
Distance Consumption Segments  Per Segment C. PeNM

(NM) (KWh) (KWh/Segmen)  (KWHNM)
LC1| 2026590 187583528 9426 19901 9256
LC2 2026590 187567975 9426 19899 9255
LC3 1758271 162757097 8178 199,02 9257
LC4| 2686421 249535180 13106 19040 92.89
LC5 2685735 249475024 13102 19041 92.89
LC6 2685421 249545246 13106 19041 92,93
LC7 1256281 122385530 9918 12340 97.42
LC8 1256281 122371065 9918 12338 97.41
LC9 1256281 122386941 9918 12340 97.42
LC10 2625466 250853798 17467 14362 95,55
LC11 2625466 250874336 17467 14363 95.55
LC12 2625466 250855622 17467 14362 95.55
LC13 444223 41151325 2088 197.08 92.64
F1| 3353975 416536957 10925 38127 12419
F2| 3353669 655553847 10924 600.10 19547
F3| 3353975 416536943 10925 38127 12419
F4| 3353668 655553786 10924 600.10 19547
TOTAL 39373779 4591524201 194285
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The calculatedannual total travel distance, total energy consumption, the total
number of segments, and tligeragesnergy consumption per segment and Bile

given in Table 6.4.

It was observed that if the weather and sea logic were enabled, the annual total energy
consumption anéverage energy consumption per segment and NM increased by
7.357% compared tilve base modellt is also necessary to mention that the average
increase ratis remained between346% to 7.369% in each run. Therefore, the
weather and sea conditions logiccomplisheghe intended effecof modifying

energy consumptiorateswithin the predefined limits.

6.3  Charging model

The chargingenabled model was designeddstimate the minimum ESS battery
capacitiesand minimum charging poweequired to operate tHall-electricferries
i n Kz mi r eachlférrg's pesegmenmaximumenergy consumptioneeded

to be calculateth every possible condition.

As the firg step, the minimum charging power for each ferry charger was séoto 7
kW. Afterwards, the ESS battery capacities determined for heavy weather and sea

conditions were used.

The most significan&im in this stage of the model is that the ferries miwags

have more than 30% of their ESS battery capaciisshown in Figure 6.4he
discharging, charging, and battery level checking logic stopped the simulation as
soon as any battery level in the model dropped below 30% of its capacigntry

is recorded fochecking when awhich battery and where the event happenés
debugging feature isonvenientas it allowsiteratingferry ESS battery capacities,
charging power of ferry chargers, pier ESS battery capaa@atespier ESS chaimnp

power in a fast and robust mann&s. a result, more than 100 runs were conducted
in order to observe the highest maximum energy consumption vahe$indings

were consistent with the values determined for the heavy weather and sea conditions.
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Figure6.4. The ferry ESS battery levels in heavy weather and sea conditions on the

Sunday schedule. The graph is zoonmezhd shows a 2-Bourlong portion.Values
in the y axisshow the ESS battery levelsdaare in kWh
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6.3.1 Scenarios

Four scenari® that can affedESS battery capacitiesd all other related variables
(i.e., charging rates, pier ESS capacities, ESS battery lifetimes, and wests)
identifiedand shown in Table 6.5.

Table6.5. Four £enariosnvereused forevaluaton.

Minimum ESS Maximum ESS

Battery Capacities| Battery Capacities

Bostanl e, Kar kK & . .
Scenario 1 Scenarid?

Ferry Chargers

Bostanl & and Kar _ _
Scenario 3 Scenario 4

Ferry Chargers

6.3.1.1 Scenario 1

Scenario was designed to calculate the minimum ferry BB&&erycapacities and
minimum charging power requireghen charging is enable@herefore, the most
significant aimof Scenario wasto calculatehe minimum charging powereecd

to sustain the ESS batteries without dropping below the critical 30% limit.

There are ferry chanmgaer $ -&tuyBo scenaripli @ r sKa i
The ferry charopng powerwas set to 1000kW at the beginningand the model ran

five times for a yeaif there were no critical battery level evergcorded, the ferry
chargingpowerdecreased by 100 kW furthend the model was continuously run

for five yearsin the next stepn t i | the ferry charging pow

setat4 000kW, all runswerecompleted without any critical battery level event.

The mosintriguingfinding at this stagef Scenario Ivas that the LE€staring from

Bostanépier in the morning wenearely dropping belovihe critical 306 ESS battery
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levels in heavy weather and sea conditjdmgnotalways It was observed that when

these ferries namely the LC4, LChand L C6, were operating on
Kar kK & KamdkaK a r kK éBaasktaa nmhen thé critica battery levelents

happened.

The reason wasivestigatedand it was observed thdtedrewasnot enough time to

chargethe LC ESS batteriesn the first arrivalatt he Kar kK 8Vhilathee pi er .
ferries started f A0OWESSE baderyBeued thegcodldenotpi er wi t h
recharge thie ESS batteryo 100% capacita t K a r kK @nfildhkiadepariuee.r

Furthermorethe ferries had no charging availalba the second arrivaat the

Kar kéeyaskwell pi er

1000

900

07:30 07:45 08 PM 0815 08:30 08:45 09 PM 09:15

Figure6.5. The 840 kWh ESS battery level graph of LC6 while operating on the
Bost-&al & é goadk-K a r kK é B @ « tdimenin héavy weather conditions

resuls in a critical battery level evenBlue arrows show the arrivatK ar Kk €y a k a
perand red arrows show the departure from Ka
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Therefore, it is clear that the battery levelsfolf-electric ferries in our study

significantly decrease when they are equipped with the minimum ESS battery
capacities and if thelyave toskip charging at a pier where charging is availafte.

aresult, ferriepperatingonth8 o s t-KmalIr & é Koadk-sK arak®@Bost anl é
line in heavy weather conditionsych as LCBwerenotablereacnt he Bost anl e |

without going below the critical battery level of 30%, as shown in Fi§Lke

There are three different ways to mitigate the critical battery iese¢ It is possible

to either

1 Increase the time that the ferries stayhatKk a r Kk € y aekher the firgt r
arrival or preferablyat the second arrivaby allocating less idle time at
Konak pier,

1 Increase thé&rry chargingpoweat Kar k@yaka pi er

1 Increase the ESS battery capaoity.C4, LC 5 and LCS6.

As this stage aim to find theminimumESS battery capacitieshd charging power

the departure schedules were unchanged. Furthermore, the aim of the study is not to
optimize the scheduldf the schedule wreto be optimized, the entire schedule
would have to be altered.

Moreover, scientificesearcho optimize the schedule woulchdoubtety need to
include the data on passenger and vehicle demand pet pgastper hourover a
yearly period whichthe aithordid not have access to noould obtain.However,
optimizing the schedule by utilizing scientific methods in future studies would be

significantly beneficial

Therefore, in order to find thminimum ESS battery capacities and charging power
required for LC4, LChand LC6 to complete the segment that regults critical
battery level eventthe minimum battery levelrequired was calculated. The
minimum battery levetequiredfor a five-yearlong run was calculated 28101
kWh for LC4, LC5 and LC6.

95



As theminimum 28101 kWh level is thecritical battery levelequal to the30%
emergency reserve, the neinimumESS battergapacity wagalculated a936.7
kWh. Then this value is rounded upttee nearest terand the newninimum ESS
battery capacity of 940 kWh can be calculatedrthermore,lte new ES®attery
capacity of 940 kWh did not resuit any critical battery level events, albeit being
charged at the minimal charging poveéd 000KW.
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Figure 6.6. A 930 kWh ESS battery level graph of &@vhile operating on the
Bost-&afr @ éoadk-ar Kk egaktaanl € | ine in heavy wea
still resulsin a critical battery level event, while a 940 kwh ESS battery does not.

Blue arrows show the arrivatK a r K € y gakdared @rro@s show the departure

from Karkéyaka pier.

As a resulbf thefindings mentioned aboyéhe minimum ESS battery capacities of

ferries are calculated and given in Tablé
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Table6.6. Theminimum ESS battery capacities of ferries as per Scenario 1

Ferry & No. Max. Energy ESS Battery Capacity ESS Battery
Consumption (Including 30% Emergency|  Capacity

Reserve) (Rounded Up)
LC1, LC2, LG 4458 kWh 636.8 kWh 640kWh
LC4, LC5, LC 655.7 kWh 936.7 kWh 940 kWh
LC7, LC8, LC 4149 kWh 5927 kWh 600kWh
LC10LC11, LC1 694.6 kWh 992.2 kWh 1 nkwh
LC13 8823 kWh 12604 kWh 1270kWh
F1, F3 428.3 kWh 611.9 kWh 620 kWh
F2, F4 679.2 kWh 970.2 kWh 980 kWh

While the maximum discharge values are required to calculate the ESS capacities,
the average discharge and DoD values can be us#teiesS battery lifetime. The
maximum discharge values are not used for lifetime calculations because the

maximum discharg values are the worstise energy consumption values and

therefore do not represernthe randomized conditions throughout a year.

Furthermore, the energy consumptibience the dischargealuesin calm weather

and sea conditionare even lower than thgearly averagedischarge valueslhe

chargingenabled model was run foen years,and the calculated LC ESS battery

discharge values are given in TabI&

Table 6.7. The average and maximum discharge and Do2Is when LC ESS

battery capacities are set as per Scerfario

Ferry & No. | ESSBattery | Average Average | Maximum | Maximum
Capacity | Discharge DaD Discharge DaD

LC1,LC2,Lq 640kWh| 3858kWh 60.3% | 4458kWh 69.7%
LC4,LC5,Lq 940kWwh| 3711kWh 395%| 6657 kWh 70.8%
LC7,LC8,Lq 600kwh | 356.8kWh 595% | 4149kWh 69.2%
LC10,LC11,LC| 1 n kwh| 347.0kWh 34.7% | 6921kWh 69.2%
LC13] 1270 kwh| 7605kWh 59.9% | 8823kWh 69.5%

F1,F3 620kWh | 3710 kWh 59.8%| 426.9kWh 68.9%

F2,F4 980kWh | 5387 kWh 55.6% | 6723 kWh 68.6%
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The battery life of each LC group is calculatead given in Table 6.8jsing the
number of cycles each ESS completes in a year, the average DoD levels in this

scenario, and the DoD and life cycle values given in Figige

Table6.8. Average ESS battery lifetimes of LCs in Scema.

Ferry & No. AnnualCharge | Average Expected Average

Cycleder Ferry DaD Maximum Cycles Battery

Lifetime
LC1, LC2, LG 4729 60.3% 10000 2.22years
LC4, LC5, LC 6570 39.5% 20000 3.04years
LC7, LC8, LC 3319 59.5% 10000 3.01lyears
LC10, LC11, LC 7117 34.7% 20000 2.82years
LC13 524 59.9% 10000 19.08years
F1, F3 10955 59.8% 10000 0.91years
F2, F4 10955 55.6% 10000 0.91years

In Scenario 1 tecalculatecaverage lifetimes ddll LC ESS batterieare4.03years
If LC13 is excluded, the average lifetime of LC ESS batteries decreasé8yeas.

The calculated average lifetimes of Rt-Ro ESS batteries aredl years.

The next step was to find the minimum charging power for each ferry using the ESS
battery capatiesgiven in Table 6.8The calculatedminimum charging power and
number of ferry chargers thiept theminimum ESS battery levelbove 30%are

as follows:

1 B o s t RoRdCGhargers : 4400 kWeach two chargers on the jetty.

1 | - k u yRo-R@Chargers : 4400 kWeach two chargers on the jetty.

T Bostanl & L C :@h0akWwgeachtereechargers on the pier.

T Kar kéyaka L C:400k\egch, theee chargers on the pier.
The number of chargers equal tothe maximum number of ferri¢sat are docked

at a pier at any given timgVhile the ferry ESS battery charging rates are around 4
MW for each charger, the combined maximum load of the chargers antylse
power gridcan reach up to 3 MW. As a resultthe possibility of reducing the

maximum combined load of the chargers was investigated.
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In order to reduce thmaximumpower load on theity's power gridit is possibldo

install ESS batteries on piers, as whllwas revealed thahé capacity of theier

ESS batteriegmpacts the grid's power Ida It was observed that the load on the
city's power gridreduced as ESS battery capacity was increased. The pier ESS
battery capacity was increased by 500 kWh in eachamuh the maximum load on

thecity's power gridwas calculated. Results aleown in Figures.7.

The optimal pier ESS battery capacities and pier E&&rycharging power were

calculated as follows:

T Bostanl & ESS: 1500 kwh 50 kwh dedicated capacity for
LC ferries, 750 kWh dedicated capacity ®o-Ro ferrieg, 8 000 kW pier
ESSbatterycharging power.

T |} - k u yRo-R@&ESS : 500 kWh capacity, B00kW pier ESSbattery
charging power.

T Karkéyaka L C: 1IBD&XWh capacity, 500 kW pier ESS

batterycharging power.
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Figure6.7. The relation between the pier EE&terycapacities gcale on the right,
kWh) and the maximum power load on the gnicscenario Iscale on the lefkW).
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As a result of installing a total of 0 kWh pier ESS batteries, the combined

maximum instantaneous load of chargers decreased to 16,5 MW. The maximum load

without pier ESS batteries ag 37.8 MW. Therefore, a 43% decreasen the

maximum grid loadvas observed.

6.3.1.2

Scenario 2

Scenario 2 was designed to observe the effects of installing the highest LC ESS

battery capacity in Scenariodh all LC ferries. Therefore,all LCs have an ESS

battery capacity of 270 kWh,and all other values are the saasen Scenario las

shown in Table 6.9

As Ro-Roferry ESS battery capacities are kept the sasime Scenario 1, alRo-Ro

ferry-related values in Scenario 1 aleovalid in Scenario 2.

The most significant finding of this scenario is ttleDoD levelsof ESS batteries

significantly decreases the ESS capacity is increas@éhile increasing the ESS

battery capacities of ferries increaskee capital costs, it also increases the lifetime

of the batterieslue tothe decreased DoD levels.

Table 6.9. The average angnaximumdischarge andoD levelswhen LCESS

battery capacitieare set to 270 kWh,as per Scenari.

Ferry & No. | ESSBattery | Average Average | Maximum | Maximum
Capacity | Discharge DaD Discharge DaD
LC1,LC2,Lq 1270kWh| 3858kWh 30.4% | 4458kWh 35.1%
LC4, LC5,Lq 1270 kWh| 3711kWh 29.2% | 6657 kWh 52.4%
LC7,LC8,Lq 1270 kWh| 356.8kWh 28.1%| 4149kWh 32.7%
LC10, LC11,LC] 1270 kWh| 347.0kWh 27.3%| 6921kWh 54.7%
LC13 1270 kwh| 7605kWh 59.9% | 8823kWh 69.5%

The battery life of eachC groupis calculatedand given in Table &0, using the

number ofcycles each ESS completesa year, the average DoD levafsthis

scenarigp andthe DoD and life cycle values given in Figi8.
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Table6.10. Average ES®attery lifdimesof LCs in Scenario 2.

Ferry & No. AnnualCharge | Average Expected Average

Cycleder Ferry DaD Maximum Cycles Battery

Lifetime
LC1, LC2, LC 4729 30.4% 20000 4.44 years
LC4, LC5, L(Q 6570 29.2% 26 nJ 3.96 years
LC7, LCS, LG 3319 28.1% 26 n | 7.83 years
LC10, LC11, LC| 7117 27.3% 26 nJ 3.67 years
LC13 524 59.9% 10 nJ 19.08 years

The benefitof havinga 1.270 kWh ESS battery capaciiy all LCs issignificant.
The average lifetimes of the LC ESS batteries in Scenaie®06 years, which is
50,40 longercompared té&cenario 1If LC13 is excluded, the average lifetime of

LC ESSbatteries decreases t®8 years.

When LC13 isexcluded, the difference in average lifetimes ofrimt of thelL.Cs
ESS batteries in Scenario 2 is.¥®6 longer compared to ScenarioTherefore,
increasing the ESS battery capacity of all LUfysa totalof 5700 kWh (598%)
compared to Scenariocdan resulin a 50.4% longer average lifetimef LC ferry
ESS batteries

Moreover, here is also the operational benefit of having 13 identical ferries to
operateWhile breakdowns and service interrupting evangshighly unlikely today,

no system is immune to errgend emergencies can happ&herefore having the
ability to assign any ferryo any line at any given time is quite significant foe

operator.

Since the energy consumption of ferriesthe same as Scenario 1, the ferry
charging rates are the same. As a result, the piebB®&ycapacities angier ESS

batterycharging powearealso the same.

It is possible to reducthe ferry ESS battergharging poweby usinglargerLC ESS
battery capacities. Thealculatedminimum charging power and number of ferry
chargers that kept the minimum ESS battery levels above 30% are as follows:

101



T Bostanl & L C :Gh0akwWweaadhtereechargers on the er.
T Kar kéyaka L C:1800 kW eqah,rthsee chargers on the pier.

Therecan besignificant reductions in charging power requitadinstalling 1270
kWh ESS batteries onboard LOSompared to Scenario 1, th€ ESS battery
charging power requiredeceased byl00 kW 0.76%) atB o s t peenwhiée 2200
kW (55%) at Karkéyaka pier in Scenario 2.

However, decreasing the charging poaisonullifies the benefibf havingalonger
ESS battery lifetime bigaving 1270 kWh ESS batteries onboard L&educing the
charging power tthesevaluesincreagsDoD up to 70%, which is the critical battery
level. Therefore, the reducéelry ESSchargingpowerrateswill not be included in

thetechneeconomic analysis

The optimal pier ESS battery capaciteexl pier ESS battery charging power were

the samasin Scenario 1 andalculated as follows:

1T Bostanl & ESS:1500 kWh (750 kwWh dedicated capacity for
LC ferries, 750 kWh dedicated capacity ®o-Ro ferries), 8000 kW pier
ESS battery charging power.

1 | kuyularRo-ROESS : 500 kWh capacity, B00kW pier ESS battery
charging power.

T Karkéyaka L C: 1IBD&XWh capacity, 500 kW pier ESS

battery charging power.

6.3.1.3 Scenario3

The main differencébetwe@d Scenario 3and Scenario 1s thatno ReRo ferry
charghg isavai |l abl e at Thissdenayois ldesignedo ifiredrthe
minimum Ro-Ro ferry ESSbatterycapacitiedf there is no charging availability in

thel - kuyul ar pier
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As a result o f no char giThgRoRofary ESSbi | ity
battery capacities anBo-Ro ferry ESS battery charging poware expected to
increaseas shown in Table 6.1dnd Figure 6.8Moreover, allRo-Ro ferry-related
values arealsoexpected tachange accordinglyAll values related to LCsemain

identical to Scenario;Xherefore, any values associated Wi@s areexcluded

In the model, the charging powerttie; - k u yRo-Raferry charger was set to
zerq the charging power @aheB o s t Ro#Rd fe&ry charger was set i 000kW,
andthe maximumdischargeof Ro-Ro ferrieswascalculatedThe minimumRo-Ro
ferry ESS battery capacities were calculated as follows:

Table6.11. Calculated maximum discharge aRd-Roferry ESS battery capacities,
as per Scenario 3.

Ferry & Max. Energy ESS Battery Carity ESS Battery
No. Consumption (Including 30% Emergency Capacity
Reserve)
F1, F3 868.5 kWh 1240.7 kWh 1250 kWh
F2, F4 1380.8 kWh 19726 kWh 1980 kWh

When compared to thRo-Ro ESS battery capacities calculated in Scenario 1, it is
observed that theompued minimumRo-Ro ESS battery capacities in Scenario 3 is
doubled as shown in Table 6.127he ESS battery capacities of F1 and E20
SeriesRo-Roferrieg increased from 62kBWh to 1250 kWh (a 10161% increase)
while F3 and F4 (201SeriesRo-Roferries) increased from 980 kwWh t®80 kWh

(a 1@.02% increase)

Table6.12. The average and maximum discharge and DoD levels ¥eignESS
battery capacities are set as per Scenario 3.

Ferry & ES®Battery Average Average Maximum Maximum
No. Capacity Discharge DaD Discharge DaD
F1,F3 1250 kWh 7622 kWh 61.0% 8685 kWh 69.5%
F2, F4\ 1980 kwWh 12002 kWh 60.6% 1380.8 kWh 69.7%
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The battery life of each LC group is calculatetd given in Table 6.13)sing the
number of cycles each ESS completes in a year, the average DoD levels in this

scenario, and the DoD and life cycle values given in Fig8e

Table6.13. Average ESS battery lifetimes farriesin Scenari@.

Ferry & AnnualCharge Average Expected Average Battery
No. Cycleger Ferry DadD Maximum Cycles Lifetime
F1, F3 5477 61.0% 10000 1.83years
F2, F4 5477 60.6% 10000 1.83years

In Scenarid3, the calculated average lifetimes of Rl-Ro ferry ESS batteries are
1.83 years.Therefore,ncreasing the total ESS capacityRd-Ro ferries by 360
kWh (or byl01.87%) can result in 40002% longer average lifetime Bo-Roferry
ESS bé#eries.

As menti oned ab oReoRqgferrychagin@powset veasdetéo Q@i e r
kW for trial purposes. However, this value is not the minimum required charging
power to sustain ESS battery capaciébevethe 30% critical battery level. To find

the minimum required charging power in Scenario 3, the model ran for a year for
five times. If no critical battery level events wenecorded, th&®o-Roferry charging
power decreased by 100 kW in the next step.

As a result, theninimum required charging powers waaculatedas follows:

1 B o s tRo#RdGhargers : 8500 kW each, two chargeos the jetty.

1 | - k u yRo-R@&Chargers : N/A

1T Bostanl & L C :@h0akWjeaahtereechargers on the pier.
T Kar kéyaka L C:4@0kd\regch, theee chargers on the pier.
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The optimal pier ESS battery capacities and pier ESS battarging power were

calculatedas follows:

T Bostanl & ESS: 1800 kWh ©00kWwWh dedicated capacity for
LC ferries,900 kWh dedicated capacity fdRo-Ro ferries),9 500 kW pier
ESS battery charging power.

T |} - k u yRo-R@&ESS - N/A

T Karkéyaka L C: 1IBD@&XWh capacity, 500 kW pier ESS

battery charging power.
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8000 1500
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BOS GRID LOAD === KSK GRID LOAD==8==P|ER ESS CAPACITY

Figure6.8. The relation between the pier ESS battery capacities (scale on the right,
kwh) and the maximum power load on the gmnidcenario Iscde on the left, KW).

As a result of installing a total of @0 kWh pier ESS batteries, the combined
maximum instantaneous load of chargers decreasEslNtdV. The maximum load
without pier ESS batteries ag 30.5 MW. Therefore, a50.8% decreasan the

maxmum grid load was observed.

105



6.3.1.4 Scenario 4

Scenario 4vasdesignedo find the effects of havinghargingavailability only at
Bost anl & andan&KmaximueyS$ katteryrapacities on all ferragsd
all charging pier®n coss. Therefore, Scenaridis a mix of Scenar®2 and 3.

The highest ESS battery capacitieScenaris 2 and 3areas follows:

1 AIll LCs haveanESS battery capacity of2l70 kWh,
1 F1 and F3 have 250kWh, and
1 F2 and F4 have 980 kWh.

As a result of having the same ESS battery capacities and consumption profiles, the
lifetimes ofLC and ReRo ferryESS batteries are equal to the values in Scesiario

and 3 respectively
In Scenario 4theferry charging powerareas follows:

1T Bost a-#Rd @Gardes : 8500 kW each, two chargers on the jetty.

T | - kuy u-RaGhardgerms: N/A

T Bostanl & L C :@h0akweaahghree chargers on the pier.

T Kar kéyaka L C:400kd\regch, theee chargers on the pier.
The optimal pier ESS tt@ry capacities and pier ESS battery charging power were

calculated as follows:

T Bostanl & ESS: 1800 kWh (900 kwh dedicated capacity for
LC ferries, 900 kWh dedicated capacity for-Ro ferries), %00 kW pier
ESS battery charging power.

T | - kuy u-ReEESS Ro:N/A

1T Karkéyaka LC: 1IB@XWh capacity, 500 kW pier ESS

battery charging power.
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As the pier ESS battery capacities and charging powdh@sameasin Scenaric,
the combined maximum instantaneous load of chaetke city grids identical,
which is15MW.

6.4 REPP model

The REPPmodel integrates the renewable energy lagio the model. The logic
works independently from the charging logic, excémt the battery capacity
component. Therefore, the logudl recharge ESS batteries up to 100% capacity and
will stop there.

In this stage of the modelll derries, B o satnadn | | é- koierghave REPP
which utilizes solar power. The peak power genenatcapacity of the REPRs as

follows:
1 LCs . 262 kKWp each
1 2015 SerieRRo-Ro : 1125 kWp each
1 2020 SerieRRo-Ro . 67.6 KWp each
T Bostanl é and | -:BWOkWpaach pi er s

The logic uses thannual hourlyaverage power output valupsr monh for one
kWp REPRas shown in Figurd.8, and scales it according to the capacity of REPPs

given above.

In order to calculate thectual power output of REPPs, the model was run for a year
threetimes with REPP logic enabled and with REPP logic disaBleetotal power
consumption difference between the runs axasraged and given ifable6.14

Calculations show that it is possible to produce combined energ92§349 kWh
annually with such RERH65]. However, a total of 262367 kWh wa stored, as
shown in Table 6.14The difference of 16982 kWhof energy produced due to

thelack of storage capacityfhis means that while the REPP produced the energy,
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ESS batteriewere alreadygharged to 100% capaciyndcould notstore the enesg

produced

It is necessary to mentighatwhile renewable energy issaistainable and greener
way to charge the ESS batterjethe 1762367 kWh annual energystoredonly
constitutes3.84% of the total energy consumeahich is 4391524201 kWh The
city grid provided the rest of the energy requiredhargethe fery fleet, which is
4415287501 kWh,or 96.16% of the total energy consumed

Table6.14. The aerage REPP energy stolisatalculated by comparing the average
total energy consumption with and without REPP.

Peak Powe| Avg.Cons.| Avg Cons. Avg.REPP
(kWp) W/OREPP| W/ REPP | Energy Stored
LC1 26.2| 1876105| 1840362 35743 kWh
LC2 262 | 1876177| 1840424 35752 kWh
LC3 26.2| 1628243| 1592375 35869 kWh
LC4 262 | 2495050| 2459947 35103 kWh
LC5 26.2| 2494681| 2459551 35130 kWh
LC6 262 | 2495217| 2460134 35083 kWh
LC7 262 | 1224285| 1188587 35698 kWh
LC8 262 | 1224352| 1188645 35707 kWh
LC9 26.2| 1224370| 1188610 35760 kWh
LC10 262 | 2508520 2472834 35686 kWh
LC11 26.2| 2508544 | 2472790 35755 kWh
LC12 262 | 2508631| 2472864 35766 kWh
LC13 26.2 411689 376180 35509 kWh
F1 676 | 4165258 4073470 91789 kWh
F2 1125 | 6555132| 6402388 152745 kWh
F3 676 | 4165258 4073469 91789 kWh
F4 1125 | 6555132| 6402387 152745 kWh
BOS 3000 | 11983832 | 11578463 | 405369 kWh
UCK 3000 | 11983832 | 11578463 | 405369 kWh
TOTAL 1300.8 1762367 kWh

108



CHAPTER 7

TECHNO-ECONOMIC ANALYSIS

There are complex relations between many values dffiett the amount of
investment necessary to achieve the aim of operéatihglectricf er ri es i n Kz
Moreover, the values and relations show differences between scenarios investigated

through the mdel development.

The main decision factor for forming the scenarios was ESS battery capacities and
charging availability rather than costs. However, when considering final designs, it
is necessary to take economic attributes costs of all variables indifferent
scenarios over the service period of ferries. Therefore, the Total Cost has been
selected as a decision factor for finalizing ferry ESS, RBR& charger designs.

It is possible to calculate the Total Cost udtygiation2:
YE OGN O O N "@OECia0 O € £ OUAOQI o E X
(2)
The Capital Cost can be calculated udtogation3:
B6 N @O adBOQ1 O WOYH O 0 Mé iwd BO "QOIYIVDH O 0 M4 iwo i

B'OQi ¢'@IQQDE i 0 O AGIEGIOTBEVEODBE | O O AAXEN OGCE &
B'OQI D@WQwOIii "OMIDO i 6 QO i

(3)
The Annual Operating Costan be calculated usiriguation4:
0 ¢ & O60cNOQi D 8 B'OQ1I DWINMDO 0 VR&QO & & 0 i
B0 "QDIYOV®D O 0 VR &Q 0 @ & 0BO ¢ ¢ 6Q&AQI 6@u 0 i
BO¢ & YD LORWD i
(4)
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Using the equations above, the prelimynealculation for predicting the capital cost
suggest that the ESS battery capacities shall haventiost significah effect on
capital costs compared to the other factors.

In order to conduct theechneeconomic analysis of operatifigll-electricferries in
Kz mi Capitat Gost and Annual Operating Costs must be knowthédwo final
desigrs. The operational life of ferries and REPB®stimated as 25 years for the

calculations in the study.

7.1  Designs for calculations

There are two different desigoseated for conducting the techmoonomic analysis

in this study, namely Design No. 1 and Design No 2. Preliminary calculations
suggestd that the total ESS battery capacities of ferries and piers should be the major
factor that directlyaffects the results afhe techneeconomic analysis. Therefore,

two distinct designs were createmh opposite extremesf total ESS battery
capacitiesand sbwn in Table 7.1

The Design No. 1 was based on the total ESS battery capacities in the Scenario 1,
which is the minimum capacities that ferries that required to safely sustain all trips
on their assigned lines.

The Design No. 2 was based on the totab Battery capacities in the Scenario 4,
which is the maximum capacities that endeleies to be assigned on all available

lines.

It was expected that tH2esign No. Ishouldhave the lowest capital costs for ferry
ESS batteriesss per having theninimum ESS battery capacities. Design Nawv&s
expected tdhave the highest capital costs as per havingrii@mumESS battery

capacities.
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Table7.1. There are two desigrier techneeconomic evaluation.

Design No| ESS Battery Capacitig Ferry Chargers REPP
. Minimum capacities |. 2adl yf PX
(Scenario 1 Values) | YR « ] dz& di All ferries and piers
Maximum capacities i with ferry chargers
2 _ L2adlkytP ot
(Scenario 4 Values)

It was observed that whillhe above expectations are valid, the difference between
the Designs No. 1 & 2 proved to be less thhe values expected within the
preliminary calculationslt was aimed to explain the reason by providing the results
of cost and benefit calculationessumptionsand limitations of this study, in the

following subchapters.

7.2  Capital costs

The Capital Coss the initial sum that is required to be investedah be calculated
using Equation3 if ESS Battery Costs, Ferry Charger Installation Costs, REPP

Installation Costsand Ferry Electric Drive Retrofit Costs are known.

7.2.1 Limitations on forecasting future battery prices

It is necessary to mention thae catulations relateto ESS batteries in this study
do not include any capacity degradation mechanisms othedé#waadation due to
cycling. As the lifetime of batteries lengtteemechanisms such as calendangg
graphite NMC fracturing, electrolyte oxiation and lithium metal deposition will
havemore pronouncedffects on SOH and ESS battery capacity fadaspecially
the older the battery gets

The expected lifetime of NMbatteriesis six years (depending onseveral

operational conditionssuch as temperature, SOC, charging rate(s), discharging
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rate(s), etg, and it is significantly shorter than LT@ LFP batterie$35]. Therefore,

asthe calculated ESS battefifetimesin Design No.1 and 2aregenerallywithin
thetypical lifetime ranges of NMC batteries, the rest of the degradation mechanisms
were ignoredto reduce the complexity required fdESS battery capacity

calculations.

If such battery capacity degradation mechanisms did not exist, it would be greatly
advantageous to install the largest ESS capacity that can be installed afieoagrd

to have a battery life equal to the service lifetime of the ferry, as the initiallat&in

costs would be the only costs associated with ESS battery costs. Holvever the

statedreasonsbove it is not possible.

LTO and LFPbatteries have longaycle lifetimes than NMC. However, theper
kWh cost of LTO batteries significantly higher than NMCbatteries. In contrast,
LFP batteries requirg0%larger space due to lower energy denaity ardess safe
thanNMC batterieq85], [86]. Therefore, LTO and NMC batteries are significantly
better candidates for maritime applications than LFP.

If the per kWh price of NMC and LTO is directly compared, NMC batteries cost
significantly less than LTO batteries. However, the significantly highetecy
lifetimes of LTO batteries can make up for the higher per kwh cost and are stated to
equalize the total costs when DoD levels and cycle times are consi@ied

Thereforethe costs of choosing NMC or LTO technology would be virtually equal.

Therefore it could be stated that the LTO batteries are better and safer alternatives to
the NMC batterie$86], [87]. It is also necessary to mention that the LTO batteries
can sustain faster charging rates than the stated rates in this study with less
performance degradation compared to NMC batt¢88s Therefore, as per kWh
prices reduce, LTO batteries are more likely to be utilized inclaestging ferries

than NMC batteries. However, currently, there are no price predictions for LTO
batteries found in thkteratureor other sourcg except for the prices of0b0 USD

per kWh in 2016 and 480 USD per kWh by 2(38]. The data found is not enough
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to iterate any future prices. On the contrary, there is enough data on NMC battery

per KWh prices in thiéteratureand other sources.

As a result, the per kWh price of NMC batteries whssen as the basis for the
calculations in this study.

7.2.2 ESSbattery costs

The ESS battery cost component of the Capital Cost can be calculated by multiplying
the costper kWh ESS battery capaciyd thetotal ESS battery capacities in each
design.Theprice per kWh ESS battery capacity candstimated using théerature

or quoting manufacturers.

In order to quote a prigeer kWh ESS battery capacithie Author of this studytried

to reachthe ESS producerBKASOL, Corvus Echandial. e ¢ | aSatft, Bi®nens,
SPBES Spear, and XALVia email, personal communication, and social networks.
Corvuswas the only produceén the studythatallowedtheauthorto use an estimated

price per kWh capacity.

Corvuskindly informedthe authotthat the averagper kWh ESS battery capacity
should be taken as 620 USiD calculationsas of May 202290]. Literaturesuggest

that theper kWh ESS battery capacpyices would be an estimated averagd @it

EUR per kWh capacity as of 2022]. 492 EUR would be equal to 527 USD, in May
2022.The difference between these prices is 93 USD per kWh, on average. However,
the pricesstaed inthe literaturemight not include the cost of Battery Management

Systems and other systems.
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There are many reasons behind such a difference between prices statedtabove.

could be arguethat the following reasons aaésothought to be affectinthe prices:

- Economic effects athe Global Covid-19 Pandemic (2019 0Ongoing),

- Globally increasing demanébr batterypowered vehicles, vesseland
aircraftwhile limited lithium production growth,

- Geographical and temporal dimensions of the competitivikethar

- Political relations and rathdgensionsthat affect energy andcommodity
relatedprices,

- Other costs(such as globally increasing semiconductansd electronic
componenproduction shipping, handlingandlabor costs) and

- Globallyfluctuating inflation levels.

As a resultjt could be arguedhat the actual cogier kWh ESS battery capacity
depend on variables such as the year the H&&erywill be installed, market

conditions at the time, chosen producerdsd product line(sand what is included

in thecostanalysis

Only one ESS battery manufacturer quoted the cost per kWh ESS battery capacity
for a single yeain this studywhile the eFerryanalysisbased the cost per kWh ESS
battery capacity values from different manudaers and/ears

Therefore the best approach was takethe estimated average price per KBRS
capacityfrom theliteraturefor 2022 However, there awsno price per kWh ESS
capacity mentioned for 2022.

As this value vasnot provided directly, a curve fitting was applied using the values
given inthe eFerry study and given in Figure 7.1The curve fitting equation is
calculated ay = 13353e%1X(R]  9©88%) where xis the years after 2012 and y
is the price per kWh ESS capacity in EUBIng this equation, it was also possible
to estimate the other future prices per kWh ESS capacity
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Figure7.1. Estimated per kWh battery capacity prices from 20/Eues are in EUR.

As a resultthe calculatedcost per kWh ESS battery capacity 2022 would be
49172 EURwhich can beconverted tb26.44 USD as shown in Figure 7,.2ising
the 1.07060928 EUR to USD parity in May 2022.
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In Design No. 1the total ferry ESS battery capac#tgdpier ESS battery capacities
are14010 kWh and 300kWh, respectively. As a result, thatal ESS battery cost
is 89547444 USD.

In Design No. 2the total ferry ESS battery capacity and pier ESS battery cigacit
are22970 kWh and2 800kWh, respectively. As a result, the total ESS battery cost
is 135663598 USD.

The difference between Design No. 1 arl@SS battery coss 46116154 USD.

7.2.3 Ferry charger installation costs

The aithortried tocontactseveralferry charger manufacturemsamelyStemmann
Technik,Wabtega n d W2 Steimmaniiréchnik repliedhoweverthatthey were

not able to quote a price for any chargers stating that the prices were quoted for very
individual specificatios of an operatorin contrast,severaltechnical details were

shared with Stemmarihechnik resulting in no further communication.

Theliteratureon ferry charger prices is quite rahe thee-ferry project the average
cost of installing a ferry charges around 1 million USP9]. The value is taken as

is in the calculations.

In Design No. 1the total numbeof ferry chargerss ten As a result, the totdérry

chargeiinstallationcost is10 million USD.

In Design No. 2the total numbeof ferry chargerss eight. As a resulthe total ferry

charger installation cogt 8 million USD.

The difference between Design No. 1 arférzy charger costis 2 million USD.

7.2.4 REPP installation costs

The REPP installation costs include many varigldesh as land value, project size,

design costs, certification and permit costisd taxes. However, in our stydlyis
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also possible to estimate the REPP installation costs by using average installation

costs per kWp for 1 MWREPP and by scaling the average cost accordingly.

An averagecapitalcostof LMVpREPP i n Tg¢r ki Maillan®WSDy s ar ound
excluding tars al land cost[91]. Therefore, thestudy's average cost per kWp for
REPP § 1100USD.

In Design No. 1the total peak power of REPP i8020.8 kWp.As a result, the total
REPP installatiorwost is1430880USD.

In Design No. 2the total peak power of REPP i900.8 kWp. As a result, the total
REPP installation cost is1D @80 USD.

The difference between DesgNo. 1 and REPP installation costs 330thousand
UsD.

7.2.5 Ferry electric drive retrofit costs

The cost of retrofit of existing LC ariRlo-Ro ferries into electric drive includeabe

following:

Project designaudits and certification
Removal of alllCE, including geneators

Removal of fossil fuetelated pumps and control systems,

)l

)l

)l

1 Installingelectric motors andrive systems

1 Installinganew reduction gearbox and adjustment of related systems,
1 Recalibration or retrofit of all monitoring and control systems, and

)l

Vetting and certification.

The power output of electric motors at service speeds shall be matchedG& the
removed from the ferrieds the RPM range of theropellershaft needto remain
within a different range to keep the speed of the ferries the atar the retrofjithe
reduction gediox also needs to be changede to the higher working RPM range
of the electric motors comparedI@©E.
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Thetotal costof retrofitting all LC andRo-Ro ferrieswith electric drive systems
estimatedo be 17million USD for Desigrs No. 1 and 2.

7.2.6 Results

The total capital cosiof Design No. 1 igalculated a87 3856244 USD, whereas
thetotal capital cosof Design No 2 is calculated a896672388 USD.Thesums

andcomponerg of thecapital costsre visualized in Figure 3.
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Figure7.3. Total capital costs of Design No 1 and 2.

Thereforeijt is evidentthatchoosing opposite extremeSESS battery capacitidésr
design purposegesultsin the largest difference in initial ESS battery cobtslso
changesthe number of ferry chargersotal REPP capacityand the difference
betweercapital osts.
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Design No 1 haghelowest ESS battery capacities and costs while having more ferry
chargers ana larger REPP capacity, which increases costs. On the other hand,
Design No. 2 hathe highest ESS battery capacities and costs while hdeingr

ferry chargers and smaller REPP capacity, which decreases costs.

Therefore, it could be stated thhe costdifference between designs diminished as
ESS batteryrelated factorsvereincluded in the calculation®lore specifically the
difference betweethetotal ESS battery costs of different desigmas4 6116154
USD, whereas thdifference betweethetotal capital @stsof different designsvas
228161440 USD.

7.3  Annual operating costs

The annual operating costre the yeayl costs necessary to operédid -electric
ferries.The annual operating costs include B%S battery renewal costs, twst of
average annual energy consumption of all ferries minus the average energy produced
by REPP, annual average service costs for electric drive systefuli-efectric

ferries, annual service codty all REPP systems, annual service costs ferry ESS
batteriesandyearlyservice costs all ferry chargers.

However, annual costs are not staetween 2022 and 204Mha ESS battery
capacity needed to be renewed, g kWh price of ESS battery capacitgtal
energy produced by REP#ge perliter price of Ultra Low Sulphur Marine Diesel
andthe per kWh price of electricityestimated to havdifferent characteristickr
Design No. 1 and .ZTherefore,all valuesneed to be adjustefbr eachyear to

calculate the annual operating costs ovelthgearoperationaperiod.

It should be noted that aihdemnity insurance, crewages and other related
expenses are excluded from the study as no data was found fraterttarethat

predicts the prices for the next 25 years.
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7.3.1 ESS battery renewal costs

There are different total annual capacities of ESS batteries needed to be renewed in
each desigdue tothe difference irestimated averadietimes ofESS batterieskor
example, thaverage ESS battery life Rio-Roferriesin Design No. 1 is @1years,

while the average ESS battery lifeRd-Roferries in Design No. 2 i$.83 years.

There are slight differences even inside the groups of ferries due to the differences
in thetotal number of battergycles of individual ferriesThe average ESS battery
lifetime of all ferriesis calculated and given in Table2

Table7.2. The average ESS lifetime of all ferries

Ferry| Number of Annual Charge DoD(%) Battery Lifg(Years)
Cycles
Design #1 | Design #2 | Design #1| Design #2| Design #1 | Design #2
F1 10955 5477 59.9% 61.0% 091y 1,83y
F2 10955 5477 59.6% 60.6% 091y 1,83y
F3 10955 5477 59.9% 61.0% 091y 1,83y
F4 10955 5477 59.6% 60.6% 091y 1,83y
LC1 4729 60.8% 30.6% 211y 423y
LC2 4729 60.8% 30.6% 211y 423y
LC3 4104 60.9% 30.7% 244y 487y
LC4 6571 39.7% 29.4% 3.04y 396y
LC5 6569 39.7% 29.4% 3.04y 3.96y
LC6 6570 39.7% 29.4% 3.04y 396y
LC7 3319 60.4% 28.6% 301y 7.83y
LC8 3319 60.5% 28.6% 3.01ly 7.83y
LC9 3318 60.5% 28.6% 301y 784y
LC10 7108 35.3% 27.8% 281y 3.66y
LC11 7117 35.0% 27.5% 28ly 3.65y
LC12 7044 35.3% 27.8% 284y 3.69y
LC13 524 60.9% 60.9% 1908y| 19.08y

As a result of average ESS lifetirdéferences between desigrise amount of ESS
batteries to be renewed changes significantly. In the study, all pier and ferry batteries

wererenewedin the 24year period after the initial year was calculated using the
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ESS battery lifetimes and tiiESS béery capacities of ferries for each desighe

ESS batteries were used up to threstimated lifetimes and renewed immediately.

The total amount of ESS batteries renewgethen summed annualgnd given in

Figure 74.

The number of times batteriese renewed is not the same in each design. The

number of times ESS batteriegere replaced throughout the 3#ar period is as

follows:

T
T
T
T
T
T
T

F1, F2, F3, F4
LC1, LC2

LC3

LC4, LC5, LC6
LCS8, LCS8, LC9
LC10, LC11, LC12
LC13

: 27 times in Design 1, 13 times in Design 2.
: 11 times inDesign 1, 5 times in Design 2.

: 10 times in Design 1, 5 times in Design 2.

: 8 times in Design 1, 6 times in Design 2.

: 8times in Design 13 times in Design 2.

: 8 times in Design 1, 6 times in Design

: Once in Design 1 and 2.

122



JeaA 1s11) ay) Jayed|grameual aq 01 papasu sanoedes Aleneq SSJ [e101 ayl 7'2ainbi4

123



































































































































































































