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ABSTRACT 

 

EVALUATING MARITIME INTELLIGENT TRANSPORTATION 

SYSTEMS: THE CASE OF USING ELECTRIC FERRIES AND 

RENEWABLE ENERGY IN T¦RKĶYE 

 

 

Pense, Caner 

Doctor of Philosophy, Earth System Science 

Supervisor : Prof. Dr. B¿lent G. Akēnoĵlu 

Co-Supervisor: Assoc. Prof. Dr. Oĵuz Atik 

 

 

October 2022, 187 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 Change and Global Warming with greenhouse gas emissions from 

coastal structures and ships. At the local level, it also negatively affects all life with 

environmental pollution, especially air and sea. Today, drive technologies are 

developing at a dizzying speed. In land transportation, electric vehicles are 

frequently seen. Electric drive systems are used in automobiles and large vehicles 

such as trucks and buses, especially in the transportation sector. This technology not 

only protects the environment but also significantly reduces operating costs. With 

renewable energy sources, these effects can be further improved. Today, fuel costs 

make up a significant portion of the operating costs of a fossil fuel-powered ship. 

The most important advantages of full -electric ships over fossil fuel-powered ships 

are the significantly reduced operating costs and zero-emission operations. It was 

aimed to develop a feasible and sustainable maritime technology in T¿rkiye in the 

field of Intelligent Transportation Systems, with domestic and national technology 



 

 

vi 

 

suitable for the possibilities and conditions of T¿rkiye, within this dissertation. In 

this context, the case of operating full -electric propulsion ferries and taking 

advantage of renewable energy systems in T¿rkiye was evaluated with a 

multidisciplinary scientific approach. 

Keywords: Intelligent Transportation Systems, Maritime Transportation, Electric 

Ferries, Renewable Energy, Solar Power 

 



 

 

vii  

 

¥Z 

 

DENĶZCĶLĶKTE AKILLI ULAķIM SĶSTEMLERĶNĶN 

DEĴERLENDĶRĶLMESĶ: T¦RKĶYEôDE ELEKTRĶKLĶ FERĶBOTLAR VE 

YENĶLENEBĶLĶR ENERJĶ KULLANIMI ¥RNEĴĶ 
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Ekim 2022, 187 sayfa 

 

Ķklim deĵiĸikliĵi ve k¿resel ēsēnma g¿n¿m¿zdeki en b¿y¿k k¿resel sorunlardandēr. 

Bunlarēn etkileri t¿m d¿nya ¿zerinde gºr¿lebilmektedir. Denizcilik sektºr¿, kēyē 

yapēlarē ve gemilerden yapēlan Sera Gazē salēnēmlarē ile hem k¿resel ­apta iklim 

deĵiĸikliĵi ve k¿resel ēsēnmaya katkēda bulunmakta, hem de yerel ­apta hava ve 

deniz baĸta olmak ¿zere ­evre kirliliĵi ile t¿m yaĸamē olumsuz etkilemektedir. 

G¿n¿m¿zde tahrik teknolojileri baĸ dºnd¿r¿c¿ bir hēzla geliĸmektedir. Kara 

ulaĸēmēnda elektrikli ara­lar artēk sēk­a d¿nya yollarēnda gºr¿lebilmektedir. Sadece 

otomobiller deĵil, ºzellikle taĸēmacēlēk sektºr¿nde kullanēlan kamyon ve otob¿s gibi 

b¿y¿k ara­larda da elektrik tahrik sistemleri kullanēlmaktadēr. Bu teknoloji sadece 

­evreyi korumakla kalmamakta, aynē zamanda iĸletme maliyetlerini de ºnemli 

ºl­¿de azaltmaktadēr. Yenilenebilir enerji kaynaklarēnēn kullanēmē ile bu etkiler 

olumlu yºnde daha da geliĸtirilebilmektedir. Denizcilik sektºr¿nde bir fosil yakēt 

kullanan bir feribotun iĸletme maliyetlerinin ºnemli bir miktarēnēn yakēt masrafē 

olduĵu gºz ºn¿ne alēndēĵēnda, tam elektrik tahrik sistemli gemilerin sunduĵu en 

ºnemli avantaj olan d¿ĸ¿k iĸletme maliyetlerinin etkisi a­ēk­a gºr¿lmektedir. Bu, 

fosil yakēt kullanan bir feribota oranla ºnemli oranda d¿ĸ¿k yakēt ve iĸletme maliyeti 
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anlamēna gelmektedir. Bu doktora tez ­alēĸmasē kapsamēnda Akēllē Ulaĸēm 

Sistemleri alanēnda ¿lkemizde yerli ve milli teknoloji ile ¿lkemiz imkan ve 

koĸullarēna uygun, uygulanabilir ve s¿rd¿r¿lebilir bir denizcilik teknolojisi 

geliĸtirme hedefi bulunmaktadēr. Bu kapsamda T¿rkiye ºzelinde tam elektrik tahrik 

sistemleri ile donatēlmēĸ feribotlarēn ve yenilenebilir enerji sistemlerinin iĸletilmesi 

hususu multidisipliner yaklaĸēmla bilimsel a­ēdan deĵerlendirilmiĸtir. 

Anahtar Kelimeler: Akēllē Ulaĸēm Sistemleri, Deniz Ulaĸēmē, Elektrikli Gemiler, 

Yenilenebilir Enerji, G¿neĸ Enerjisi 
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Dedicated to the Pense family.
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CHAPTER 1  

1 INTRODUCTION  

Today, electric drive technologies have become feasible alternatives to systems 

running on fossil fuels. Electric vehicles are gaining popularity in road 

transportation, railways, maritime, and aviation; they also promise to reduce the 

anthropogenic pressure and effects of global warming on Earth.  

The pressure is increasing on every polluter, as International Maritime Organization 

(IMO) stated in 2011 [1]. In 2011, IMO was the first international regulatory body 

to implement energy efficiency schemes in the maritime industry, called Energy 

Efficiency Design Index for new ships and the Ship Energy Efficiency Management 

Plan for all ships [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 shipping [2]ï[4]. IMO aims to contribute to 

the global efforts to reduce the anthropogenic sources of climate change. Following 

the Paris Agreementôs goal of limiting the average global warming below the 2ÁC 

target, IMO aims to cut the annual Greenhouse Gas (GHG) and CO2 emissions from 

international shipping by 50% and 70%, by 2050 [4].   

The Ministry Of Transport and Infrastructure of T¿rkiye prepared the 2053 

Transportation and Logistics Master Plan as a result of the 11th Development Plan 

(2019-2023) and the 2020 Presidential Annual Program [5]. The 2053 Transportation 

and Logistics Master Plan focuses on solving economic, efficiency, and 

environmental issues. There is a strong emphasis on the determination of T¿rkiye in 

the context of solving environmental problems created by the transportation sector 

by guiding the sector and taking necessary legislative and executive steps. 
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There are six goals within the 2053 Transportation and Logistics Master Plan that 

prioritize social sustainability, efficiency, environmental awareness, emissions, 

costs, global and local competitiveness, and legislative matters [5].  

Goals 2 to 6 directly take matters related to maritime transportation into account [5]. 

These goals are briefly summarized below: 

¶ Goal 2: The goal states that it is vital to reach a balance between different 

transportation modes by giving priority to rail and maritime transportation, 

allowing users to switch between modes effectively and cost-effectively and 

in an uninterrupted manner. 

¶ Goal 3: The goal states that increased efficiency, productivity, quality, and 

competency of transportation services will be ensured while reducing costs. 

It was stated in the Master Plan that the steps necessary to reduce traditional 

fuel use and oil dependency. It is stated that the rise in fuel prices due to 

reducing oil resources and inventories and increasing cost of environmental 

issues needs principles of mobility and efficiency to be ensured by the state. 

¶ Goal 4: The goal states that sustainable mobility supported by Intelligent 

Transportation Systems will be ensured by creating a cooperative 

environment that brings relevant institutions together to work on Intelligent 

Transportation Systems, especially on sustainable urban transportation and 

mobility. It is also stated that a special fund will be created to support studies 

and projects that focus on adding value, reducing environmental issues, and 

increasing safety and security. 

¶ Goal 5: The goal states that measures will be taken to act within the 

framework of international measures against climate change and increase 

energy efficiency. The aim to ensure compatibility with the Paris Climate 

Agreement and EU legislation is addressed explicitly in this goal. The most 

significant proposal of the goal is the ñPolluter Paysò principle. It is stated 

that renewable energy production will be encouraged while taking 
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preventative action to reduce negative environmental impacts by 

internalizing the external (social) costs of those who create it. 

¶ Goal 6: The goal states that measures will be implemented to ensure that the 

transportation sector's overall safety and security are increased while 

considering public and environmental health. 

The 2053 Transportation and Logistics Master Plan's goals are clear and encompass 

the same aims as this dissertation. They are created to take responsibility on the way 

to reaching the Paris Agreementôs 2100 global warming goal. As this study evaluates 

the economic and environmental costs and benefits of using electric ships in T¿rkiye, 

it will be significantly helpful on the way to reaching the sustainability, efficiency, 

environmental and economic targets adopted in the 2053 Transportation and 

Logistics Master Plan. 

Paris Agreementôs  2100 global warming goal requires low and zero-emission ships 

to be built well before 2050, and hopefully by 2030s [2]. The main reason behind 

this requirement is that even if all GHG emissions were eliminated today, the 

committed warming effect of the existing GHG would still take several decades to 

stabilize [6]. 

Even though the IMOôs ambitious emission goals, the global maritime industryôs 

GHG emissions are still comparable to an industrialized nationsô total GHG 

emissions today [7], [8]. Moreover, if the maritime industry was a nation, it would 

be the 6th nation in total GHG emissions. Therefore, electric ships that offer 

significantly reduced or zero emissions will  substantially contribute to the IMOôs 

GHG emission reduction efforts [2].  
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Studies show that full -electric ships1 are already getting better than fossil fuel-

powered ships in terms of economic feasibility and environmental protection; 

especially in more vulnerable areas such as the coastal cities where the population is 

living and the coastal ecosystems which provide essential services to all living [9]ï

[14]. Moreover, these benefits of full -electric ships are only expected to improve in 

time as their ranges are expected to improve distances scaled by thousands of 

nautical miles as early as the 2030s [15]. 

 

Figure 1.1. M/F Ampere, the first full-electric 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 as the recent oil shock and the energy crisis. However, the idea is 

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

 

 

 

 

1 It was observed that there are two terminologies used prominently today: Full-electric ships and 

all-electric ships. The author chooses to use the first terminology in the study. 
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The idea of ecological, pollution-free, efficient, and safe electric ships evolved into 

the modern meaning of full -electric ships in the 2010s. One known example of full -

electric ships is the M/F Ampere (Figure 1.1), the first full -electric ferry in the world 

[16]. M/F Ampere has been operational since 2015, and her batteries are charged 

using the local power grid that is solely powered by renewable (hydro) energy power 

plants [17]. 

With the ever-increasing R&D on solar cell technologies and reducing cost per kW 

capacity installed, the global total installed capacity of solar photovoltaic (PV) power 

plants has increased to 843.1 GW in 2021, which has grown 19% in 2021 [18], [19]. 

This 19% increase in installed capacity resulted in a record-breaking 1 PWh solar 

PV electricity generation in 2021 [18], [19]. However, to reach the Net Zero 

Emission target of the Paris Agreement, solar PV electricity generation needs to 

reach a global total of 7.4 PWh by 2030 [19], meaning that there is much to 

accomplish and many records to break ahead of us. 

As Patrick Geddes stated in 1915 [20], the solution is to; 

 

 Think global, act local.  

 

Therefore, a global mindset and cooperation that drives localized electric revolution 

efforts are essential to mitigate the anthropogenic sources of global warming. Every 

polluter must be considered when it comes to reducing global emissions; maritime 

transportation is no exception.  

Furthermore, the maritime and aviation industry is not expected to catch up to the 

emission reduction values seen in the road transportation industry today, any sooner. 

It is argued that the increasing emission levels due to fleet growth is expected to 

nullify about half of the global emission reductions achieved by the road 

transportation industry [21]. 
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Figure 1.2. Prominent seaway public transportation services in T¿rkiye are located 

in the centers of large cities such as Bursa, ¢anakkale, Ķzmir and Yalova, and the 

megacity Ķstanbul. 

 

The seaway passenger and vehicle transportation service, or in the more known form, 

the seaway public transportation, has been selected as the focus of this study. This 

subject was adopted because the most prominent seaway public transportation 
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services in T¿rkiye are located in the heart of large cities such as Ķzmir, Bursa, 

¢anakkale, and megacities such as Ķstanbul, where millions of people live and use 

these services every year [22], [23], as shown in Figure 1.2.  

Citizens located nearby are directly affected by the GHG and particulate matter 

emissions from the ferries. Additionally, the ferry operators in T¿rkiye, primarily the 

municipalities, are affected by the rapidly increasing operating costs due to the oil 

shock. However, as we get closer to the 2030s, it is envisioned that a regulated carbon 

market will be formed to force emitters to internalize the external costs or social 

costs related to their emissions. 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, reduced welfare, damaged ecosystem health, and reduced ecosystem services 

[24]. 

Therefore, in simple terms, carbon taxes will be introduced in the near future. 

Undoubtedly, this is expected to increase the operational costs of seaway public 

transportation operators. Therefore, considering earlier applications in the world and 

research results, operating full -electric ferries in T¿rkiye shall be significantly 

beneficial in economic and environmental terms.  

As there were no recent theses found that conducted a techno-economic analysis on 

operating full -electric ferries in T¿rkiye and no other studies found to investigate the 

technical aspects of Energy Storage Systems (ESS) batteries (such as capacities, 

charging rates etc.) onboard ferries to be operated in T¿rkiye, the subject of techno-

economic and environmental evaluation of full -electric ferries to be operated in 

T¿rkiye was selected. 

Various technical and operational information, including the arrangement of piers, 

lines, ferry particulars, maneuvering characteristics, drive systems, and fuel 

consumption were needed to study existing fossil fuel ferries to create the basis for 

full -electric ferries. The General Management of Ķzdeniz kindly agreed to share the 

required data within the scope of this thesis work. For this reason, the technical 
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specifications of the full-electric ferries, ESS, Renewable Energy Power Plants 

(REPP), and ferry chargers are determined based on the seaway passenger and 

vehicle transportation service provided in Ķzmir. 

1.1 Methodology 

The secondary data gathered from the publications of international organizations 

such as the IMO and the literature on Solar energy, Earth System Sciences, Maritime 

Transportation, Intelligent Transportation Systems, Economics, and the 

Environment were analyzed. 

Three main topics that are included in this study can be outlined as follows: 

¶ The costs of using fossil fuels in the maritime sector, 

¶ Benefits of using the full -electric drive and charging systems in maritime, 

¶ Reducing operational costs further by using renewable energy sources for 

electric drive systems onboard electric ships. 

These topics are adopted to evaluate the costs of using fossil fuels in the maritime 

sector and how they can be mitigated by converting to electric drive systems and 

further reduced by using shore and ship-based solar PV systems. 

The methodology of the study is separated into five main phases: 

¶ Literature review, data extraction, and analysis, 

¶ Simulation model creation,  

¶ Analysis of simulation findings, 

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

¶ Conducting techno-economic evaluation. 

Sustainability, electric ships, and renewable energy for maritime transportation are 

relatively new matters of concern. A comprehensive literature review revealed a 

limited number of scientific publications related to electric ships, renewable energy 

in maritime, and techno-economic evaluation of electric ships. 
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Ship ESS, electric drive and propulsion systems, and battery management systems 

are the main subjects of the literature on electric ships. It is also observed that many 

of these publications are purely technical, meaning they have an engineering and 

technical perspective on matters related to electric ships. Only a limited number of 

studies included an economic analysis of using electric ships. 

The literature on the cost-benefit evaluation of using full -electric ships is rare. The 

rarity of such literature is thought to be due to the scarcity of data on full -electric 

ships. The studies that include a cost-benefit analysis of full -electric ships have two 

different approaches due to their various objectives and scales.  

In one approach, several studies focus on a single ship and compare it with ñwhat ifò 

scenarios, such as ñWhat if we converted a fossil fuel ferry to electric?ò. It was 

observed that those studies were funded by international or national organizations 

and utilized special in-house tools to conduct in-depth analyses of several different 

scenarios. 

In the other approach, several studies focus on a maritime area where electric ships 

are operated or are to be operated. These studies focus on the environmental and 

economic analysis of using electric ships in a specific geographical area.  

This study takes a blended approach. The study evaluates the technical aspects and 

environmental and economic costs and benefits of using full -electric ferries as a fleet 

in a specific geographical area in T¿rkiye, with several ñwhat ifò scenarios. 

Determining the battery capacities of ferries to be used in T¿rkiye is the first step to 

be completed to lay a foundation for the rest of the analysis in the study. However, 

to do that, the real-life operational data must be known, including internal company 

matters with direct financial implications, such as the fuel consumption of existing 

fossil fuel ferries. 

The author contacted several ferry operators in T¿rkiye and requested data about the 

ferries they operate to be used in this study. Ķzdeniz was kind to share the data and 

provide professional insight when needed. The General Management and 
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Superintendent Departments of Ķzdeniz kindly cooperated throughout the research. 

They provided information on ferry lines, ships, and related operational information 

and technical data, on a strictly need-to-know basis. As a result, the focus of the 

study was set on Ķzmir, where Ķzdeniz operates its ferries.  

1.2 Research questions and hypotheses 

This study has four main research questions and hypotheses, each of which aims to 

take a different aspect of the environmental and techno-economic evaluation of full-

electric ferries: 

¶ Q1: Is operating full-electric ferries in Ķzmir helpful for T¿rkiye to reach the 

Paris Agreementôs goals by 2050? 

¶ Q2: Is it technologically possible to convert existing ferries to full-electric 

ferries that can operate in Ķzmir without decreasing the frequency of trips? 

¶ Q3: Can the economic costs and benefits of using full-electric ferries in Ķzmir 

reach the break-even point in 10 years? 

¶ Q4: Can the sum of economic and environmental costs and benefits of using 

full -electric ferries in Ķzmir reach the break-even point in 10 years? 

The following research hypotheses were created as per the research questions above: 

¶ H1: Operating full-electric ferries in Ķzmir is helpful for T¿rkiye to reach the 

Paris Agreement goals by 2050. 

¶ H2: It is technologically possible to convert existing ferries to full-electric 

ferries that can operate in Ķzmir without decreasing the frequency of trips. 

¶ H3: The economic costs and benefits of using full-electric ferries in Ķzmir can 

reach the break-even point in 10 years. 

¶ H4: The sum of economic and environmental costs and benefits of using full-

electric ferries in Ķzmir can reach the break-even point in 10 years. 
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CHAPTER 2  

2 REVIEW  OF LITERATURE  

The national thesis center database of the Council of Higher Education (Y¥K) of 

T¿rkiye was searched for keywords related to electric ships. The keywords include 

but are not limited to the following keywords: Electric ship(s), electric vessel(s), 

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

vessel(s), and their Turkish translations. 

A total of nine theses were found to include these keywords. A detailed review 

showed that there had been a significant focus on the technical aspect of electric 

ships, especially on electrical engineering, marine engineering, and power systems 

engineering. However, none of them adopted a holistic approach that combined 

technical, environmental, and economic evaluation of full-electric ships. 

¶ Yēlmaz [25] conducted an environmental and technical analysis of the energy 

system of a full -electric or hybrid ship. The study also extensively examines 

national and international maritime regulations in favor of electric ships and 

makes recommendations. A single 4S class Ro-Ro ferry that IDO operates 

was taken as the basis for the study. A comprehensive analysis of the power 

systems of the ferry and itsô environmental effects was conducted, including 

an emission analysis via LEAP software. The conclusion stated that a hybrid 

ferry would reduce emissions by 50% and a full -electric ferry would reduce 

them to the absolute minimum while providing no calculations or technical 

details about the ESS battery (e.g., type, capacity, consumption rate, charging 

rate, etc.). The study does not include any economic analysis. 

¶ Yiĵit [26] conducted an environmental, technical, and economical analysis 

of an Internal Combustion Engine (ICE) powered cargo shipôs electric energy 

management system. The energy management system in the study is to be 
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used while only docked at a port, which is also compliant with smart grid 

infrastructure and capable of two-way energy transfers. The usage of 

renewable energy is also thoroughly investigated in the study. It is stated that 

there could be significant energy and emission reductions due to the two-way 

energy transfer ability, smart grids, and energy management systems. It is 

also stated that the green port and smart city mentality will pave the road for 

more sustainable maritime transportation. However, the thesis is not intended 

to operate or evaluate an electric ship but rather to develop energy 

management algorithms as a result of the study. Therefore, a design that 

includes technical details on the ESS batteries is not directly stated. 

Furthermore, the indirectly mentioned design in the study is not a hybrid 

electric ship by definition, as onboard generated energy is used for purposes 

other than propulsion. 

¶ ¢elik [27] conducted a technical and economic analysis of infantry-type 

leisure craft operated in the Azmak river in Akyaka, Muĵla. It is stated that 

infantry-type leisure crafts are wooden crafts that are perfected as a result of 

over a century of naval engineering and are now commonly used for fishing 

and touristic sightseeing purposes. The conversion of such crafts into full -

electric crafts, including the technical aspects, such as the power 

consumption and ESS batteries, was given in great detail. The environmental 

benefit of emission and noise elimination is briefly commented on without 

any systematic analysis or economic evaluations. 

¶ Erdoĵan [28] conducted a technical study to create an electric ship design 

using primary data and combining naval and electric 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, and a prototype hybrid 

electric propulsion system was built. There is no environmental or economic 

analysis in the study. 



 

 

13 

¶ Konur [29] conducted a technical analysis of 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 onboard. Konur introduced a thermal 

management solution to solar PVs and studied the theoretical effects of an 

energy management system and higher-efficiency electric motors on overall 

energy efficiency. In the study, it is stated that the energy efficiency of the 

boat can be increased by up to 147% when all optimizations are applied, 

which could double the range of the boat. There is no environmental or 

economic analysis in the study. 

¶ Akten [30] conducted a technical analysis of alternative energy sources 

(especially fuel cells) to supply hybrid electric ships, in great detail. 

Moreover, Akten designed a boat and its electric drive system that utilizes 

fuel cells to produce electricity onboard. It is stated that while fuel cells are 

environmentally friendly and have no noise or vibrations, the capital costs of 

fuel cells are prohibitive to the extent that they are not feasible alternatives 

to ICE engines at the time of writing. However, it has been observed that the 

operational costs and savings of ICE and fuel cells were not compared, as 

there is no further environmental or economic analysis in the study. 

¶ Gºrg¿l¿ [31] conducted a comprehensive technical and economic analysis 

that compared the costs and benefits of generating electricity onboard cargo 

ships using diesel ICEs or gas turbines. The ships in question are not 

particularly electric and are traditional fossil fuel-powered ships; however, 

these power plants could be applied to hybrid electric ships. Significant work 

was done to conduct the technical and economic analysis, considering all 

operational aspects of operating cargo ships, in great detail. The 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 reduction aims. There are brief comments on the 
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environmental aspect of implementing such power plants without further 

analysis in the study.  

¶ ¥zsu [32] conducted a comprehensive technical analysis of the emerging 

hybrid electric drive technologies, as of 2002. The ships in question are not 

particularly electric and are hybrid fossil fuel-powered ships. The only 

alternative energy source mentioned in the study is fuel cell technology. It 

could be argued that this is 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. 

¶ Yaĵmur [33] conducted a comprehensive technical analysis of electric drive 

systems on ships. The indirectly mentioned ships in question are hybrid ships. 

There is no environmental or economic analysis in the study. 

The focus of international studies on the general subject of electric ships and relative 

subjects has attracted attention in recent years. According to Google Scholar, there 

are approximately 232000 published studies before 2000, and 462000 after 2000 

related to electric ships, as shown in Figure 2.1 [34]. 

 

 

Figure 2.1. The yearly number of studies published on electric ships [34]. 
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The literature on the electric ship subject is vast and includes a broad spectrum of 

scientific fields. As expected, the literature on the specialized full -electric ferry 

subject is significantly narrower than on the electric ship subject. Again, publications 

on full -electric ferries are from a large variety of different scientific fields. 

The most prominent and relatively recent studies on full electric ferries were 

reviewed during the literature review phase. It has been observed that there are large-

scale studies on full electric ferries funded by national or international bodies. While 

not limited to, the EU-funded e-Ferry project [9], the Inter-American Development 

Bankôs study on electric ferries in Latin America [10], and Washington State Ferriesô 

study on the electrification of their ferry system [35] were reviewed in this study. 

All of the studies mentioned above have reports of their findings in an open-access 

manner. It has been observed that the economic, technical, and environmental 

aspects of full electric ferries are the most prominent concerns in these studies. It 

was stated that electric ferries are among the first feasible steps toward an emission-

free maritime, along with fuel cell technology [9], [10], [35]. It is also stated that the 

electric ferry market will grow into a multi-billion dollar industry by the 2040s [10].  

The EU-funded e-Ferry project aimed to showcase the applicability  of emission-free 

electric ferries. The 4 MWh batteries of the experimental e-Ferry MF Ellen had an 

unprecedented range, replacing the ICE ferries operated on the 22 NM long Sßby-

Fynshav-Sßby line in south Denmark. MF 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 %36 during the operational life of the ferry due to its significantly more 

efficient full electric propulsion system. The expected break-even point of the ferry 

was calculated as 4 to 8 years, depending on the scenario [9]. 

Overall passenger satisfaction was very high, and a survey was carried out as a part 

of the social evaluation of the study. 86% of the passengers were very satisfied or 

extremely satisfied among the daily maximum of 180 passengers transported during 

the COVID pandemic, stating that the ferry's shorter travel duration, noiselessness, 
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and environmental friendliness was the most contributing factor to their satisfaction 

[9]. 

It is stated that the ferry has significantly reduced environmental pollution and will 

reduce annual GHG emissions by 2520 tons of CO2, 14.3 tons of NOx, 1.5 tons of 

SO2, 1.8 tons of CO, and half a ton of particulate matter compared to a newer 

generation ICE ferry [9]. 

One of the most significant findings in the study was discovered during the design 

and approval phase of the battery capacities. As recommended by the IMO 

MSC.1/Circular 1455, the requirement of emergency reserves for full electric ships 

was taken into account, and the emergency reserve was increased to 800 kWh -which 

is 20% of the total ESS battery capacity- from the initially assumed 400 kWh. 

However, it is also stated that this value is lower than the intended Depth of 

Discharge (DoD) limit of the ESS batteries and should not be reached under normal 

operational conditions [9]. This vital lesson was also taken into account while 

considering this study's emergency reserve capacities and DoD levels of ESS 

batteries. 

The study Opportunities For Electric Ferries In Latin America by the Inter-America 

Development Bank was published in 2021. The report includes data on several 

electric ferries operated at the time of writing, an electric ferry market forecast, and 

the feasibility analysis of operating electric ferries in Latin America to create an 

economic model [10]. Three major supply chains were identified for the model, 

namely battery supply chain,  system, and vessel design and build chain, and onshore 

infrastructure and power procurement, as shown in Figure 2.2. 

It is stated that the study contains a comprehensive technical analysis of 35 existing 

and 20 planned electric ferry operations at the time of writing [10]. A total of seven 

electric ferries -including MF Ampere and MF Ellen- have detailed technical, 

operational, and historical information given as example cases in the study. 
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It is stated that battery technology will develop, and 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% increase in the range of fast catamarans 

[10]. 

It is also stated that if all possible lines are converted to full-electric, there would be 

250 full-electric ferries traveling on 90 routes. Moreover, an annual reduction of 554 

million liters of diesel fuel used by ferries and 1.3 million tons of CO2 emissions is 

expected. It is also stated that the energy costs will reduce by 136 million USD 

annually, especially if renewable energy sources are preferred [10]. 

 

Figure 2.2. The three major electric ferry value chains [10]. 

 

It is also stated that a significant development in battery manufacturing is needed in 

Latin America as electrification of all modes of transportation advances, and the 

resources needed to accomplish that are abundant [10]. 

A striking statement in the study is that the cost of carbon fiber applications has 

reduced to feasible levels since the 1990s. They can offer significant savings due to 

reduced weight -meaning reduced ESS costs due to less capacity required- especially 

for larger ferries. Moreover, the usage of carbon fiber designs in the maritime has 

increased since the 2000s at a steep rate, signifying the recent trend of carbon fiber 

designs in the maritime industry [10]. 
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The System Electrification Plan of Washington State Ferries (WSF) is a part of the 

2040 long-range plan of WSF. WSF owns and operates the largest ferry fleet in the 

USA, transporting 24 million passengers annually. The 3.98 billion USD plan was 

created, considering reliable service, customer experience, managing growth, and 

sustainability and resilience themes [35].  

While fleet electrification is only part of the plan and is not the final aim, it is vital 

in increasing efficiency and reducing operational costs and emissions. It is stated that 

the CO2 emission levels from the ferries will be decreased below the required 2050 

levels stated by the Revised Code of Washington (RCW) 70A.45.020 as 57.5%, as 

of 2033 [35]. However, as stated in Appendix A of the plan dated December 2020, 

the RCW 70A.45.050 was later amended by Engrossed Second Substitute House Bill 

2311 (2020 c 79 Ä 3), and it is now required that the overall GHG emission should 

be 70% below 1990 levels as of 2040 [36]. As a 79% GHG emission reduction is 

expected by WSF as of 2037, the emission requirements for 2030 -as it is today- 

should be met. However, the plan does not state whether the 95% GHG emission 

reduction target of 2050 could be met without implementing full electric ferries. 

According to the 2040 long-range plan, all piers will be converted to have full electric 

charging capabilities between 2027 and 2037. Moreover, six existing ICE ferries are 

planned to be converted to hybrid electric ferries by 2033, and 16 new-built ferries 

will be added to the fleet by 2037 [35]. 

The plan states that the ESS battery lifetimes would be engineered to be between 4 

to 10 years. A steep drop followed by a stagnation in the per kWh prices of ESS 

batteries is expected, as it is stated that the expected prices are as follows [35]: 

¶ 650 USD in 2020, 

¶ 340 USD in 2025, 

¶ 302 USD in 2027, 

¶ 265 USD in 2029, 

¶ 227 USD in 2031, 

¶ 218 USD as of 2033 and after. 
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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 available [35]. 

  



 

 

20 

  



 

 

21 

CHAPTER 3  

3 ANALYSIS OF ELECTRIC SHIP DESIGNS  

It was necessary to analyze all existing and new building electric ships worldwide to 

identify a particular relation between the battery capacities of electric ships. This 

relation could then be 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 holistic list did 

not exist in the free or non-paid-subscription required 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. Several online databases, sources, 

blogs, and websites [9], [10], [35], [37]ï[52] were analyzed to create a list that 

includes technical data on a total of 242 electric ships at the time of writing. The list 

can be found in Appendix A. 

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 

¶ Charging Systems. 
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As a result, it has been observed that the number of electric ships increased after 

2017, as Table 3.1 clearly shows. The increase in the number of electric ships could 

be a sign that 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, energy crises, oil shocks, shifting balances in large-

scale economies, and regional and global instabilities are expected to affect the 

maritime industry, especially on new ship orders. 

It should be noted that electric ships have a near-perfect 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 involved in 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 power [53]. 

Therefore, it could be argued that the total number of electric ships has been 

increasing due to an exponential reduction in ESS costs, their near-perfect track 

record on safety, and international treaties and national policies related to 

modernizing maritime transportation. 
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Table 3.2. The total number of ships distributed to types. 

 

It has been observed that there are 102 ferries (42.1%), 62 offshore support vessels 

(25.6%), and 33 fishing vessels (13.6%) out of 242 electric ships on the list, as shown 

in Table 3.2. It could be argued that electric ferries, offshore support vessels, and 

fishing vessels are the types of ships that generally travel short distances in a 

particular geographical area.  

It has been observed the least number of electric ships are 2 container vessels (0.8%), 

2 yachts (0.8%), 1 sailing ship (0.4%) and 1 cargo ship (0.4%). It could be argued 

that these types of electric ships generally travel longer distances and could travel 

through various geographical areas. 
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Figure 3.1. ESS Battery capacity distribution per electric ship type. 
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There is no clear relation between ship types and electric ships' battery capacities. 

However, as Figure 3.1 shows, the distribution in this graph is left heavy, indicating 

that most electric ships have 4000 kWh or less ESS battery capacities.   

The types of ships alone do not give a clear picture 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 spaces of the ship [54]. 

It is necessary to mention that GT is a non-linear volumetric valuation of a ship's 

entire internal volume. As a general simplified rule, the GT to volume ratio is higher 

for smaller ships, whereas, for larger ships, the GT to volume ratio is lower. As the 

GT value increases, the volume and hence the size of the ship increases less than the 

GT value. For example, a ship with 10000 m3 volume is rated as 2800 GT, whereas 

a ship with 100000 m3 volume is rated as 30000 GT, not 28000 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 should get 

exponentially larger. There is a clear correlation between GT and the ESS battery 

capacity of electric ships segregated per type, as shown in Figure 3.2, where ship 

types with more than 15 ships are included in the graph to avoid outliers. 

Ferries, fishing vessels, offshore support vessels, and cruise ships show a positive 

correlation between GT and ESS battery capacities, meaning that the battery capacity 

increases as the ship size increases, as expected. However, this is not the case for 

other types of ships.  

Therefore, another variable, the propulsion system type of electric ships, was 

introduced, as shown in Figure 3.3. Two kinds of propulsion systems exist in electric 

ships: Hybrid and full -electric. Hybrid ships utilize other sources to generate energy 

onboard ships, e.g., generators with ICE that use stored fossil fuels in fuel tanks to 

charge batteries. Hybrid shipsô systems can also run on a different combination of 

modes to provide full power, conserve energy, or increase maximum distance. On 

the other hand, full -electric ships use only onboard ESS batteries. 

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 determined as full -electric. There are 47 ships determined 

to be hybrid ferries. 

It was also determined that the total number of full -electric ships is 61 on the list. 

Most of the full -electric ships are ferries (n = 55). Therefore, it is observed that there 

are more full -electric ferries than hybrid-electric ferries (n = 47) worldwide. 
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Figure 3.4. Gross Ton versus ESS battery capacity, grouped per propulsion type. 

Orange represents full -electric ships, while blue represents hybrid ships. 

 

The correlation between ship battery capacities and GT becomes apparent when 

electric ships are grouped per propulsion type and ESS type. Figure 3.4 shows the 

positive correlation between GT and battery capacities when grouped per type of 

electric ship. Moreover, full -electric ships (shown in orange) have larger batteries 

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

It was observed that while smaller electric ships have relatively similar battery 

capacities, the ESS capacity difference between full -electric and hybrid ships 
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becomes more evident as the GT and size of the ship increase. The reason for this 

difference in battery capacities is the use cases of ESS. While full -electric ships use 

ESS for Zero Emission Operations, hybrid ships often use ESS to increase overall 

efficiency, improve power saving, reduce energy consumption (such as peak 

shaving) and boost total power output.  

In the list, there are 37 full -electric ferries worldwide identified as currently 

operational. Technical and navigational data on these full -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 on a full -electric ferry has an 11000 kWh battery capacity, while 

the smallest ESS on a full -electric ferry has a 183 kWh battery capacity. The ESS 

battery and battery management systems are scalable between miniature and gigantic 

proportions within ships' design limitations. For example, the largest ESS has four 

dedicated battery compartments, two of which are on the top deck and the other two 

to the fore and aft battery rooms, while the smallest ESS is located in the engine 

room. 

All three graphs in Figure 3.5 showing the battery, vehicle, and passenger capacity, 

sailing distances, and the daily number of trip data of full-electric ferries are left 

heavy. As a result, it is arguable that full -electric ferries in the list are concentrated 

below 3000 GT and 3000 kWh ESS and travel less than 200 NM daily. These values 

give a general idea of full -electric ferries' sizes, ESS battery capacities, and service 

areas.  

The service areas of such ships were observed to be geographically located in or near 

city centers, especially at rivers, bays, and islands. As the description shows, the trip 

distance between two ports or the Sailing Distance varies between 0.06 NM and 10 

NM (M = 3.54 NM), while the Total Daily Sailing Distance varies between 5.76 NM 

and 202 NM (M = 76.4 NM).  
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Using the data available, it is also possible to test whether other variables of full -

electric ferries correlate. Therefore, the correlation between the Vehicle Capacity, 

Passenger Capacity, per trip Sailing Distance in Nautical Miles, the daily number of 

trips, and Total Daily Sailing Distance in Nautical Miles were analyzed. The 

correlation analysis shows strong statistical relationships or associations between the 

variables identified for full -electric ferries, as shown in Table 3.3. Two variables 

were observed to be directly related to the battery size.  

 

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

capacity and GT. 

 

It could be hypothesized that as the size of a full -electric ferry increases, itsô ESS 

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 between the ESS battery capacity of a full -electric ferry and GT 

(Pearsonôs r = 0.818 and Ŭ level below 0.001), as shown in Figure 3.6. Moreover, the 

linear function of ñy = 0.7312x + 232.37ò where y is ESS battery capacity and x is 

GT has the 66.90% explanatory power of the correlation (R2 = 0.669 and Ŭ level 

below 0.001). 
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Figure 3.7. The graphical representation of the correlation between ESS Battery 

Capacity and Passenger Capacity. 

 

There is an even stronger correlation with ESS battery capacity is the Passenger 

Capacity (Pearsonôs r = 0.829 and p-value < 0.001), as shown in Figure 3.7. 

Moreover, the linear function of ñy = 6.9181x ï 407.81ò where y is ESS battery 

capacity and x is Passenger Capacity has the 68.75% explanatory power of the 

correlation (R2 = 0.6875 and Ŭ level below 0.001). 

It could also be hypothesized that there is a limit to the maximum Total Daily Sailing 

Distance of a full -electric ferry, which results from the Sailing Distance multiplied 

by the Number of Daily Trips. The negative correlation between Sailing Distance 

and the Number of Daily Trips could indicate that this hypothesis is correct 

(Pearsonôs r = -0.526 and Ŭ level below 0.001). Therefore, it is possible to state that 

the Sailing Distance and Number of Daily Trips are inversely 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 batteries 

The ESS manufacturers of 98% of (237 out of 242) electric ships in the list were 

identified. 

Table 3.4. ESS manufacturers of all electric ships. 

ESS Manufacturers Counts % of Total Cumulative % 

Corvus  211 87.2 % 87.2 % 

[ŜŎƭŀƴŎƘŞ 14 5.8 % 93.0 % 

Echandia 9 3.7 % 96.7 % 

Unknown 5 2.1 % 98.8 % 

Siemens 2 0.8 % 99.6 % 

AKASOL 1 0.4 % 100.0 % 

 

For all electric ships, it was observed that Corvus is the most prominent ESS 

manufacturer by a large margin, as shown in Table 3.4. The remaining manufacturers 

were, by order of their share, Leclanch®, Echandia Marine AB, Siemens, and 

AKASOL. There is no specific manufacturer information available on five of the 

electric ships. 

Table 3.5 ESS manufacturers of full -electric ferries only. 

ESS Manufacturers Counts % of Total Cumulative % 

Corvus 24 64.9 % 64.9 % 

Echandia 6 16.2 % 81.1 % 

[ŜŎƭŀƴŎƘŞ 3 8.1 % 89.2 % 

Siemens 2 5.4 % 94.6 % 

Unknown 2 5.4 % 100.0 % 

 

For full -electric ferries only, it was observed that Corvus is again the most prominent 

ESS manufacturer by a large margin, as shown in Table 3.5. Corvusôs share is 

followed by Echandia Marine AB, Leclanch®, and Siemens. There is no specific 



 

 

36 

information available on two full -electric ferries. Literature states that ESS modules' 

energy densities and volumes vary depending on manufacturers and their 

technologies [35]. 

Table 3.6 There are different energy densities of products of marine ESS 

manufacturers [35]. 

ESS 

Manufacturers 

Capacity 

(kWh) 

Weight 

(kg) 

Volume 

(m3) 

Energy 

Density 

(Wh/L) 

Specific 

Energy 

(Wh/kg) 

Corvus 124 1 628 1.4 87.1 76.4 

Spear 124 1200 1.3 96.9 103.6 

Siemens 59 900 1.1 53.3 65.9 

SPBES 65 950 1.3 50.9 68.4 

Leclanch® 58 616 0.6 90.2 93.8 

XALT 142 2 000 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 Table 3.6, 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 

and weight 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 capacity, based on [35]. 

Manufacturer Number of 
Units Installed 

Installed Capacity 
(kWh) 

Total Weight 
(kg) 

Total Volume 
(m3) 

Corvus 8 992 13024 11.2 

Spear 8 992 9 600 10.4 

Siemens 17 1 003 15300 18.7 

SPBES 15 975 14250 19.5 

[ŜŎƭŀƴŎƘŞ 17 986 10472 10.2 

XALT 7 994 14 ллл 19.6 

Saft 19 1 007 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 when Li-NMC battery cells are 

operated in high temperatures for extended periods, they can lose a significant 

portion of their capacity. For example, in one study comparing the effects of 

overtemperature on the aging of Li-MNC cells, it was observed that cells lost 24% 

of their capacity when subjected to 1000 full charge and discharge cycles at the 

constant temperature of 45ÁC [55]. Furthermore, it was also observed that the cell 

temperatures reached over 750ÁC, and as a result, cells emitted highly flammable 

gasses such as H2 and C2H4 [55].  

Degradation is a crucial aspect to consider when powering vehicles with Li-ion 

batteries. The State of Health (SOH) degrades as batteries complete a cycle 

consisting of a charging and discharging operation. An 80% SOH is usually 

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

Studies show that Li-NMC batteries have a lifespan generally dependent on the 

Depth of Discharge (DoD) [56], [57]. As a rule, for all Li-ion batteries, a cell with 

low DoD has a lower degradation ratio than a cell with high DoD, while all others 

are kept static. 

The Woehler curve in Figure 3.8 shows that the relation between DoD and lifespan 

is inversely correlated. As the DoD 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 

temperatures, DoD, initial SOH, and others. However, the initial SOH is typically 

the main contributing factor affecting the degradation rate [56], [57].  
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Figure 3.8. The DoD and life cycle values used in this study using the averages of 

the data for marine Li-NMC batteries produced by several manufacturers [58]. 

 

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 faster 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 of the battery. Therefore, if the energy 

consumption pattern of a ferry is unchanged, the first method for decreasing the DoD 

would be to have a larger ESS. The second method would be lowering energy 

consumption by traveling at slower speeds. However, traveling at slower speeds 

reduces the possible frequency of trips, requiring more ferries to be operated to 

sustain the same frequency. Therefore, decreasing the DoD to increase the ESS 

battery lifespan on a full -electric ferry can increase capital costs and lengthen the 

break-even period [58].  
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As a result, it could be argued that finding the correct DoD of the ESS on a full -

electric ferry is essential for estimating the capital costs and other economic aspects 

of operating full -electric ferries. 

3.2 Analysis of ship charging system designs 

It was possible to gather information about a minimal number of full -electric ferriesô 

charging systems in the study. There are too few differences between extreme values 

to make a meaningful analysis between charging systems. However, several 

statistical values should be mentioned. Only 12 ships with data related to their 

charging power and four with data on their charge times and charging rates are on 

the list and given in Table 3.8. The charging systems have a mean charging power 

of 2218 kW. Additionally, a mean charging time of 10.3 minutes was observed. 

Table 3.8 The number of ships with data on their charging systems and technical 

details of those charging systems. 

 

 

There are different types of ship charging systems, as shown in Figure 3.9. While 

virtually all charging system types have scalable charging power surpassing 10 MW 

[59], [60], there are high and low voltage and AC and DC versions of ship charging 

systems. Moreover, manufacturers offer wireless and plugged connector types. 
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Figure 3.9. Examples of different methods for transferring power from shore ESS to 

ferry ESS. Top row: Plugged power transfer system. Bottom row: Wireless power 

transfer system. Photos from [60]. 

 

The selection of which type of version to be used depends on both the shore-side 

power-line infrastructure and shipboard ESS used. The aim is to transfer and store 

electric energy with minimal losses.  

It is optimal to minimize the losses in energy transfer as more losses in energy 

transfer result in lower cost-efficiency. Moreover, more losses in energy transfer also 

create higher heat output to the system. Active or passive cooling systems are needed 

to mitigate extra heat in the system. While passive cooling systems do not require 

extra energy to cool the system, they are often hindered and limited by weight, heat 

transfer capacity, and available space. On the other hand, active coolers require 

energy to operate, increasing the total energy while offering better performance 

characteristics. 
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Figure 3.10. Different types of ferry charging stations and extensions. Left to right: 

Tower winch type, Panto type, Tower arm type, Bow type. Photos from [59], [60]. 

 

As shown in Figure 3.10, different ship charging system designs are available 

worldwide. Different ship charging systems offer different advantages and 

disadvantages. For example, tower-type solutions often offer higher power output 

than other charging systems, 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 than bow-type 

chargers.  

Tower-type and bow-type chargers often offer significant compensation for vertical 

movements. Panto-type 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 chargers. 

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 have different 

effects on different ferries due to having different docking locations, different form 

factors, and stability characteristics. 

The study has two main hull types of ferries: Passenger ferry and Ro-Ro ferry. 

Passenger ferries are designed to dock by resting their bow fenders on the pier, as 

shown in Figure 3.11. They 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 weather and sea conditions. Therefore, it 

is ideal to utilize bow-type chargers for passenger ferries. 

 

Figure 3.11. Bow-type chargers are ideal for charging passenger ferries in Ķzmir. 

 

On the other hand, Ro-Ro ferries are designed to dock by resting on their broadside 

fenders on jetties and bow fenders to the piers, as shown in Figure 3.12. They can 

also stay stationary by mooring bow lines and engine power if required. Ro-Ro 

ferries can make rocking and rotational movements during heavier weather and sea 

conditions. Therefore, it is ideal to utilize tower-type chargers for the Ro-Ro ferries. 
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Figure 3.12. Tower-type chargers are ideal for charging Ro-Ro ferries in Ķzmir. Photo 

from [60]. 

 

Manufacturers claim that ferry chargers can sustain a maximum of 11 MW of 

charging power for tower-type chargers and 6 MW for bow-type chargers [59]. The 

calculations in the study suggest that the maximum charging power requested by the 

ferries should be within the charging power ranges of ferry chargers. However, the 

power provided to the ferries will depend on the configuration of the ferry and shore 

ESS batteries and the electrical infrastructure on piers. For example, some ferry 

chargers have a higher maximum charging power rating in AC configuration than in 

DC configuration. 
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3.3 Analysis and modelling of REPP designs 

In the study, wind and solar PV energy were selected as the two most prominent 

REPP considered suitable for Ķzmir. There are specific criteria and limitations for 

evaluating the wind and solar power plants as the REPP in this study: 

¶ Suitability, 

¶ Reliability, 

¶ Applicability, and 

¶ Feasibility. 

Ķzmir has a significantly large portion, about 24.7%, of the wind potential of T¿rkiye, 

while it is not uniform throughout the city, as shown in Figure 3.13. Moreover, the 

electrical infrastructure (380 kV and 154 kV lines passing through the city, large 

substations, and similar) is developed primarily around the city's urban core [61]. 

Therefore, producing and selling the power produced by wind power plants to the 

grid shall not be an issue in Ķzmir. 

 

Figure 3.13. The wind potential map of Ķzmir. Black and grey areas show unsuitable 

locations for building wind power plants [62]. 
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However, the high wind potential in Ķzmir is diminished by low local average wind 

speeds and high-density land use, as shown in Figure 3.13. The piers in this study 

are located in the inner bay. The surrounding high-density 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 

yearly low average wind speed among the shoreline of the inner bay -where piers 

are located- would significantly reduce the efficiency of wind power plants [61], 

[62].  

Irrespective of the technology used, these two problems create significant feasibility 

issues 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 solar PV energy potential of T¿rkiye is relatively high 

[63], especially compared to northern countries, as shown in Figure 3.14. However, 

as solar irradiation depends on multiple factors, including the latitude and the Earthôs 

axial tilt, getting closer to the equator in the northern hemisphere generally increases 

the solar PV potential. 

 

 

Figure 3.14. The average direct solar irradiation in T¿rkiye, neighboring countries, 

and several European countries [63]. 
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Ķzmir also has a relatively high solar irradiance compared to the rest of the cities on 

the shoreline. The average direct irradiation in the inner bay is about 5 kWh/m2/day 

or 1824.4 kWh/m2/year. If the tilt angle of the PV panels is optimized, the average 

irradiation increases to 5.46 kWh/m2/day. Furthermore, the daytime duration or 

hours of daylight in Ķzmir increases up to 15 hours in June [64], [65].  

Solar PV panels with 15% efficiency were used in this study to 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 

Ķzmir is given in Table 3.9 [64]. Please note that the tilt of the array is fixed at 0 

degrees, as the panels on ferries need to be set at this angle for continuous power 

generation. 

In the study, fixed panels were used. However, it is possible to increase the energy 

output by using higher efficiency panels, setting panels to the optimal angles, and 

setting one or two-axis tracking systems at the cost of raising capital and operational 

costs.
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CHAPTER 4  

4 DATA EXTRACTION  

Piers and ferries in the model needed to be reflected correctly from their real-life 

twins. Therefore, relevant information and data had to be extracted from written 

forms and documents, online resources, and the literature. The following subsections 

give a detailed review of the findings as a result of the data extraction phase. 

4.1 Ferries operated in Ķzmir  

There are 13 Light Craft (LC) carbon composite catamaran passenger ships, two 

High-Speed Craft (HSC) carbon composite catamaran passenger ships, three 2015 

series Ro-Ro ferries, and two 2020 series Ro-Ro ferries operated by Ķzdeniz. For ease 

of reading, all vessels mentioned above are addressed as ferries in the study unless 

necessary. Photographs of the ferries can be seen in Figure 4.1. 

Carbon composite catamarans operated by Ķzdeniz were unique in many ways. They 

were the largest carbon composite catamarans in the world when they were billed for 

construction as of 2012 [66]. These catamarans were upgrades from ferries that have 

been operated since the 1970s in Ķzmir. They are luxurious, ergonomic, universally 

and accessibly designed, cost-effective, equipped with high-end navigational and 

modern infotainment systems, and significantly more environmentally conscious 

than the old ferries. Ferries were also built with the accessible ship design in mind. 

They have accessible restrooms, accessible parking, accessible elevators, a children's 

park, catering services, bicycle parking, and open decks. 

The technical data on ship particulars and energy consumption characteristics of all 

ferries operated by Ķzdeniz as of 2022 were gathered and shown in Table 4.1.  
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The residents of Ķzmir publicly decided the ferries' names [67]. The names of ferries 

owned by Ķzdeniz are as follows: 

Light Crafts:  

1. ¢AKABEY  

2. DOKUZEYL¦L  

3. 1881 ATAT¦RK  

4. SOMA 301  

5. DARIO MORENO  

6. ATTĶLA ĶLHAN  

7. FO¢A  

8. CENGĶZ KOCATOROS  

9. G¦RSEL AKSEL  

10. SAĶT ALTINORDU  

11. VAHAP ¥ZALTAY  

12. METĶN OKTAY  

13. GEZĶ 

High Speed Crafts:    

1. ĶHSAN ALYANAK  

2. PROF. DR. AZĶZ SANCAR      

Roro Ferries (2015 Series): 

1. HASAN TAHSĶN  

2. AHMET PĶRĶķTĶNA  

3. KUBĶLAY         

Roro Ferry (2020 Series): 

1. FETHĶ SEKĶN  

2. UĴUR MUMCU         
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(a) 

 

(b) 

 

(c) 

 

Figure 4.1. Photographs of the exterior of LC (a and b) and Ro-Ro (b and c) ferries. 

Photos from personal archive and Ķzmir Metropolitan Municipality. 
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The economic dimension of tendering such ferries was a publicized matter. The total 

cost of 13 LC and 2 HSC ferries was estimated as 117000000 EUR or 267836400 

TL [68], while they had been on tender by Ķzmir Metropolitan Municipality in 2012. 

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

constraints, and high standards to be met. As a result, Ķzdenizôs carbon composite 

catamarans got nationwide attention from the tender phase to the delivery of the first 

ferry. 

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

Ķzdeniz. 

 
Light Craft 

Passenger 

Ferry 

High Speed 

Passenger 

Ferry 

Ro-Ro Ferry  

(2015 Series) 

Ro-Ro Ferry  

(2020 Series) 

TYPE: Carbon 

Composite 

Catamaran 

Carbon 

Composite 

Catamaran 

Double 

Ended 

Monohull 

Double 

Ended 

Monohull 

LENGTH O.A. (m): 39.00 39.00 78.90 74.00 

LENGTH B.P. (m): 38.12 38.12 68.37 66.93 

BEAM O.A. (m): 11.60 11.60 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: 479.00 479.00 1 233.25 1 341.00 

LIGHTSHIP (tons): 139.10 148.70 1 143.00 1 106.60 

NET TONNAGE (tons): 146 173 400 400 

FUEL CAPACITY (liters): 10180 16590 51620 57500 

FUEL CONSUMPTION (liters/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 

12M26.2 

MTU 16V 

4000 M53 

MTU 16V 

4000 M54 

Baudouin 

12M26.2 

PROPELLERS: 2x CPP 2x CPP 2x CPP 2x Twin 

Azimuth 

M. E. TOTAL POWER (kW): 1 472 3 680 3 370 1 472 

PASSENGER CAPACITY: 426 404 300 322 

VEHICLE CAPACITY: N/A 71 51 
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4.2 Piers operated in Ķzmir 

Ķzmir is the third biggest city in the Republic of T¿rkiye, with a population of 4.3 

million [18]. Sitting on the eastern coast of the Aegean Sea and dating back 8 500 

years, the city of Ķzmir has always been a center of attraction for people, businesses, 

and international trade [70]. The city houses heavy industrial, high-density 

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

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

facilities, extended light rail, and conventional rail transportation networks, and 

hundreds of kilometers of high-quality highways [71], [72]. 

 

Figure 4.2. A cropped portion of the 100000:1 scale proposed 2025 Zoning Plan for 

Ķzmir was prepared by the Ministry of Environment and Urbanization, showing the 

inner bay [73]. 
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The inner bay houses the urban core of the city. A very high-density 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 Bostanlē, Karĸēyaka, Bayraklē, Alsancak, Pasaport, Konak, Karantina, Gºztepe, 

and ¦­kuyular piers, as shown in Figure 4.3. All piers are close to other public 

transportation modes, enabling transfers between different lines and modes. The 

available other transportation modes currently include road (buses), rail (LRT and 

subway), and non-motorized (bicycle rental stations on segregated bicycle pathways, 

separated pedestrian pathways) transport.  

 

 

Figure 4.3. The Ķzmir ferry lines and piers map [74]. 
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The outer bay has a relatively lower residential and commercial density and 

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

town centers, and local tourism hotspots are located on the corridors along the bay. 

The G¿zelbah­e, Urla, Mordoĵan, and Fo­a piers are located in the vicinity of these 

town centers and local public transportation hubs. 

Yassēca Ada is an island that is a domestic touristic destination. The only 

development on the island is the beach and related leisure and tourism businesses 

operated by the Metropolitan Municipality. There is no other commercial or 

residential development on the island. One seasonal passenger transportation line is 

activated in summer, with one or two ships operating on the line depending on the 

demand. 

Table 4.2. Coordinates, types, and status of piers operated by Ķzdeniz. 

Name Coordinates Transport type Status 

Bostanlē 38.4519 N, 27.0978 E Passenger and Car Active 

Karĸēyaka 38.4547 N, 27.1205 E Passenger only Active 

Alsancak 38.4388 N, 27.1408 E Passenger only Active 

Pasaport 38.4286 N, 27.1325 E Passenger only Active 

Konak 38.4186 N, 27.1258 E Passenger only Active 

Karantina 38.4141 N, 27.1214 E Passenger only Active 

Gºztepe 38.3994 N, 27.0833 E Passenger only Active 

¦­kuyular 38.4056 N, 27.0708 E Passenger and Car Active 

G¿zelbah­e 38.3788 N, 26.8925 E Passenger only Seasonal 

Urla 38.3639 N, 26.7722 E Passenger only Seasonal 

Mordoĵan 38.5182 N, 26.6267 E Passenger only Seasonal 

Fo­a 38.6664 N, 26.7534 E Passenger only Seasonal 

Yassēca Ada 38.4082 N, 26.7949 E Passenger only Seasonal 

Bayraklē 38.4636 N, 27.1614 E Passenger only Inactive 
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There is a total of 14 piers available for passenger transportation. Two of the piers 

are also capable of vehicle transportation. Table 4.2 shows all piers' names, 

coordinates, transport types, and statuses.  

The geographical information of the piers was gathered using the General Transit 

Feed Specifications provided by Ķzmir Metropolitan Municipality [75]. The 

exceptions are Yassēca Ada and Bayraklē piers, which did not have such information 

in the General Transit Feed Specification (GTFS) and were gathered manually. 

4.3 Departure schedules 

The seaway public transportation service is carried out according to a semiannual 

departure schedule announced by Ķzdeniz. There is continuous passenger and vehicle 

transportation in the inner bay between 07:00 and 23:45. A record of 18 million 

passengers and 1.4 million vehicles were transported annually by Ķzdeniz in 2019. 

The author was provided with the data on the lines and schedules announced in 

October 2021 and given in Appendix B. 
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CHAPTER 5  

5 MODEL CREATION  

5.1 Challenges 

The most complex challenge was selecting the appropriate software for modelling 

and simulations. Several simulation software were trialed, including but not limited 

to, Anylogic, Arena, PTV Visum, PTV Vissim, Flexsim. The frequent issues with 

the simulation modelling software faced were: 

¶ Including general workflows rather than transportation-focused workflows, 

¶ Designed for too general discrete event simulation purposes, which 

significantly lengthens the model design period, 

¶ Designed for too specific discrete event simulation purposes, which limits 

the capabilities of the software, 

¶ Lack of reporting components or tools or requiring reporting components to 

be built ground-up, 

¶ Requires coding in C++ or similar programming languages even for the 

simplest things (like time, dimensional movement variables, naming and 

recalling a group of objects, defining acceleration and speed limit profiles, 

and similar), 

¶ Non-user-friendly interfaces, hard-to-configure or non-windowed user 

spaces, and 

¶ Lack of visual representation of dynamic objects. 

After two months of trials, it was observed that Flexsim is a commercial discreet-

event simulation software that is transportation-oriented, model-based, user-friendly, 

easily configured for user needs, and fully documented with online support 

availability. Therefore, FlexSim was chosen as the simulation software for this study. 
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5.2 Schedules 

All departure times in the October 2021 schedule needed to be converted to hourly 

values with 10-2 accuracy, as the model was ñhourlyò based. A conversion table was 

created to automate the process and provide the departure times. 

It is also necessary to mention that all the simulation starts at 00:00 on the last 

Monday before the new year. Therefore, all the runs of the model -or rather models, 

as it was developed incrementally over time- were exactly 52 weeks long. 

5.3 Piers and Lines 

To model the piers into a simulation, the coordinates of the piers, lines between those 

piers, and waypoint data for each line were needed. As of October 2021, line and 

schedule data were provided by Ķzdeniz. The coordinates of the piers were gathered 

via Ķzmir Metropolitan Municipalityôs GTFS and are shown in Table 4.2. 

5.3.1 Lines 

Ķzdeniz announced 11 lines in October 2021. All lines except the Line 8 are included 

in the model.  

Weekday passenger lines are given below.  

1. Karĸēyaka - Konak - Karĸēyaka 

2. Bostanlē - Konak - Bostanlē 

3. Bostanlē - Karĸēyaka - Konak - Karĸēyaka - Bostanlē 

4. Karĸēyaka - Alsancak - Pasaport - Karĸēyaka and Karĸēyaka - Pasaport - 

Alsancak - Karĸēyaka 

5. Bostanlē - Alsancak - Pasaport - Bostanlē and Bostanlē - Pasaport - Alsancak 

- Bostanlē 

6. Bostanlē - Karĸēyaka - Pasaport - Alsancak - Karĸēyaka - Bostanlē 
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7. Karĸēyaka - ¦­kuyular - Gºztepe - Karantina - Karĸēyaka 

8. ¦­kuyular - Gºztepe - Pasaport - Alsancak - Gºztepe - ¦­kuyular 

Weekend passenger lines are given below: 

9. Bostanlē - Karĸēyaka - Konak - Karĸēyaka - Bostanlē 

10. Bostanlē - Karĸēyaka - Pasaport - Alsancak - Karĸēyaka - Bostanlē 

The all-week line is given below: 

11. Bostanlē - ¦­kuyular - Bostanlē (Passenger and Vehicle) 

5.3.2 Segments 

Each line is named after the piers visited on that specific line. The lines consist of 

segments that ferries travel between each departure and arrival at any pier. Therefore, 

travelling a segment means a ferry departing from a certain pier, travelling, and 

arriving at a certain pier. All segments on all lines were identified and given in Table 

5.1. 

Table 5.1. Segments of all lines in the October 2021 schedule. 

  ARRIVAL 

   BOS KSK ALS PAS KON KARAN GOZ UCK 

D
E

P
A

R
T

U
R

E
 

BOS  2 3 4 5 6 7 8 

KSK 9  11 12 13 14 15 16 

ALS 17 18  20 21 22 23 24 

PAS 25 26 27  29 30 31 32 

KON 33 34 35 36  38 39 40 

KARAN 41 42 43 44 45  47 48 

GOZ 49 50 51 52 53 54  56 

UCK 57 58 59 60 61 62 63  

   BOS KSK ALS PAS KON KARAN GOZ UCK 

          

    Included  (22 Segments)    

    Not Included (2 Segments)    

   Non-existing      

    N/A       
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Waypoints that all ferries go through were created to calculate the distances for each 

segment. Therefore, when a ferry travels along a segment in the model, the distance 

it travels shall be equal to the real-life distances. Ferry maneuvering characteristics, 

datum data, and real-life approach bearings were considered while creating those 

waypoints. As a result, the minimum distances that any ferry will have to travel to 

complete any given segment were calculated. The distance matrix in Table 5.2 shows 

the computed minimum segment distances between all piers. For example, the 

segment between Karĸēyaka and Konak piers is 2.15 NM long, while the segment 

between Alsancak and Fo­a would be 31.69 NM long.  

 

Table 5.2. Calculated minimum segment distances for all piers. Values are in nautical 

miles. 

KSK 1.28           
ALS 2.14 1.30          
PAS 2.11 1.68 0.82         
KON 2.33 2.15 1.49 0.90        
KARAN 2.61 2.85 2.45 1.85 1.10       
GOZ 3.17 3.75 3.55 2.98 2.26 1.16      
UCK 3.07 3.75 3.83 3.27 2.67 1.65 0.75     
GUZ 10.66 11.77 12.45 12.11 11.69 10.86 10.22 9.61    
URLA 16.40 17.51 18.19 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  

Ch4! 29.90 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 minimum time (in minutes) to complete any segment was also estimated, 

referencing the average service speeds of ferries owned by Ķzdeniz, as shown by the 

matrix in Table 5.3. Therefore, the data on realistic pier-to-pier navigational 

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

calculated. Please note that for segments to or from GUZ, URLA, MOR, and FO¢A 

piers, the HSCs were operated at a maximum service speed of 20 knots. LCs were 

operated at a maximum service speed of 12 knots for all other segments. 
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Table 5.3. Calculated minimum time to complete segments. Values are in minutes. 

KSK 6.4                    

ALS 10.7 6.5                  

PAS 10.6 8.4 4.1                

KON 11.7 10.8 7.5 4.5              

KARAN 13.1 14.3 12.3 9.3 5.5            

GOZ 15.9 18.8 17.8 14.9 11.3 5.8          

UCK 15.4 18.8 19.2 16.4 13.4 8.3 3.8        

GUZ 32.0 35.3 37.4 36.3 35.1 32.6 30.7 28.8      

URLA 49.2 52.5 54.6 53.6 52.3 49.8 47.9 46.1 18.9    

MOR 75.0 78.3 80.4 79.4 78.1 75.6 73.7 71.9 46.8 36.6  
Ch4! 89.7 93.0 95.1 94.1 92.8 90.3 88.4 86.6 64.2 61.2 34.5 

  BOS KSK ALS PAS KON KARAN GOZ UCK GUZ URLA MOR 

5.3.3 Ferries 

In order to calculate the energy consumption of ferries, data on the fuel consumption 

of ferries are needed. Fossil fuel ferries use fuel tanks to store Ultra Low Sulphur 

Marine Diesel. Full-electric ferries use batteries to store energy to power their 

electric engines. Initial analysis shows that the fuel tank compartments' size is large 

enough for ESS to be fitted.  

The existing hull design is used without significant alterations for ESS battery 

compartments as ICE ferries are to be converted to full -electric ferries in the study. 

Installing ESS batteries below deck level could increase the maximum righting lever. 

However, no other significant outcome is expected as the ESS battery weight 

distribution is uniform. Furthermore, the total weight of maximum fuel onboard and 

the total weight of the ESS to be installed could be similar, albeit entirely depending 

on the capacity, producer, and technology of ESS batteries.  

Therefore, fossil fuel engines' acceleration, deceleration, and energy consumption 

profiles while ferries are travelling at their cruising speeds were used as a basis in 

the model. Ķzdeniz kindly provided the average fuel consumption values of the ferries 
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in order to establish those base energy consumption profiles for converted ferries in 

the study. 

The performance and fuel consumption profiles of ICE used on ferries were 

analyzed. It has been observed that there are three different types of main engines 

were installed onboard all ferries [76], [77]: 

¶ LCs and 2020 Series Ro-Ro ferries are equipped with two sets of Baudouin 

12M26.2 engines,  

¶ HSCs were equipped with MTU 16V 4000 M53 engines, and 

¶ 2015 Series Ro-Ro Ferries were equipped with MTU 16V 4000 M54 engines. 

It has been observed that the main engines were operated at their optimal specific 

fuel consumption ranges. The lowest specific fuel consumption of all engines 

mentioned above is 197 g/kWh, while the highest specific fuel consumption is 210 

g/kWh. Furthermore, it has also been observed that the ferries have at least 30% more 

power available on average until reaching their respective Maximum Continuous 

Rating (MCR) values from the power levels required to sustain service speeds on 

calm seas. 

The nominal power required for ferries to travel at their service speeds was 

calculated using the formula below; where k is the coefficient of MCR value that is 

necessary to sustain service speeds, n is the number of main engines onboard, and 

BSFC is the Brake Specific Fuel Consumption (BSFC). 

 

ὖ   Ὧ ὼ ὓὅὙ ὼ ὲ ὼ ὄὛὊὅ   

( 1 ) 

It is also possible to calculate the energy consumption rates per nautical mile at the 

cruising speed of all motors by dividing the ὖ   value by the service speed 

of the ferry. Calculated nominal power and energy consumption rate values for all 

ferry types are given in Table 5.4. 
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Table 5.4. The nominal engine/electric motor power and energy consumption rate of 

ferries at cruising speed. 

 
LC HSC Ro-Ro Ferry 

(2015 Series) 
Ro-Ro Ferry 
(2020 Series) 

Nominal power at 
cruising speed (kW) 

956.80 2 760.00 1 853.50 1 177.60 

Energy consumption 
rate at cruising speed 
(kWh/NM) 

79.73 115.00 168.50 107.05 

 

All ferries' acceleration, deceleration, and related energy consumption were analyzed 

to have complete energy consumption profiles. The acceleration and deceleration 

values for all ferries in the model match the duration of maneuvers in actual 

operations. Therefore, ferries in the model accelerate and decelerate similarly to their 

real-life twins. 

Calculated nominal electric motor power and energy consumption rates in Table 5.4 

are only valid while ferries travel at cruising speeds. By design, ICE have an 

increased BSFC when working at RPM values outside their rated service speeds, as 

shown in Figure 5.1. Therefore, ICE are less fuel efficient when working at the lower 

RPM range that is used for travelling at speeds slower than rated service speeds. 

Furthermore, ICE usually do not sustain maximum torque at their maximum power 

output range. 
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Figure 5.1. Fuel consumption profile of Baudouin 12M26.2 engine [76]. 

 

Modern and highly efficient electric motors are virtually immune to these effects. 

With EU and USA's premium efficiency electric motor programs, electric motors 

can sustain over 95% efficiency at virtually all RPM ranges they are primarily 

operated [78], [79]. Moreover, electric motors can maintain maximum torque at most 

of their RPM ranges while achieving very high-efficiency levels. Optimally, all 
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selected electric motors to be used in full -electric ferries in the study shall comply 

with the IE3 Premium Efficiency class requirements, shown in Table 5.5. 

Table 5.5. The IE3 Premium Efficiency class requirements [80]. 

 

 

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

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

However, it is necessary to mention that a ferry does not always navigate in calm sea 

conditions. Heavier weather and sea conditions that ferries can be operated require 

higher energy consumption rates than calm weather and sea conditions for travelling 

at the same speed. The effects of weather and sea conditions on fuel consumption 

were studied and explained in the respective subsection. 
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5.4 Optimizations and limitations 

There were several optimizations and limitations while adding lines and ferries into 

the model. The optimizations are as follows: 

¶ Only ferries that the Ķzmir Metropolitan Municipality owns were used in the 

study. 

¶ An optimized number of ferries were operated on each line.  

o Currently, Ķzdeniz follows an operational model that combines owned 

and chartered ferries, aiming to reduce total operating costs. 

o Ideally, the number of ships owned by Ķzmir Metropolitan 

Municipality is also enough for operating most of the lines in the inner 

bay, albeit facing certain limitations mentioned below.  

o As a result, the model has a fleet of 13 LCs and 4 Ro-Ro ferries.  

The ESS capacities are limited by the ship design and battery energy density. 

Therefore, there were certain limitations applied while implementing the inner bay 

lines to the model: 

¶ Karĸēyaka - Pasaport - Alsancak - Karĸēyaka line: Weekday departures 

between 10:35 and 16:50 are being carried out by 3 ferries instead of 2 ferries 

on the schedule in order to increase charging time availability, therefore 

reducing the requested charge rate. Ķzdeniz currently operates 2 LC ferries 

and 1 chartered ferry, whereas 3 LC ferries were used on this line in the study. 

¶ Bostanlē - Pasaport - Alsancak - Bostanlē line: Weekday departures between 

10:35 and 16:50 are being carried out by 3 ferries instead of 2 ferries on the 

schedule in order to increase charging time availability. More charging time 

reduces the required charge rate. Ķzdeniz operates 2 LC ferries, whereas 3 LC 

ferries were used on this line in the study. 

¶ Bostanlē - ¦­kuyular - Bostanlē line: Weekday departures are being carried 

out by 4 ferries. 
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¶ Karĸēyaka - ¦­kuyular - Gºztepe - Karantina - Karĸēyaka line: Weekday 

departures of 10 out of 15 trips per week can be assigned to LC13.  

o The last trips for each weekday cannot be completed due to the ESS 

capacity limits. 

¶ ¦­kuyular - Gºztepe - Karantina - Konak - Pasaport - Alsancak line: There 

are not enough ships to assign to this line. A total of 15 trips per week (3 trips 

per weekday) are not included. 

o This line is parallel to the coast. There are alternative modes of high 

frequency & high-capacity public transportation, such as busses and 

LRT, nearby the piers in this line. 

 

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

during the summer period cannot be included due to the ESS capacity limits: 

¶ The shortest outer bay route, Karĸēyaka - Konak - Urla, is 19.58 NM long, 

one way. An HSC would require approximately 2251.7 kW, while an LC 

would require 1561.1 kW to get to Urla from Karĸēyaka.  

¶ The longest outer bay route, Karĸēyaka - Mordoĵan, is 28.85 NM long, one 

way. An HSC requires approximately 3317.8 kW, while an LC requires 

2 300.1 kW to get to Mordoĵan. 

o There is an estimated 20% increase in consumption in heavy weather 

states on top of these values. 

 

As a result of the above optimizations and limitations, a weekly sum of 3725 

individual trips was defined in the model. The following number of trips are 

completed weekly in the model: 

¶ 419 Bostanlē - ¦­kuyular and 419 ¦­kuyular - Bostanlē trips, 

¶ 345 Karĸēyaka - Konak and 345 Konak - Karĸēyaka trips, 

¶ 205 Bostanlē - Konak and 205 Bostanlē - Konak trips, 
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¶ 60 Karĸēyaka - Alsancak trips, 60 Alsancak - Pasaport, and 60 Pasaport - 

Karĸēyaka trips,  

¶ 220 Karĸēyaka - Pasaport, 220 Pasaport - Alsancak, and 220 Alsancak - 

Karĸēyaka trips, 

¶ 125 Bostanlē - Alsancak trips, 125 Alsancak - Pasaport, and 125 Pasaport - 

Bostanlē trips,  

¶ 60 Bostanlē - Pasaport, 60 Pasaport - Alsancak, and 60 Alsancak - Bostanlē 

trips, 

¶ 176 Bostanlē - Karĸēyaka and 176 Karĸēyaka - Bostanlē trips, and 

¶ 10 Karĸēyaka - ¦­kuyular, 10 ¦­kuyular - Gºztepe, 10 Gºztepe - Karantina, 

and 10 Karantina - Karĸēyaka trips. 

It is also necessary to mention that the October 2021 schedule was used for year-

long simulations. Any other schedules that have been published since were not 

considered in this study. 

There are not enough ferries owned by Ķzmir Metropolitan Municipality to fully 

complete the October 2021 schedule. Moreover, there are not enough ferries to meet 

the additional lines opened in the summers for the same reason. 

5.5 Model logic 

The model has three main logics to manage lines, weather, sea states, and ESS 

battery discharging and charging. Each logic is explained in detail in their respective 

subsections. 
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5.5.1 Line logic 

In FlexSim, users must define sources, transports, and sinks to assign process flows 

or transport cargo. In the model, the piers are the sources of all cargo on a line, and 

the cargo is the passengers and vehicles. The passengers and vehicles to be carried 

are created on the sources attached to piers. Then, passengers and vehicles are shifted 

to queues to be loaded on the correct ferry. Following the travel phase, ferries arrive 

at the pier and unload passengers and vehicles. Figure 5.2 shows the ferries, cargo, 

piers, and routes in 3D.  

In the model, there is at least one source, stack, and sink at each pier at all piers. 

These sources, stacks, and sinks are an essential part of the model that enables the 

transport of correct cargo (passengers and/or cargo) from and to the correct pier. 

 

Figure 5.2. 3D representation of the model. 

 

There are two sources and sinks at Bostanlē and ¦­kuyular Piers. One is for LCs, 

and another is for Ro-Ro ferries, while all other piers have one set of sources and 

sinks. Each box on a source represents the passengers and vehicles to be carried for 

each segment. In order to successfully complete a segment, passengers or vehicles 
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must be carried via the correct path with the correct ferry and delivered into the 

correct sink.  

In FlexSim, the user can either use coordinate-based distances or virtual distances. 

The first approach was to use Automated Guided Vehicles (AGV) paths (which use 

the coordinate system). The second approach was to use Network Nodes (which use 

defined virtual distances). Models in both methods utilized AGV. The total segment 

distances that AGVs travelled were the same in both approaches to conduct a fair 

comparison. 

Trials proved that the second approach was significantly more time effective than 

the first approach. Furthermore, the second approach requires considerably less 

design complexity and uses less computational power. Using less computational 

power becomes significantly more critical for conducting several year-long model 

runs. Therefore, the model in the study was constructed using the virtual distances 

approach. 

Each segment was modelled to create a virtual path between two piers, shown by a 

direct line with green arrows in the middle in Figure 5.2. However, the path distance 

is not equal to the direct distance between piers but is instead equal to the minimum 

segment distance that includes waypoints.  

There is a preset schedule for each line that 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. A line logic for a line chooses the first unreserved 

departure, reserves, and then assigns it to the next available ferry operating in that 

line. Simply put, the line logic does not create the passengers or cars on that line. 

Instead, the line logic assigns the time of departure and the correct passengers and 

vehicles to the correct ferry. A flowchart of the line logic is given in Figure 5.3. 
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In the line logic, the number of ships marked available for a line is dynamic. There 

are two criteria to change the number of ferries operated on a line dynamically:  

¶ The time of day in the simulation, and 

¶ Current status of the ferries assigned to the line. 

First, if the simulation time matches a peak hour, the maximum number of available 

ferries is increased to the maximum number reserved for that line. In contrast, it is 

decreased to the minimum number when it is off-peak hours.  

Second, the current status of the ferry is checked. If it is available for loading, 

meaning it has completed its unloading process and is at idle status, it is added back 

to the list of available ferries to be assigned on that line. Afterwards, an available 

ferry gets assigned to load passengers and vehicles.  

Ferries in the model are set to depart by the line logic when the simulation time 

matches the preset departure time. All  logic starts with the first departure time set for 

that line and continuously cycles throughout the day until all departures on that line 

for that day are exhausted. 
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All ferries are assigned a location indicator when it reaches a destination pier. This 

approach was adopted to know where the ferry has been throughout the day to fix 

design errors or bugs in the custom code. Moreover, this approach enables 

experimenting with the charging-related variables in an absolute manner. 

5.5.2 Weather and sea conditions logic 

The model includes a weather and sea conditions logic that adjusts the energy 

consumption of all ferries. The weather and sea conditions logic use preset weather 

and sea conditions table to feed a randomized generator. Then the logic assigns the 

energy consumption rate multiplier for the day in the model, as shown 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 set at the first second after 

midnight. 

 

Figure 5.4. Flowchart of the weather and sea conditions logic. 

 

The energy consumption rate is expected to increase as the weather and sea 

conditions deteriorate. However, it is necessary to determine the numerical values to 

be used in the model. There are several ways to estimate the effects of weather and 

sea conditions on ferries' energy consumption. It is possible to calculate and simulate 
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the impact of weather and sea conditions on a ship in the case of in-depth technical 

data available on the ship's stability. However, the author did not have access to such 

detailed information and data. Therefore, it was necessary to estimate the effects of 

weather and sea conditions on fuel consumption. 

Several approaches are used to estimate the effects of weather and sea conditions on 

a ship's fuel/energy consumption in the literature by worldwide research 

organizations and engine manufacturers. In the literature, it is stated that heavier 

weather conditions significantly increase the fuel/energy consumption of ships. 

While the amount of fuel/energy consumption increase due to heavier weather and 

sea conditions varies significantly in the literature, it has been observed that the 

consumption rate increase was concentrated between 5% and 15% [81]. An ICE 

manufacturer recommends a 10% to 25% margin for heavier weather and sea 

conditions compared to calm  [82]. In case of no performance model availability, 

International Towing Tank Conference (ITTC) Recommended Procedures and 

Guidelines recommends a 15% to 25% margin for estimating the power requirements 

for heavier weather and sea conditions [83]. 

Therefore, it was decided to use a 10% to 20% increase in the daily average fuel 

consumption due to weather and sea conditions. Ķzdeniz Superintendent department 

also confirmed that such fuel consumption cases were plausible, depending on the 

weather and sea conditions that allow the safe operation of ferries. 

Beaufort scales were used for assigning the weather and sea conditions. Three 

incremental levels of weather and sea conditions were deemed suitable for ferries 

operated in Ķzmir. 

¶ Below 3 Beaufort : Calm Conditions 

¶ 3 to 6 Beaufort : Elevated Conditions 

¶ Over 6 Beaufort : Heavy Conditions 

As a result, the following rates are appropriate for estimating the fuel consumption 

rates in heavier weather conditions used in the model: 
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¶ Below 3 Beaufort : Calm Conditions, 100% consumption rate 

¶ 3 to 6 Beaufort : Elevated Conditions, 110% consumption rate 

¶ Over 6 Beaufort : Heavy Conditions, 120% consumption rate 

The statistical data on wind conditions using the simulated historical climate and 

weather data for Ķzmir was gathered [84] and shown in Table 5.6.  

Table 5.6. Monthly average weather and sea conditions are grouped using the 

simulated historical climate and weather data for Ķzmir [84]. 

 
Calm Conditions Elevated Conditions Heavy Conditions 

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

January 1x 0.55 17 1.1x 0.42 13 1.2x 0.03 1 
February 1x 0.39 12 1.1x 0.48 15 1.2x 0.03 1 

March 1x 0.39 12 1.1x 0.58 18 1.2x 0.03 1 
April 1x 0.35 11 1.1x 0.58 18 1.2x 0.03 1 
May 1x 0.23 7 1.1x 0.74 23 1.2x 0.03 1 
June 1x 0.06 2 1.1x 0.81 25 1.2x 0.10 3 
July 1x 0.03 1 1.1x 0.74 23 1.2x 0.23 7 

August 1x 0.06 2 1.1x 0.81 25 1.2x 0.13 4 
September 1x 0.16 5 1.1x 0.74 23 1.2x 0.06 2 

October 1x 0.48 15 1.1x 0.48 15 1.2x 0.03 1 
November 1x 0.58 18 1.1x 0.39 12 1.2x 0 0 
December 1x 0.55 17 1.1x 0.42 13 1.2x 0.03 1 

 

 

The ñRateò multiplier affects the fuel consumption of all ferries during the day in the 

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

set at 1.1, the fuel consumption rate of the ferries is set to 110%. If it is set at 1.2, the 

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

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

to occur in the weather and sea conditions logic. For example, in Ķzmir, there is a 

daily 23% chance for heavy conditions to occur in July. However, there is a 0% 

chance for heavy conditions to occur in November. 
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In the logic, the randomized generator may generate calm conditions for all days in 

July by pure chance, if not limited in any way. Therefore, a monthly limit is 

introduced to the maximum number of days with each condition to eliminate that 

issue. 

Table 5.7. Different daily consumption rates were generated at four different 744-

hour runs of the simulation for the exact dates. 

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 

22.01.2021 1.00x 1.10x 1.00x 1.00x 

23.01.2021 1.10x 1.10x 1.00x 1.10x 

24.01.2021 1.10x 1.00x 1.00x 1.10x 

25.01.2021 1.10x 1.00x 1.10x 1.10x 

26.01.2021 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 sea conditions and different 

daily schedules over a week result in a unique yearly energy consumption profile 

every single time model is run, as Table 5.7 shows. 

5.5.3 Discharging, charging, and battery level checking logic 

A combined logic manages the model's discharging, charging, and battery level-

related events. The first part of the logic is straightforward. If the ferry is in the 

travelling state, the ferry battery is set to discharge state, as shown in Figure 5.5. As 

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

 

Figure 5.5. Flowchart of the state checking part of the discharging and charging 

logic. 

 

If the ferry is not in the travelling state, it is set to the charging state if all conditions 

are met. The requirements are as follows: 

¶ The ferry must complete the ñunloadingò operation, 

¶ The ferry must be in the ñidleò state, 

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

¶ The ferry must be at a pier with a charging station(s). 
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In the real world, instantaneously connecting the charging systems to the ferries is 

impossible. Therefore, a uniformly randomized delay of 30 to 90 seconds for LC and 

60 to 180 seconds for Ro-Ro ferries for connecting charging systems at each docking 

were introduced, which is applied right after the travelling state. For clarification, 

the ferries in the ñunloadingò state are not charged. 

It is possible to select the piers with charging stations and adjust the rate of charging 

in the model. The charging rates are assigned to the chosen piers at the beginning of 

the simulation. The charging rates are also constant and are assigned to ferries on 

arrival at a pier with charging availability. Ferries are charged either until their ESS 

level reaches the maximum capacity or until their departure. 

 

 

Figure 5.6. Flowchart of the ferry charging logic. 
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The battery level checking logic constantly checks all ESS charge levels 

simultaneously. If any ESS onboard a ferry or on a pier is recharged to 100% capacity 

by the pier charging station and the PV panels, the charge rate is set to 0 kW, as 

shown in Figure 5.7. This approach eliminates any logic in the model from going 

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

 

Figure 5.7. The flowchart of battery level checking logic. 

 

5.5.4 Renewable energy logic 

A renewable energy logic that also charges ESS batteries during the daytime was 

integrated into the model. As solar power is used as the source of renewable energy, 

it was necessary to establish the total PV system power generation rate for each pier 

and ferry. In order to calculate the hourly power generated by the PV systems, the 

following areas were deemed to be suitable for PV panel installation: 

¶ 175 m2 on top of the top deck and hardcover on the semi-open deck of LCs, 

¶ 750 m2 and 450 m2 on top of the top deck of the 2015 and 2020 series Ro-Ro 

ferries, respectively, and 

¶ 2 000 m2 on top of vehicle waiting areas of Bostanlē and ¦­kuyular piers. 
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Figure 5.8. Suitable solar PV panel locations and estimated total PV panel area on 

ferries. 
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Figure 5.9. Suitable solar PV panel locations and estimated total PV panel area on 

piers. 

The estimated peak power output of panels is shown in Figures 5.8 and 5.9. However, 

the solar irradiance is not uniform. The hourly, daily and seasonal variances in solar 

irradiance were considered in the model as an hourly Solar irradiance table for Ķzmir 

was used as a reference [64], [65]. 

The logic uses tabulated power generation values for a one kWp PV system, as 

shown in Table 3.9. The logic calculates each PV system's total hourly power output 

values at the first second of each hour. Then, the calculated values are assigned to 

ferries and piers with PV panels for the hour. If the ESS battery is not charged to its 

total capacity, the PV system will continue to recharge the ESS.  

The PV system works irrespective of the pier chargers. Furthermore, the energy flow 

is only one directional: from the pier to the ferry. PV systems onboard ferries do not 

recharge the ESS batteries ashore. 
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CHAPTER 6  

6 SIMULATION  RESULTS 

There are several aims of the simulation phase to get the data required for conducting 

the techno-economic analysis in the study. As a result, models were developed to: 

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

¶ Establish energy consumption profiles of ferries, 

¶ Estimate maximum energy consumption of ferries per segment, 

¶ Estimate maximum energy consumption of ferries per segment in simulated 

weather and sea conditions,  

¶ Estimate the minimum ESS capacities for ferries and piers, 

¶ Estimate the minimum ESS capacities for ferries and piers depending on the 

charging availability scenarios, 

¶ Estimate the power generated by solar PV panels onboard ferries and piers, 

¶ Estimate the minimum ferry charging power required in all conditions, and 

¶ Estimate the effects of having different ESS capacities on the power 

requested from the city power grid. 

There were four main stages of models selected for development in this study. These 

stages were created as a result of the step-by-step model development approach. A 

specialized feature was introduced to the model at each stage. Each main stage is 

explained in detail in its respective subsection. 
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6.1 Base model 

The base model was formed to estimate the actual annual total, per segment, and per 

NM energy consumption values of the full -electric ferries to be operated in Ķzmir. At 

this stage, the model is barebones and does not incorporate the weather and sea 

conditions, any charging-related logic, or renewable energy logic. 

 

Figure 6.1. Starting positions of each ferry at the beginning of the model. 

The base model consists of a complete model that utilizes electric ferries' calculated 

acceleration, deceleration, and energy consumption data using the values given in 

Table 4.1. 

A total of 777141 battery level changing events were recorded throughout a single, 

one-year-long run of the model. As several variables use randomized values in the 

model, the model was run five times while each event was recorded. The total travel 

distance, total energy consumption, number of segments, average segment 

consumption, and average energy consumption per NM for each ferry were 

calculated using the values averaged from these five runs and given in Table 6.1. 
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Table 6.1. Calculated annual total travel distance, total energy consumption, the total 

number of segments, and the energy consumption per segment and NM, using the 

base model. 

 
Total Travel 

Distance 
(NM)  

Total Energy 
Consumption 

(kWh) 

bƻΦ hŦ 
Segments 

!ǾƎΦ tƻǿŜǊ /ƻƴǎΦ 
Per Segment  

(kWh/Segment) 

!ǾƎΦ tƻǿŜǊ 
Cons. Per 

Nm  
(kWh/NM) 

LC1  20265.90   1 747209.81  9 426   185.36   86.21  
LC2  20265.90   1 747209.98   9 426   185.36   86.21  
LC3  17582.71   1 515880.04   8 178   185.36   86.21  
LC4  26864.21   2 324591.37   13106   177.37   86.53  
LC5  26857.35   2 323988.81   13102   177.38   86.53  
LC6  26854.21   2 324591.67   13106   177.37   86.56  
LC7  12562.81   1 139871.68   9 918   114.93   90.73  
LC8  12562.81   1 139871.84   9 918   114.93   90.73  
LC9  12562.81   1 139871.99   9 918   114.93   90.73  

LC10  26254.66   2 336756.30   17467   133.78   89.00  
LC11  26254.66   2 336756.49   17467   133.78   89.00  
LC12  26254.66   2 336756.69   17467   133.78   89.00  
LC13  4 442.23   383288.03   2 088   183.57   86.28  

F1  33539.75   3 880033.53   10925   355.15   115.68  
F2  33536.69   6 106474.52   10924   559.00   182.08  
F3  33539.75   3 880033.39   10925   355.15   115.68  
F4  33536.68   6 106473.92   10924   559.00   182.08  

TOTAL 393737.79  42769660.06   194285  
  

 

LC is divided into groups consisting of 3 ferries to be operated on a particular line, 

as seen from the results. Each ferry in a group has equal or similar total energy 

consumption values. 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 

on weekends. Also, LC13 is the only ferry operated on the Karĸēyaka - ¦­kuyular - 

Gºztepe - Karantina - Karĸēyaka line. 
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Figure 6.2 States of all ferries in the model. The model was run for 48 hours. 

 

In Figure 6.2, the travel states of Ro-Ro ferries are shown in yellow, the 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 logic assigns the ferry that 

completed its last segment earlier than other ferries to the first segment of a particular 

line on the next day. In other words, the first ferry on each line is shifted to the next 

ferry every day. Therefore, the number of ferries operated on a line changes to 

equalize the daily distance travelled by each ferry, where possible. 
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The LCs have an annual average energy consumption of 87.98 kWh/NM in the 

model. The lowest annual average energy consumption is 86.21 kWh/NM, and the 

highest annual average energy consumption is 90.73 kWh/NM. The difference 

between the highest and the lowest annual average energy consumption is 4.52 

kWh/NM or 5.14% of the average yearly energy consumption.  

 

Figure 6.3. The LCs 7 to 12 are directly assigned to lines that include the PAS-ALS 

or ALS-PAS segment. Distances are not to scale. 

 

It is observed that each group's annual total and average consumption vary while the 

variables such as the acceleration and deceleration data of LCs are fixed. The 

differences are due to the short segment distance 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 that ferries can sustain in 

this particular segment, increasing the average energy consumption compared to 

other longer segments. 

Charging logic is not enabled in this model. However, each ferry's highest energy 

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

¶ ESS battery capacities of ferries were set to ten million -virtually infinite- 

kWh, 

¶ Ferries are able to recharge at Karĸēyaka, Bostanlē, and ¦­kuyular piers, but 

the recharge power is one hundred thousand kW -practically unlimited-, and 

¶ An ESS battery level entry was recorded at each departure and arrival of each 

ferry, 

Therefore, any ferry that travels and consumes power will decrease its ESS battery 

levels. The largest difference between an departure and arrival of ferries shall give 

the highest -or worst-case scenario- energy consumption. The maximum energy 

consumption and, therefore, the energy consumption for the worst-case scenario of 

each ferry is shown in Table 6.2. 

A ferry, its crew, and its passengers onboard can face emergencies. IMO requires a 

ferry to be full -electric -i.e., not having fossil-fuel-powered emergency power packs- 

the onboard ESS battery needs to maintain all critical systems and emergency 

equipment (e.g., firefighting) for three hours [9]. As a result, a 30% ESS battery 

capacity was exclusively reserved for emergencies and therefore included in the 

minimum ESS battery capacity calculations of ferries. 

 

Table 6.2. The maximum energy consumption of ferries in calm weather and sea 

conditions. 

Ferry & No. Max. Energy 
Consumption 

ESS Battery Capacity 
(Including 30% Emergency 

Reserve) 

ESS Battery 
Capacity 

(Rounded Up) 

LC1, LC2, LC3 371.1 kWh 530.2 kWh 540 kWh 

LC4, LC5, LC6 486.7 kWh 695.3 kWh 700 kWh 

LC7, LC8, LC9 345.7 kWh 493.9 kWh 500 kWh 

LC10, LC11, LC12 576.7 kWh 823.9 kWh 830 kWh 

LC13 735.2 kWh 1 050.3 kWh 1 060 kWh 

F1, F3 355.7 kWh 508.1 kWh 510 kWh 

F2, F4 560.2 kWh 800.4 kWh 810 kWh 
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There is a significant difference in the maximum consumption values due to the 

charging availability at only Bostanlē, Karĸēyaka, and ¦­kuyular piers, and also the 

total distance of the lines. As shown in Table 6.2, the maximum energy consumption 

of each ferry varies between 500 kWh and 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 consumption is 1060 kWh 

and belongs to LC13.  

For the Ro-Ro ferries, it was observed that the highest consumption is 810 kWh and 

belongs to F2 and F4. F2 and F4 are the 2015 Series Ro-Ro ferries. The lowest 

maximum energy consumption is 510 kWh and belongs to F1 and F3. F1 and F3 are 

the 2020 series Ro-Ro ferries. 

One crucial factor that must be considered when interpreting the calculated 

maximum energy consumption values in the base model is that the charging power 

is set to unlimited in this scenario. Therefore, the time the ferry stays at the dock is 

irrelevant as it is virtually charged instantly. However, as we will see in the following 

subchapters, the duration of the charging period has significant effects on the 

maximum energy consumption. 

6.2 Weather and sea conditions model 

The weather and sea logic defines the daily energy consumption of all ferries. The 

energy consumption values in the weather and sea conditions enabled model can 

only increase up to 120% compared to the values in the base model. Therefore, the 

maximum energy consumption and ESS battery capacity values of all ferries can be 

calculated by multiplying the maximum energy consumption values in the base 

model by 1.2, and given in Table 6.3. 
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Table 6.3. The maximum energy consumption of ferries in heavy weather and sea 

conditions. 

Ferry & No. Max. Energy 
Consumption 

ESS Battery Capacity 
(Including 30% Emergency 

Reserve) 

ESS Battery 
Capacity 

(Rounded Up) 

LC1, LC2, LC3 445.8 kWh 636.8 kWh 640 kWh 

LC4, LC5, LC6 584.1 kWh 834.4 kWh 840 kWh 

LC7, LC8, LC9 414.9 kWh 592.7 kWh 600 kWh 

LC10, LC11, LC12 692.1 kWh 988.8 kWh 990 kWh 

LC13 882.3 kWh 1 260.4 kWh 1 270 kWh 

F1, F3 426.9 kWh 609.8 kWh 610 kWh 

F2, F4 672.3 kWh 960.5 kWh 970 kWh 

 

As a result of rounding up to the nearest ten, the ESS battery capacities for heavy 

weather and sea conditions have increased by 20% compared to the ESS battery 

capacities for calm conditions. The increase in the ESS battery capacity of each ferry 

varies from 19% to 22%. 

Table 6.4. Calculated annual total travel distance, total energy consumption, the total 

number of segments, and the energy consumption per segment and NM, using the 

weather and sea conditions enabled model. 
 

Total Travel 
Distance 

(NM)  

Total Energy 
Consumption 

(kWh) 

No. of 
Segments 

Avg. Energy C. 
Per Segment 

(kWh/Segment) 

Avg. Power 
C. Per NM 
(kWh/NM) 

LC1  20265.90  1 875835.28  9 426  199.01 92.56 
LC2  20265.90  1 875679.75  9 426  198.99 92.55 
LC3  17582.71  1 627570.97  8 178  199.02 92.57 
LC4  26864.21  2 495351.80  13106  190.40 92.89 
LC5  26857.35  2 494750.24  13102  190.41 92.89 
LC6  26854.21  2 495452.46  13106  190.41 92.93 
LC7  12562.81  1 223855.30  9 918  123.40 97.42 
LC8  12562.81  1 223710.65  9 918  123.38 97.41 
LC9  12562.81  1 223869.41  9 918  123.40 97.42 

LC10  26254.66  2 508537.98  17467  143.62 95.55 
LC11  26254.66  2 508743.36  17467  143.63 95.55 
LC12  26254.66  2 508556.22  17467  143.62 95.55 
LC13  4 442.23  411513.25  2 088  197.08 92.64 

F1  33539.75  4 165369.57  10925  381.27 124.19 
F2  33536.69  6 555538.47  10924  600.10 195.47 
F3  33539.75  4 165369.43  10925  381.27 124.19 
F4  33536.68  6 555537.86  10924  600.10 195.47 

TOTAL 393737.79  45915242.01  194285  
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The calculated annual total travel distance, total energy consumption, the total 

number of segments, and the average energy consumption per segment and NM are 

given in Table 6.4. 

It was observed that if the weather and sea logic were enabled, the annual total energy 

consumption and average energy consumption per segment and NM increased by 

7.357% compared to the base model. It is also necessary to mention that the average 

increase ratios remained between 7.346% to 7.369% in each run. Therefore, the 

weather and sea conditions logic accomplishes the intended effect of modifying 

energy consumption rates within the predefined limits. 

6.3 Charging model 

The charging-enabled model was designed to estimate the minimum ESS battery 

capacities and minimum charging power required to operate the full -electric ferries 

in Ķzmir. Therefore, each ferry's per segment maximum energy consumption needed 

to be calculated in every possible condition.  

As the first step, the minimum charging power for each ferry charger was set to 7500 

kW. Afterwards, the ESS battery capacities determined for heavy weather and sea 

conditions were used.  

The most significant aim in this stage of the model is that the ferries must always 

have more than 30% of their ESS battery capacities, as shown in Figure 6.4. The 

discharging, charging, and battery level checking logic stopped the simulation as 

soon as any battery level in the model dropped below 30% of its capacity. An entry 

is recorded for checking when at which battery and where the event happened. This 

debugging feature is convenient as it allows iterating ferry ESS battery capacities, 

charging power of ferry chargers, pier ESS battery capacities, and pier ESS charging 

power in a fast and robust manner. As a result, more than 100 runs were conducted 

in order to observe the highest maximum energy consumption values. The findings 

were consistent with the values determined for the heavy weather and sea conditions.  
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Figure 6.4. The ferry ESS battery levels in heavy weather and sea conditions on the 

Sunday schedule. The graph is zoomed in and shows a 2.5-hour-long portion. Values 

in the y- axis show the ESS battery levels and are in kWh. 

 

 

 

 

 

 

 

 



 

 

93 

6.3.1 Scenarios 

Four scenarios that can affect ESS battery capacities and all other related variables 

(i.e., charging rates, pier ESS capacities, ESS battery lifetimes, and costs) were 

identified and shown in Table 6.5. 

Table 6.5. Four scenarios were used for evaluation. 

 

 Minimum ESS 

Battery Capacities 

Maximum ESS  

Battery Capacities 

Bostanlē, Karĸēyaka and ¦­kuyular 

Ferry Chargers 
Scenario 1 Scenario 2 

Bostanlē and Karĸēyaka Only  

Ferry Chargers 
Scenario 3 Scenario 4 

 

6.3.1.1 Scenario 1 

Scenario 1 was designed to calculate the minimum ferry ESS battery capacities and 

minimum charging power required when charging is enabled. Therefore, the most 

significant aim of Scenario 1 was to calculate the minimum charging power needed 

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

There are ferry chargers at Bostanlē, Karĸēyaka, and ¦­kuyular piers in the scenario. 

The ferry charging power was set to 10000 kW at the beginning, and the model ran 

five times for a year. If there were no critical battery level events recorded, the ferry 

charging power decreased by 100 kW further, and the model was continuously run 

for five years in the next step. Until the ferry charging power at Karĸēyaka pier was 

set at 4 000 kW, all runs were completed without any critical battery level event.  

The most intriguing finding at this stage of Scenario 1 was that the LCs starting from 

Bostanlē pier in the morning were rarely dropping below the critical 30% ESS battery 



 

 

94 

levels in heavy weather and sea conditions, but not always. It was observed that when 

these ferries, namely the LC4, LC5, and LC6, were operating on the Bostanlē - 

Karĸēyaka - Konak - Karĸēyaka -Bostanlē line when the critical battery level events 

happened.  

The reason was investigated, and it was observed that there was not enough time to 

charge the LC ESS batteries on the first arrival at the Karĸēyaka pier. While the 

ferries started from the Bostanlē pier with 100% ESS battery levels, they could not 

recharge their ESS battery to 100% capacity at Karĸēyaka pier until their departure. 

Furthermore, the ferries had no charging available on the second arrival at the 

Karĸēyaka pier as well.  

 

Figure 6.5. The 840 kWh ESS battery level graph of LC6 while operating on the 

Bostanlē - Karĸēyaka - Konak - Karĸēyaka - Bostanlē line in heavy weather conditions 

results in a critical battery level event. Blue arrows show the arrival at Karĸēyaka 

pier, and red arrows show the departure from Karĸēyaka pier. 
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Therefore, it is clear that the battery levels of full -electric ferries in our study 

significantly decrease when they are equipped with the minimum ESS battery 

capacities and if they have to skip charging at a pier where charging is available. As 

a result, ferries operating on the Bostanlē - Karĸēyaka - Konak - Karĸēyaka - Bostanlē 

line in heavy weather conditions, such as LC6, were not able reach the Bostanlē pier 

without going below the critical battery level of 30%, as shown in Figure 6.5.  

There are three different ways to mitigate the critical battery level issue. It is possible 

to either: 

¶ Increase the time that the ferries stay at the Karĸēyaka pier, either the first 

arrival or preferably at the second arrival, by allocating less idle time at 

Konak pier,  

¶ Increase the ferry charging power at Karĸēyaka pier, or  

¶ Increase the ESS battery capacity of LC4, LC 5, and LC6. 

As this stage aims to find the minimum ESS battery capacities and charging power, 

the departure schedules were unchanged. Furthermore, the aim of the study is not to 

optimize the schedule. If the schedule were to be optimized, the entire schedule 

would have to be altered.  

Moreover, scientific research to optimize the schedule would undoubtedly need to 

include the data on passenger and vehicle demand per pier at least per hour over a 

yearly period, which the author did not have access to nor could obtain. However, 

optimizing the schedule by utilizing scientific methods in future studies would be 

significantly beneficial.  

Therefore, in order to find the minimum ESS battery capacities and charging power 

required for LC4, LC5, and LC6 to complete the segment that results in a critical 

battery level event, the minimum battery level required was calculated. The 

minimum battery level required for a five-year-long run was calculated as 281.01 

kWh for LC4, LC5, and LC6. 
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As the minimum 281.01 kWh level is the critical battery level equal to the 30% 

emergency reserve, the new minimum ESS battery capacity was calculated as 936.7 

kWh. Then this value is rounded up to the nearest ten, and the new minimum ESS 

battery capacity of 940 kWh can be calculated. Furthermore, the new ESS battery 

capacity of 940 kWh did not result in any critical battery level events, albeit being 

charged at the minimal charging power of 4000 kW. 

 

Figure 6.6. A 930 kWh ESS battery level graph of LC6 while operating on the 

Bostanlē - Karĸēyaka - Konak - Karĸēyaka - Bostanlē line in heavy weather conditions 

still results in a critical battery level event, while a 940 kWh ESS battery does not. 

Blue arrows show the arrival at Karĸēyaka pier, and red arrows show the departure 

from Karĸēyaka pier. 

As a result of the findings mentioned above, the minimum ESS battery capacities of 

ferries are calculated and given in Table 6.6. 
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Table 6.6. The minimum ESS battery capacities of ferries as per Scenario 1. 

Ferry & No. Max. Energy 
Consumption 

ESS Battery Capacity 
(Including 30% Emergency 

Reserve) 

ESS Battery 
Capacity 

(Rounded Up) 

LC1, LC2, LC3 445.8 kWh 636.8 kWh 640 kWh 

LC4, LC5, LC6 655.7 kWh 936.7 kWh 940 kWh 

LC7, LC8, LC9 414.9 kWh 592.7 kWh 600 kWh 

LC10, LC11, LC12 694.6 kWh 992.2 kWh 1 ллл kWh 

LC13 882.3 kWh 1 260.4 kWh 1 270 kWh 

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 used for the ESS battery lifetime. The 

maximum discharge values are not used for lifetime calculations because the 

maximum discharge values are the worst-case energy consumption values and 

therefore do not represent the randomized conditions throughout a year. 

Furthermore, the energy consumption -hence the discharge- values in calm weather 

and sea conditions are even lower than the yearly average discharge values. The 

charging-enabled model was run for ten years, and the calculated LC ESS battery 

discharge values are given in Table 6.7.  

Table 6.7. The average and maximum discharge and DoD levels when LC ESS 

battery capacities are set as per Scenario 1. 

Ferry & No. ESS Battery 
Capacity 

Average 
Discharge 

Average 
DoD 

Maximum 
Discharge 

Maximum 
DoD 

LC1, LC2, LC3 640 kWh 385.8 kWh 60.3% 445.8 kWh 69.7% 

LC4, LC5, LC6 940 kWh 371.1 kWh 39.5% 665.7 kWh 70.8% 

LC7, LC8, LC9 600 kWh 356.8 kWh 59.5% 414.9 kWh 69.2% 

LC10, LC11, LC12 1 ллл kWh 347.0 kWh 34.7% 692.1 kWh 69.2% 

LC13 1 270 kWh 760.5 kWh 59.9% 882.3 kWh 69.5% 

F1, F3 620 kWh 371.0 kWh 59.8% 426.9 kWh 68.9% 

F2, F4 980 kWh 538.7 kWh 55.6% 672.3 kWh 68.6% 
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The battery life of each LC group is calculated and given in Table 6.8, using 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 Figure 3.8. 

Table 6.8. Average ESS battery lifetimes of LCs in Scenario 1. 

Ferry & No. Annual Charge 
Cycles Per Ferry 

Average 
DoD 

Expected 
Maximum Cycles 

Average 
Battery 
Lifetime 

LC1, LC2, LC3 4 729 60.3% 10000 2.22 years 

LC4, LC5, LC6 6 570 39.5% 20 000 3.04 years 

LC7, LC8, LC9 3 319 59.5% 10 000 3.01 years 

LC10, LC11, LC12 7 117 34.7% 20 000 2.82 years 

LC13 524 59.9% 10 000 19.08 years 

F1, F3 10955 59.8% 10000 0.91 years 

F2, F4 10955 55.6% 10000 0.91 years 

 

In Scenario 1, the calculated average lifetimes of all LC ESS batteries are 4.03 years. 

If LC13 is excluded, the average lifetime of LC ESS batteries decreases to 2.78 years. 

The calculated average lifetimes of all Ro-Ro ESS batteries are 0.91 years. 

The next step was to find the minimum charging power for each ferry using the ESS 

battery capacities given in Table 6.8. The calculated minimum charging power and 

number of ferry chargers that kept the minimum ESS battery levels above 30% are 

as follows: 

¶ Bostanlē Ro-Ro Chargers : 4400 kW each, two chargers on the jetty. 

¶ ¦­kuyular Ro-Ro Chargers : 4400 kW each, two chargers on the jetty. 

¶ Bostanlē LC Chargers  : 4100 kW each, three chargers on the pier. 

¶ Karĸēyaka LC Chargers : 4 000 kW each, three chargers on the pier. 

The number of chargers is equal to the maximum number of ferries that are docked 

at a pier at any given time. While the ferry ESS battery charging rates are around 4 

MW for each charger, the combined maximum load of the chargers on the city's 

power grid can reach up to 37.8 MW. As a result, the possibility of reducing the 

maximum combined load of the chargers was investigated. 
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In order to reduce the maximum power load on the city's power grid, it is possible to 

install ESS batteries on piers, as well. It was revealed that the capacity of the pier 

ESS batteries impacts the grid's power load.  It was observed that the load on the 

city's power grid reduced as ESS battery capacity was increased. The pier ESS 

battery capacity was increased by 500 kWh in each run, and the maximum load on 

the city's power grid was calculated. Results are shown in Figure 6.7.  

The optimal pier ESS battery capacities and pier ESS battery charging power were 

calculated as follows: 

¶ Bostanlē ESS   : 1 500 kWh (750 kWh dedicated capacity for 

LC ferries, 750 kWh dedicated capacity for Ro-Ro ferries), 8 000 kW pier 

ESS battery charging power. 

¶ ¦­kuyular Ro-Ro ESS : 500 kWh capacity, 3000 kW pier ESS battery 

charging power. 

¶ Karĸēyaka LC ESS  : 1000 kWh capacity, 5500 kW pier ESS 

battery charging power. 

 

 

Figure 6.7. The relation between the pier ESS battery capacities (scale on the right, 

kWh) and the maximum power load on the grid in Scenario 1 (scale on the left, kW). 
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As a result of installing a total of 3000 kWh pier ESS batteries, the combined 

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

without pier ESS batteries was 37.8 MW. Therefore, a 43.7% decrease in the 

maximum grid load was observed. 

6.3.1.2 Scenario 2 

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

battery capacity in Scenario 1 on all LC ferries. Therefore, all LCs have an ESS 

battery capacity of 1270 kWh, and all other values are the same as in Scenario 1, as 

shown in Table 6.9.  

As Ro-Ro ferry ESS battery capacities are kept the same as in Scenario 1, all Ro-Ro 

ferry-related values in Scenario 1 are also valid in Scenario 2. 

The most significant finding of this scenario is that the DoD levels of ESS batteries 

significantly decrease as the ESS capacity is increased. While increasing the ESS 

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

of the batteries due to the decreased DoD levels.  

Table 6.9. The average and maximum discharge and DoD levels when LC ESS 

battery capacities are set to 1270 kWh, as per Scenario 2. 

Ferry & No. ESS Battery 
Capacity 

Average 
Discharge 

Average 
DoD 

Maximum 
Discharge 

Maximum 
DoD 

LC1, LC2, LC3 1 270 kWh 385.8 kWh 30.4% 445.8 kWh 35.1% 

LC4, LC5, LC6 1 270 kWh 371.1 kWh 29.2% 665.7 kWh 52.4% 

LC7, LC8, LC9 1 270 kWh 356.8 kWh 28.1% 414.9 kWh 32.7% 

LC10, LC11, LC12 1 270 kWh 347.0 kWh 27.3% 692.1 kWh 54.7% 

LC13 1 270 kWh 760.5 kWh 59.9% 882.3 kWh 69.5% 

 

The battery life of each LC group is calculated and given in Table 6.10, using 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 Figure 3.8. 
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Table 6.10. Average ESS battery lifetimes of LCs in Scenario 2. 

Ferry & No. Annual Charge 
Cycles Per Ferry 

Average 
DoD 

Expected 
Maximum Cycles 

Average 
Battery 
Lifetime 

LC1, LC2, LC3 4 729 30.4% 20000 4.44 years 

LC4, LC5, LC6 6 570 29.2% 26 ллл 3.96 years 

LC7, LC8, LC9 3 319 28.1% 26 ллл 7.83 years 

LC10, LC11, LC12 7 117 27.3% 26 ллл 3.67 years 

LC13 524 59.9% 10 ллл 19.08 years 

 

The benefit of having a 1.270 kWh ESS battery capacity on all LCs is significant. 

The average lifetimes of the LC ESS batteries in Scenario 2 are 6.06 years, which is 

50,40% longer compared to Scenario 1. If LC13 is excluded, the average lifetime of 

LC ESS batteries decreases to 4.98 years.  

When LC13 is excluded, the difference in average lifetimes of the rest of the LCs 

ESS batteries in Scenario 2 is 79.13% longer compared to Scenario 1. Therefore, 

increasing the ESS battery capacity of all LCs by a total of 5700 kWh (59.8%) 

compared to Scenario 1 can result in a 50.4% longer average lifetime of LC ferry 

ESS batteries. 

Moreover, there is also the operational benefit of having 13 identical ferries to 

operate. While breakdowns and service interrupting events are highly unlikely today, 

no system is immune to errors, and emergencies can happen. Therefore, having the 

ability to assign any ferry to any line at any given time is quite significant for the 

operator. 

Since the energy consumption of ferries is the same as in Scenario 1, the ferry 

charging rates are the same. As a result, the pier ESS battery capacities and pier ESS 

battery charging power are also the same.  

It is possible to reduce the ferry ESS battery charging power by using larger LC ESS 

battery capacities. The calculated minimum charging power and number of ferry 

chargers that kept the minimum ESS battery levels above 30% are as follows: 
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¶ Bostanlē LC Chargers  : 3700 kW each, three chargers on the pier. 

¶ Karĸēyaka LC Chargers : 1800 kW each, three chargers on the pier. 

There can be significant reductions in charging power required by installing 1270 

kWh ESS batteries onboard LCs. Compared to Scenario 1, the LC ESS battery 

charging power required decreased by 400 kW (9.76%) at Bostanlē pier while 2200 

kW (55%) at Karĸēyaka pier in Scenario 2.  

However, decreasing the charging power also nullifies the benefit of having a longer 

ESS battery lifetime by having 1270 kWh ESS batteries onboard LCs. Reducing the 

charging power to these values increases DoD up to 70%, which is the critical battery 

level. Therefore, the reduced ferry ESS charging power rates will not be included in 

the techno-economic analysis. 

The optimal pier ESS battery capacities and pier ESS battery charging power were 

the same as in Scenario 1 and calculated as follows: 

¶ Bostanlē ESS   : 1500 kWh (750 kWh dedicated capacity for 

LC ferries, 750 kWh dedicated capacity for Ro-Ro ferries), 8000 kW pier 

ESS battery charging power. 

¶ ¦­kuyular Ro-Ro ESS : 500 kWh capacity, 3000 kW pier ESS battery 

charging power. 

¶ Karĸēyaka LC ESS  : 1000 kWh capacity, 5500 kW pier ESS 

battery charging power. 

6.3.1.3 Scenario 3 

The main difference between Scenario 3 and Scenario 1 is that no Ro-Ro ferry 

charging is available at ¦­kuyular pier. This scenario is designed to find the 

minimum Ro-Ro ferry ESS battery capacities if there is no charging availability in 

the ¦­kuyular pier. 
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As a result of no charging availability at ¦­kuyular pier, The Ro-Ro ferry ESS 

battery capacities and Ro-Ro ferry ESS battery charging power are expected to 

increase, as shown in Table 6.11 and Figure 6.8. Moreover, all Ro-Ro ferry-related 

values are also expected to change accordingly. All values related to LCs remain 

identical to Scenario 1; therefore, any values associated with LCs are excluded. 

In the model, the charging power of the ¦­kuyular Ro-Ro ferry charger was set to 

zero, the charging power of the Bostanlē Ro-Ro ferry charger was set to 10000 kW, 

and the maximum discharge of Ro-Ro ferries was calculated. The minimum Ro-Ro 

ferry ESS battery capacities were calculated as follows: 

Table 6.11. Calculated maximum discharge and Ro-Ro ferry ESS battery capacities, 

as per Scenario 3. 

Ferry & 

No. 
Max. Energy 

Consumption 
ESS Battery Capacity 

(Including 30% Emergency 

Reserve) 

ESS Battery 

Capacity 

F1, F3 868.5 kWh 1 240.7 kWh 1 250 kWh 

F2, F4 1 380.8 kWh 1 972.6 kWh 1 980 kWh 

 

When compared to the Ro-Ro ESS battery capacities calculated in Scenario 1, it is 

observed that the computed minimum Ro-Ro ESS battery capacities in Scenario 3 is 

doubled, as shown in Table 6.12. The ESS battery capacities of F1 and F2 (2020 

Series Ro-Ro ferries) increased from 620 kWh to 1250 kWh (a 101.61% increase), 

while F3 and F4 (2015 Series Ro-Ro ferries) increased from 980 kWh to 1980 kWh 

(a 102.02% increase). 

Table 6.12. The average and maximum discharge and DoD levels when ferry ESS 

battery capacities are set as per Scenario 3. 

Ferry & 
No. 

ESS Battery 
Capacity 

Average 
Discharge 

Average 
DoD 

Maximum 
Discharge 

Maximum 
DoD 

F1, F3 1 250 kWh 762.2 kWh 61.0% 868.5 kWh 69.5% 

F2, F4 1 980 kWh 1 200.2 kWh 60.6% 1 380.8 kWh 69.7% 
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The battery life of each LC group is calculated and given in Table 6.13, using 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 Figure 3.8. 

Table 6.13. Average ESS battery lifetimes of ferries in Scenario 3. 

Ferry & 
No. 

Annual Charge 
Cycles Per Ferry 

Average 
DoD 

Expected 
Maximum Cycles 

Average Battery 
Lifetime 

F1, F3 5 477 61.0% 10000 1.83 years 

F2, F4 5 477 60.6% 10000 1.83 years 

 

In Scenario 3, the calculated average lifetimes of all Ro-Ro ferry ESS batteries are 

1.83 years. Therefore, increasing the total ESS capacity of Ro-Ro ferries by 3260 

kWh (or by101.87%) can result in a 100.02% longer average lifetime of Ro-Ro ferry 

ESS batteries. 

As mentioned above, the Bostanlē pier Ro-Ro ferry charging power was set to 10000 

kW for trial purposes. However, this value is not the minimum required charging 

power to sustain ESS battery capacities above the 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 were recorded, the Ro-Ro ferry charging 

power decreased by 100 kW in the next step.  

As a result, the minimum required charging powers were calculated as follows: 

¶ Bostanlē Ro-Ro Chargers : 8500 kW each, two chargers on the jetty. 

¶ ¦­kuyular Ro-Ro Chargers : N/A 

¶ Bostanlē LC Chargers  : 4100 kW each, three chargers on the pier. 

¶ Karĸēyaka LC Chargers : 4000 kW each, three chargers on the pier. 
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The optimal pier ESS battery capacities and pier ESS battery charging power were 

calculated as follows: 

¶ Bostanlē ESS   : 1800 kWh (900 kWh dedicated capacity for 

LC ferries, 900 kWh dedicated capacity for Ro-Ro ferries), 9 500 kW pier 

ESS battery charging power. 

¶ ¦­kuyular Ro-Ro ESS : N/A 

¶ Karĸēyaka LC ESS  : 1000 kWh capacity, 5500 kW pier ESS 

battery charging power. 

 

 

Figure 6.8. The relation between the pier ESS battery capacities (scale on the right, 

kWh) and the maximum power load on the grid in Scenario 3 (scale on the left, kW). 

 

As a result of installing a total of 2800 kWh pier ESS batteries, the combined 

maximum instantaneous load of chargers decreased to 15 MW. The maximum load 

without pier ESS batteries was 30.5 MW. Therefore, a 50.8% decrease in the 

maximum grid load was observed. 
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6.3.1.4 Scenario 4 

Scenario 4 was designed to find the effects of having charging availability only at 

Bostanlē and Karĸēyaka piers and maximum ESS battery capacities on all ferries and 

all charging piers on costs. Therefore, Scenario 4 is a mix of Scenarios 2 and 3.  

The highest ESS battery capacities in Scenarios 2 and 3 are as follows: 

¶ All LCs have an ESS battery capacity of 1270 kWh,  

¶ F1 and F3 have 1250 kWh, and 

¶ F2 and F4 have 1980 kWh. 

As a result of having the same ESS battery capacities and consumption profiles, the 

lifetimes of LC and Ro-Ro ferry ESS batteries are equal to the values in Scenarios 2 

and 3, respectively. 

In Scenario 4, the ferry charging powers are as follows: 

¶ Bostanlē Ro-Ro Chargers : 8500 kW each, two chargers on the jetty. 

¶ ¦­kuyular Ro-Ro Chargers : N/A 

¶ Bostanlē LC Chargers  : 4100 kW each, three chargers on the pier. 

¶ Karĸēyaka LC Chargers : 4000 kW each, three chargers on the pier. 

The optimal pier ESS battery capacities and pier ESS battery charging power were 

calculated as follows: 

¶ Bostanlē ESS   : 1800 kWh (900 kWh dedicated capacity for 

LC ferries, 900 kWh dedicated capacity for Ro-Ro ferries), 9500 kW pier 

ESS battery charging power. 

¶ ¦­kuyular Ro-Ro ESS : N/A 

¶ Karĸēyaka LC ESS  : 1000 kWh capacity, 5500 kW pier ESS 

battery charging power. 
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As the pier ESS battery capacities and charging power are the same as in Scenario 3, 

the combined maximum instantaneous load of chargers on the city grid is identical, 

which is 15 MW. 

6.4 REPP model 

The REPP model integrates the renewable energy logic into the model. The logic 

works independently from the charging logic, except for the battery capacity 

component. Therefore, the logic will  recharge ESS batteries up to 100% capacity and 

will stop there. 

In this stage of the model, all ferries, Bostanlē, and ¦­kuyular piers have REPP, 

which utilizes solar power. The peak power generation capacity of the REPPs is as 

follows: 

¶ LCs     :   26.2 kWp each 

¶ 2015 Series Ro-Ro   : 112.5 kWp each 

¶ 2020 Series Ro-Ro   :   67.6 kWp each 

¶ Bostanlē and ¦­kuyular piers  : 300.0 kWp each 

The logic uses the annual hourly average power output values per month for one 

kWp REPP, as shown in Figure 3.8, and scales it according to the capacity of REPPs 

given above. 

In order to calculate the actual power output of REPPs, the model was run for a year 

three times with REPP logic enabled and with REPP logic disabled. The total power 

consumption difference between the runs was averaged and given in Table 6.14. 

Calculations show that it is possible to produce combined energy of 1926349 kWh 

annually with such REPPs [65]. However, a total of 1762367 kWh was stored, as 

shown in Table 6.14. The difference of 163982 kWh of energy produced is due to 

the lack of storage capacity. This means that while the REPP produced the energy, 
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ESS batteries were already charged to 100% capacity and could not store the energy 

produced. 

It is necessary to mention that while renewable energy is a sustainable and greener 

way to charge the ESS batteries, the 1 762367 kWh annual energy stored only 

constitutes 3.84% of the total energy consumed, which is 45915242.01 kWh. The 

city grid provided the rest of the energy required to charge the ferry fleet, which is 

44152875.01 kWh, or 96.16% of the total energy consumed. 

 

Table 6.14. The average REPP energy stored is calculated by comparing the average 

total energy consumption with and without REPP. 

  Peak Power  
(kWp) 

Avg. Cons.  
W/O REPP 

Avg. Cons.  
W/ REPP 

Avg. REPP  
Energy Stored  

LC1 26.2  1 876105   1 840362   35743  kWh 

LC2 26.2  1 876177   1 840424   35752  kWh 

LC3 26.2  1 628243   1 592375   35869 kWh 

LC4 26.2  2 495050   2 459947   35103  kWh 

LC5 26.2  2 494681   2 459551   35130  kWh 

LC6 26.2  2 495217   2 460134   35083  kWh 

LC7 26.2  1 224285   1 188587   35698  kWh 

LC8 26.2  1 224352   1 188645   35707  kWh 

LC9 26.2  1 224370   1 188610   35760  kWh 

LC10 26.2  2 508520   2 472834   35686  kWh 

LC11 26.2  2 508544   2 472790   35755  kWh 

LC12 26.2  2 508631   2 472864   35766  kWh 

LC13 26.2  411689   376180   35509  kWh 

F1 67.6  4 165258   4 073470   91789  kWh 

F2 112.5  6 555132   6 402388   152745  kWh 

F3 67.6  4 165258   4 073469   91789  kWh 

F4 112.5  6 555132   6 402387   152745  kWh 

BOS 300.0  11983832   11578463   405369  kWh 

UCK 300.0  11983832   11578463   405369  kWh 

TOTAL 1 300.8 
 

   1 762367  kWh 
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CHAPTER 7  

7 TECHNO-ECONOMIC ANALYSIS  

There are complex relations between many values that affect the amount of 

investment necessary to achieve the aim of operating full -electric ferries in Ķzmir. 

Moreover, the values and relations show differences between scenarios investigated 

through the model 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 -or costs- of all variables in different 

scenarios over the service period of ferries. Therefore, the Total Cost has been 

selected as a decision factor for finalizing ferry ESS, REPP, and charger designs.  

It is possible to calculate the Total Cost using Equation 2: 

Ὕέὸὥὰ ὅέίὸ ὅὥὴὭὸὥὰ ὅέίὸ ὃὲὲόὥὰ ὕὴὩὶὥὸὭὲὫ ὅέίὸί 

( 2 ) 

The Capital Cost can be calculated using Equation 3: 

ВὅὥὴὭὸὥὰ ὅέίὸВὊὩὶὶώ ὉὛὛ ὄὥὸὸὩὶώ ὅέίὸί ВὖὭὩὶ ὉὛὛ ὄὥὸὸὩὶώ ὅέίὸί
ВὊὩὶὶώ ὅὬὥὶὫὩὶ ὍὲίὸὥὰὰὥὸὭέὲ ὅέίὸί ВὙὉὖὖ ὍὲίὸὥὰὰὥὸὭέὲ ὅέίὸί
ВὊὩὶὶώ ὉὰὩὧὸὶὭὧ ὈὶὭὺὩ ὙὩὸὶέὪὭὸ ὅέίὸί    

( 3 ) 

The Annual Operating Cost can be calculated using Equation 4: 

ὃὲὲόὥὰ ὕὴὩὶὥὸὭὲὫ ὅέίὸВὊὩὶὶώ ὉὛὛ ὄὥὸὸὩὶώ ὙὩὲὩύὥὰ ὅέίὸί
 ВὖὭὩὶ ὉὛὛ ὄὥὸὸὩὶώ ὙὩὲὩύὥὰ ὅέίὸίВὃὲὲόὥὰ ὉὲὩὶὫώ ὅέίὸί
 Вὃὲὲόὥὰ ὛὩὶὺὭὧὩ ὅέίὸί   

( 4 ) 
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Using the equations above, the preliminary calculation for predicting the capital cost 

suggests that the ESS battery capacities shall have the most significant effect on 

capital costs compared to the other factors.  

In order to conduct the techno-economic analysis of operating full -electric ferries in 

Ķzmir, the Capital Cost and Annual Operating Costs must be known for the two final 

designs. The operational life of ferries and REPPs is estimated as 25 years for the 

calculations in the study. 

7.1 Designs for calculations 

There are two different designs created for conducting the techno-economic analysis 

in this study, namely Design No. 1 and Design No 2. Preliminary calculations 

suggested that the total ESS battery capacities of ferries and piers should be the major 

factor that directly affects the results of the techno-economic analysis. Therefore, 

two distinct designs were created on opposite extremes of total ESS battery 

capacities, and shown 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 total ESS battery capacities in the Scenario 4, 

which is the maximum capacities that enable ferries to be assigned on all available 

lines. 

It was expected that the Design No. 1 should have the lowest capital costs for ferry 

ESS batteries, as per having the minimum ESS battery capacities. Design No. 2 was 

expected to have the highest capital costs as per having the maximum ESS battery 

capacities. 
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Table 7.1. There are two designs for techno-economic evaluation. 

Design No. ESS Battery Capacities Ferry Chargers REPP 

1 
Minimum capacities 

(Scenario 1 Values) 

.ƻǎǘŀƴƭƤΣ YŀǊǒƤȅŀƪŀΣ 

ŀƴŘ «œƪǳȅǳƭŀǊ All ferries and piers 

with ferry chargers 
2 

Maximum capacities 

(Scenario 4 Values) 
.ƻǎǘŀƴƭƤ ŀƴŘ YŀǊǒƤȅŀƪŀ 

 

It was observed that while the above expectations are valid, the difference between 

the Designs No. 1 & 2 proved to be less than the values expected within the 

preliminary calculations. It was aimed to explain the reason by providing the results 

of cost and benefit calculations, assumptions, and limitations of this study, in the 

following subchapters. 

7.2 Capital costs 

The Capital Cost is the initial sum that is required to be invested. It can be calculated 

using Equation 3 if ESS Battery Costs, Ferry Charger Installation Costs, REPP 

Installation Costs, and Ferry Electric Drive Retrofit Costs are known.  

7.2.1 Limitations on forecasting future battery prices 

It is necessary to mention that the calculations related to ESS batteries in this study 

do not include any capacity degradation mechanisms other than degradation due to 

cycling. As the lifetime of batteries lengthens, mechanisms such as calendar aging, 

graphite, NMC fracturing, electrolyte oxidation, and lithium metal deposition will 

have more pronounced effects on SOH and ESS battery capacity fading, especially 

the older the battery gets.  

The expected lifetime of NMC batteries is six years (depending on several 

operational conditions such as temperature, SOC, charging rate(s), discharging 
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rate(s), etc.), and it is significantly shorter than LTO or LFP batteries [85]. Therefore, 

as the calculated ESS battery lifetimes in Design No. 1 and 2 are generally within 

the typical lifetime ranges of NMC batteries, the rest of the degradation mechanisms 

were ignored to reduce the complexity required for ESS 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 onboard a ferry 

to have a battery life equal to the service lifetime of the ferry, as the initial installation 

costs would be the only costs associated with ESS battery costs. However, due to the 

stated reasons above, it is not possible. 

LTO and LFP batteries have longer cycle lifetimes than NMC. However, the per 

kWh cost of LTO batteries is significantly higher than NMC batteries. In contrast, 

LFP batteries require 30% larger space due to lower energy density and are less safe 

than NMC batteries [85], [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 higher cycle 

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 considered [87]. 

Therefore, the 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 batteries [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 batteries [88]. Therefore, as per kWh 

prices reduce, LTO batteries are more likely to be utilized in fast-charging ferries 

than NMC batteries. However, currently, there are no price predictions for LTO 

batteries found in the literature or other sources, except for the prices of 1050 USD 

per kWh in 2016 and 480 USD per kWh by 2030 [89]. 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 the literature and other sources. 

As a result, the per kWh price of NMC batteries was chosen as the basis for the 

calculations in this study. 

7.2.2 ESS battery costs 

The ESS battery cost component of the Capital Cost can be calculated by multiplying 

the cost per kWh ESS battery capacity and the total ESS battery capacities in each 

design. The price per kWh ESS battery capacity can be estimated using the literature 

or quoting manufacturers. 

In order to quote a price per kWh ESS battery capacity, the Author of this study tried 

to reach the ESS producers AKASOL, Corvus, Echandia, Leclanch®, Saft, Siemens, 

SPBES, Spear, and XALT via email, personal communication, and social networks. 

Corvus was the only producer in the study that allowed the author to use an estimated 

price per kWh capacity.  

Corvus kindly informed the author that the average per kWh ESS battery capacity 

should be taken as 620 USD in calculations as of May 2022 [90]. Literature suggests 

that the per kWh ESS battery capacity prices would be an estimated average of 492 

EUR per kWh capacity as of 2022 [9]. 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 prices stated in the literature might 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 stated above. It 

could be argued that the following reasons are also thought to be affecting the prices: 

- Economic effects of the Global Covid-19 Pandemic (2019 - Ongoing), 

- Globally increasing demand for battery-powered vehicles, vessels, and 

aircraft while limited lithium production growth, 

- Geographical and temporal dimensions of the competitive market, 

- Political relations and rather tensions that affect energy and commodity-

related prices, 

- Other costs (such as globally increasing semiconductors and electronic 

component production, shipping, handling, and labor costs), and 

- Globally fluctuating inflation levels. 

As a result, it could be argued that the actual cost per kWh ESS battery capacity 

depends on variables such as the year the ESS battery will  be installed, market 

conditions at the time, chosen producer(s), and product line(s) and what is included 

in the cost analysis.  

Only one ESS battery manufacturer quoted the cost per kWh ESS battery capacity 

for a single year in this study, while the e-Ferry analysis based the cost per kWh ESS 

battery capacity values from different manufacturers and years.  

Therefore, the best approach was to take the estimated average price per kWh ESS 

capacity from the literature for 2022. However, there was no price per kWh ESS 

capacity mentioned for 2022.  

As this value was not provided directly, a curve fitting was applied using the values 

given in the e-Ferry study, and given in Figure 7.1. The curve fitting equation is 

calculated as y = 1335.3e-0,111x (RĮ = 0.9885), where x is the years after 2012 and y 

is the price per kWh ESS capacity in EUR. Using this equation, it was also possible 

to estimate the other future prices per kWh ESS capacity. 
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Figure 7.1. Estimated per kWh battery capacity prices from 2012. Values are in EUR. 

 

As a result, the calculated cost per kWh ESS battery capacity in 2022 would be 

491.72 EUR which can be converted to 526.44 USD as shown in Figure 7.2, using 

the 1.07060928 EUR to USD parity in May 2022. 
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In Design No. 1, the total ferry ESS battery capacity and pier ESS battery capacities 

are 14010 kWh and 3000 kWh, respectively. As a result, the total ESS battery cost 

is 8954744.4 USD. 

In Design No. 2, the total ferry ESS battery capacity and pier ESS battery capacities 

are 22970 kWh and 2 800 kWh, respectively. As a result, the total ESS battery cost 

is 13566359.8 USD. 

The difference between Design No. 1 and 2 ESS battery cost is 4611615.4 USD. 

7.2.3 Ferry charger installation costs 

The author tried to contact several ferry charger manufacturers, namely Stemmann-

Technik, Wabtec, and Wªrtsilª. Stemmann-Technik replied, however, that they were 

not able to quote a price for any chargers stating that the prices were quoted for very 

individual specifications of an operator. In contrast, several technical details were 

shared with Stemmann-Technik, resulting in no further communication. 

The literature on ferry charger prices is quite rare. In the e-ferry project, the average 

cost of installing a ferry charger is around 1 million USD [9]. The value is taken as 

is in the calculations. 

In Design No. 1, the total number of ferry chargers is ten. As a result, the total ferry 

charger installation cost is 10 million USD. 

In Design No. 2, the total number of ferry chargers is eight. As a result, the total ferry 

charger installation cost is 8 million USD. 

The difference between Design No. 1 and 2 ferry charger costs is 2 million USD. 

7.2.4 REPP installation costs  

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

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

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

An average capital cost of 1 MWp REPP in T¿rkiye costs around 1.1 million USD, 

excluding taxes and land costs [91]. Therefore, the study's average cost per kWp for 

REPP is 1100 USD. 

In Design No. 1, the total peak power of REPP is 1300.8 kWp. As a result, the total 

REPP installation cost is 1 430880 USD. 

In Design No. 2, the total peak power of REPP is 1000.8 kWp. As a result, the total 

REPP installation cost is 1100880 USD. 

The difference between Designs No. 1 and 2 REPP installation costs is 330thousand 

USD. 

7.2.5 Ferry electric drive retrofit costs 

The cost of retrofit of existing LC and Ro-Ro ferries into electric drive includes the 

following: 

¶ Project design, audits, and certification, 

¶ Removal of all ICE, including generators, 

¶ Removal of fossil fuel-related pumps and control systems, 

¶ Installing electric motors and drive systems, 

¶ Installing a new reduction gearbox and adjustment of related systems, 

¶ Recalibration or retrofit of all monitoring and control systems, and 

¶ Vetting and certification. 

The power output of electric motors at service speeds shall be matched to the ICE 

removed from the ferries. As the RPM range of the propeller shaft needs to remain 

within a different range to keep the speed of the ferries the same after the retrofit, the 

reduction gearbox also needs to be changed due to the higher working RPM range 

of the electric motors compared to ICE. 



 

 

119 

The total cost of retrofitting all LC and Ro-Ro ferries with electric drive systems is 

estimated to be 17million USD for Designs No. 1 and 2. 

7.2.6 Results 

The total capital cost of Design No. 1 is calculated as 37385624.4 USD, whereas 

the total capital cost of Design No. 2 is calculated as 39667238.8 USD. The sums 

and components of the capital costs are visualized in Figure 7.3. 

 

Figure 7.3. Total capital costs of Design No 1 and 2. 

 

Therefore, it is evident that choosing opposite extremes of ESS battery capacities for 

design purposes results in the largest difference in initial ESS battery costs. It also 

changes the number of ferry chargers, total REPP capacity, and the difference 

between capital costs.  
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Design No. 1 has the lowest ESS battery capacities and costs while having more ferry 

chargers and a larger REPP capacity, which increases costs. On the other hand, 

Design No. 2 has the highest ESS battery capacities and costs while having fewer 

ferry chargers and a smaller REPP capacity, which decreases costs.  

Therefore, it could be stated that the cost difference between designs diminished as 

ESS battery-related factors were included in the calculations. More specifically, the 

difference between the total ESS battery costs of different designs was 4 611615.4 

USD, whereas the difference between the total capital costs of different designs was 

2 281614.40 USD. 

7.3 Annual operating costs 

The annual operating costs are the yearly costs necessary to operate full -electric 

ferries. The annual operating costs include the ESS battery renewal costs, the cost of 

average annual energy consumption of all ferries minus the average energy produced 

by REPP, annual average service costs for electric drive systems of full -electric 

ferries, annual service costs for all REPP systems, annual service costs ferry ESS 

batteries, and yearly service costs all ferry chargers. 

However, annual costs are not static. Between 2022 and 2047, the ESS battery 

capacity needed to be renewed, the per kWh price of ESS battery capacity, total 

energy produced by REPP, the per liter price of Ultra Low Sulphur Marine Diesel, 

and the per kWh price of electricity estimated to have different characteristics for 

Design No. 1 and 2. Therefore, all values need to be adjusted for each year to 

calculate the annual operating costs over the 25-year operational period. 

It should be noted that all indemnity insurance, crew wages, and other related 

expenses are excluded from the study as no data was found from the literature that 

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 design due to the difference in estimated average lifetimes of ESS batteries.  For 

example, the average ESS battery life of Ro-Ro ferries in Design No. 1 is 0.91 years, 

while the average ESS battery life of Ro-Ro ferries in Design No. 2 is 1.83 years.  

There are slight differences even inside the groups of ferries due to the differences 

in the total number of battery cycles of individual ferries. The average ESS battery 

lifetime of all ferries is calculated and given in Table 7.2. 

Table 7.2. The average ESS lifetime of all ferries. 

Ferry Number of Annual Charge 
Cycles 

DoD (%) Battery Life (Years) 

Design #1 Design #2 Design #1 Design #2 Design #1 Design #2 

F1 10955 5 477 59.9% 61.0% 0.91 y 1,83 y 

F2 10955 5 477 59.6% 60.6% 0.91 y 1,83 y 

F3 10955 5 477 59.9% 61.0% 0.91 y 1,83 y 

F4 10955 5 477 59.6% 60.6% 0.91 y 1,83 y 

LC1 4 729 60.8% 30.6% 2.11 y 4.23 y 

LC2 4 729 60.8% 30.6% 2.11 y 4.23 y 

LC3 4 104 60.9% 30.7% 2.44 y 4.87 y 

LC4 6 571 39.7% 29.4% 3.04 y 3.96 y 

LC5 6 569 39.7% 29.4% 3.04 y 3.96 y 

LC6 6 570 39.7% 29.4% 3.04 y 3.96 y 

LC7 3 319 60.4% 28.6% 3.01 y 7.83 y 

LC8 3 319 60.5% 28.6% 3.01 y 7.83 y 

LC9 3 318 60.5% 28.6% 3.01 y 7.84 y 

LC10 7 108 35.3% 27.8% 2.81 y 3.66 y 

LC11 7 117 35.0% 27.5% 2.81 y 3.65 y 

LC12 7 044 35.3% 27.8% 2.84 y 3.69 y 

LC13 524 60.9% 60.9% 19.08 y 19.08 y 

 

As a result of average ESS lifetime differences between designs, the amount of ESS 

batteries to be renewed changes significantly. In the study, all pier and ferry batteries 

were renewed in the 24-year period after the initial year was calculated using the 
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ESS battery lifetimes and the ESS battery capacities of ferries for each design. The 

ESS batteries were used up to their estimated lifetimes and renewed immediately. 

The total amount of ESS batteries renewed is then summed annually and given in 

Figure 7.4.  

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

number of times ESS batteries were replaced throughout the 24-year period is as 

follows: 

¶ F1, F2, F3, F4  : 27 times in Design 1, 13 times in Design 2. 

¶ LC1, LC2  : 11 times in Design 1, 5 times in Design 2. 

¶ LC3   : 10 times in Design 1, 5 times in Design 2. 

¶ LC4, LC5, LC6 : 8 times in Design 1, 6 times in Design 2. 

¶ LC8, LC8, LC9 : 8 times in Design 1, 3 times in Design 2. 

¶ LC10, LC11, LC12 : 8 times in Design 1, 6 times in Design 2. 

¶ LC13   : Once in Design 1 and 2. 
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