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Resumo 

Nos tempos que correm, dois dos principais desenvolvimentos na indústria naval são a introdução de 

navios autónomos e a mudança dos sistemas de propulsão e de geração de energia elétrica para  

alternativas mais verdes, sendo que este último tema se estende atualmente a todos os sectores que 

porventura possam ter qualquer tipo de impacto ambiental. 

Esta tese tem dois grandes objetivos que se relacionam entre si. O primeiro é analisar as diferenças do 

ponto de vista do arquiteto naval entre um navio autónomo e um navio convencional. O segundo 

objetivo é escrutinar qual a configuração do sistema de propulsão e de geração de energia elétrica mais 

vantajosa, em termos económicos, ambientais e de compatibilidade com a operação autónoma 

do navio. 

Atualmente, já existem avanços conceituais em relação à navegação autónoma e concretos em relação 

à propulsão de baixas emissões. Vários conceitos de navios autónomos têm sido desenvolvidos apesar 

de ainda não terem avançado para a produção, muito por causa das restrições ao nível das sociedades 

classificadoras. Devido ao facto de ainda haver muitas barreiras a serem ultrapassadas ao nível de 

legislação para a permissão de este tipo de navios de operarem em águas internacionais, os primeiros 

modelos de teste têm de ser todos desenvolvidos em águas fechadas. Em relação à propulsão de 

baixas emissões, existem atualmente vários exemplos de navios construídos de raiz ou modificados 

com sistemas de propulsão direcionados para a redução das respetivas emissões. 

No trabalho realizado, as duas vertentes do estudo são desenvolvidas para dois navios diferentes a 

operar em dois cenários, escolhidos de forma a serem realistas. 

O primeiro caso de estudo é um pequeno navio porta contentores autónomo, concebido para 

transportar os contentores que chegam ao Porto de Lisboa até à futura Plataforma Logística de Lisboa 

Norte, situada em Castanheira do Ribatejo, via rio Tejo. As dimensões principais do navio, estimadas 

através de regressões lineares de uma base de dados, são 77.6 m de comprimento fora a fora, 15.0 m 

de boca, 10.0 m de pontal e 4.9 m de calado, com uma capacidade de carga de 100 contentores vazios 

(97 com 14 toneladas) e a velocidade de serviço de 7 nós. 

O segundo cenário é a ligação fluvial entre o Cais do Sodré e o Montijo. Sendo que operam esta rota 

dois ferries com capacidades diferentes, consoante a hora de utilização, uma previsão foi feita para 

apurar as capacidades necessárias para esta travessia. O ferry de maior capacidade foi escolhido como 

caso de estudo e as suas dimensões principais, estimadas através de regressões lineares em bases 

de dados utilizando uma capacidade de 560 passageiros, são de 49.5 m de comprimento fora a fora, 

13.0 m de boca e 3.1 m de pontal, e a velocidade de serviço de 19.2 nós.  

Para ambos os casos de estudo, as diferenças entre o navio autónomo e o convencional são revistas, 

assim como os sistemas de propulsão e geração de energia elétrica mais benéficos, tanto 

economicamente, ambientalmente e em termos de compatibilidade com navegação autónoma. 
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Abstract 

Nowadays, two of the main research fields in the naval industry are the introduction of autonomous 

shipping and greener alternatives for the propulsion and power generation systems, taking into account 

that the second topic extends itself to all industry sectors that may have any kind of environmental 

impact. 

This thesis has two objectives that are closely related. The first is to analyse the differences from the 

point of view of the naval architect between an autonomous vessel and a conventional one. The second 

goal is to scrutinize which propulsion system and electric power generation configuration is the most 

advantageous in terms of economy, environmental and autonomous operation. 

In the present, there are conceptual advances in relation to autonomous navigation and tangible 

advances in relation to low emissions propulsion. Several autonomous ships concepts have been 

developed, although these have not been yet launched in production, mainly because of the restrictions 

imposed by classification societies. Due to many obstacles in terms of legislation to allow autonomous 

ships to operate in international waters, the first model tests have been carried out in closed national 

waters. In relation to low emissions propulsion, there are currently multiple examples of newbuilt ships 

or retrofit that have propulsion systems designed to reduce the corresponding emissions. 

In the work developed, the two research fields are developed for two different ships, operating in two 

different scenarios. Both the scenarios are chosen in order to be considered realistic. 

The first case study is a small autonomous container carrier, designed to transport containers arriving 

to the port of Lisbon to a logistic platform (Plataforma Logística de Lisboa Norte), located in Castanheira 

do Ribatejo, sailing through the Tejo river. The vessel’s main dimensions, estimated from statistical 

regressions based on a ship database, are of 77.6 m length overall, 15.0 m breadth, 10.0 m depth and 

4.9 m draught, with a cargo capacity of 100 empty containers (97 at 14 tonnes) and the service speed 

of 7 knots. 

The second scenario is the transport of passengers in a river connection between Cais do Sodré and 

Montijo. Considering that currently, there are two ferries operating this route with different capacities, 

depending on the operating hours, a forecast is made to access the capacity requirements for this route. 

The larger ferry is chosen as the case study and its main dimensions, estimated from statistical 

regressions based on a ship database using a capacity for 560 passengers, are of 49.5 m length overall, 

13.0 m and 3.1 m depth and the service speed of 19.2 knots. 

For both case studies, the modifications between an autonomous vessel and a conventional are revised, 

as well as the propulsion system and electric power generation configurations with more benefits, both 

economic, environmental and of autonomous navigation compatibility. 
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1 Introduction 

Maritime transportation is the world’s leading form of products transportation all around the globe. 

Because of that, it should keep up with the more advanced technologies concerning the sector’s 

efficiency and environmental impact. Currently, the most relevant progress is being made towards the 

development of autonomous ships. Autonomous ships are the main alternative to inland road 

transportation which currently is not a sustainable option for the cargo transportation sector due to high 

costs, environmental emissions, road congestion, noise and accidents. This type of shipping brings 

many benefits, mainly economic, environmental and in terms of safety.  

Autonomous ships do not require spaces as crew accommodations or freshwater tanks and sewage 

systems, which result in more room available for cargo capacity. Also, there would be no costs with crew 

salaries, which represent the main economic benefit for the shipping companies (Batalden et al., 2017).  

The extra hull space in an autonomous ship can also be useful for a better adaptation to alternative 

green energy and propulsion systems, which would benefit the environment (MarineLink, 2019). 

Autonomous ship operations will encourage ship operators to carry out their voyages at a much lower 

speed, without the increased cost associated with the crew. This slow steaming voyages would reduce 

the fuel consumption and therefore, decrease the emission associated to them (Rødseth & Burmeister, 

2015). Also, the lack of sewage systems results in less pollution entering the ocean.  

Finally, nowadays, 80% of the maritime accidents occur due to human failure. This kind of accidents 

would no longer be an accident cause in autonomous shipping. Besides that, the implementation of an 

autonomous short sea shipping line would decrease land transportation and therefore increase road 

safety.  

Despite all the advantages, there still are some hindrances regarding the introduction of autonomous 

ships in the shipping industry. The main one is regarding the current legislation, which impose not only 

a minimum number of crew members on board but also the obligation of assisting nearby ships in 

distress. Autonomous ships cannot comply with such regulations and therefore, adaptations need to be 

made to them.  

In order to bypass this obstacle, the Maritime Autonomous Systems Working Group (MASWG) was 

established by the United Kingdom Marine Industries Alliance (UKMIA), with the purpose of trying to 

identify the regulatory voids within the IMO legislations. UKMIA also developed The Maritime 

Autonomous Systems Surface Industry Code of Practice, which focused on revising rules about 

collisions, imposed by Convention on the International Regulations for Preventing Collisions at Sea, 

(COLREG).  

Finally, the Antwerp based Comité Maritime International (CMI) created the International Working Group 

(IWG) to also review rules and regulations regarding the unmanned ships (Hogg & Ghosh, 2016). Also, 

IMO’s Maritime Safety Committee (MSC) has already agreed upon the formal definition for unmanned 

ships, as Maritime Autonomous Surface Ships (MASS) and has established a framework for analysing 
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how the rules and regulations may or may not be applicable to the different types of MASS operations, 

and also for defining different degrees of autonomy.  

Finish maritime industry leaders also created the Digital, Internet, Materials & Engineering Co–Creation 

(DIMECC), a platform for joint industry research initiatives with the objective of establishing an 

autonomous maritime eco system by 2025 (RINA, 2019).  

While it is not yet possible to navigate these ships in international waters, all the progress must be 

developed in closed waters, where the flag states are free to regulate ships and their activities (Batalden 

et al., 2017). 

Until the present time, the only autonomous vessels built are small crafts with scientific or military 

missions. The scientific research work includes acquiring marine data or performing hydrographic and 

environmental surveys, whilst the military missions include laying out smoke or minesweeping. 

Nowadays, protecting the environment is a crucial matter in any design table, since a new built ship that 

is pollutant could not expect a rentable lifetime period. Ship’s environmental impact start by aggravating 

global warming due to carbon emissions. This climate changes cause temperatures to rise to levels 

which lead to the melting of glaciers, compromising polar life forms and increasing sea levels around 

the globe. It also leads to draughts and heat waves which cause fires extremely hard to fight.  

Sulphur emissions when combined with water and air form sulphuric acid, which is the main component 

of acid rains. This type of rain causes deforestation and can lead to health issues. Nitrogen emissions 

also contribute to the increase of acid rains and health issues, since it is an irritant gas. These gases 

also have a significant larger global warming potential than carbon and are central to the formation of 

fine particles. Particle matters emissions also have a harmful impact on the populations, mainly by 

increasing respiratory diseases which could lead to premature deaths. 

The shipping industry is currently responsible for 2.4% of greenhouse gas (GHG) emissions (Winnes et 

al., 2015). According to the International Maritime Organization (IMO) Conventions, present ships must 

be built with a reduction of GHG emissions of 15%. By 2020 the reduction should be of 20% and then 

30% by 2025 (Lee & Nam, 2017). IMO has also stated that by 2050, the industry’s carbon emissions 

must be reduced to half the value registered in 2008. Translated into numbers, this means that the 

emissions by that year should not exceed 470 million tonnes of carbon. This is proven to be a difficult 

challenge, since the trends indicate, in that year, a value of carbon dioxide (CO2) emissions of 

3,000 million tonnes (Stopford, 2019).  

Regarding sulphur oxides (SOx) emissions, the International Convention for the Prevention of Pollution 

from Ships (MARPOL) sets its emissions limit at 0.5%, not only in Emission Controlled Areas (ECA) 

zones, but globally (Panasiuk & Turkina, 2015). This means that by 2020, ships are only allowed to use 

fuel oil on board with a SOX content of less than 0.5%.  

The objective of this thesis is to understand how autonomous ships can be implemented, in the most 

sustainable and environmentally friendly way and to identify possible hindrances and how to surpass 

them. To do so, two case studies were created, to be operated by two different autonomous ships.  
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The first case study is an autonomous multi-purpose cargo ship, inserted in an inland waterway transport 

operational scenario. For a more realistic analysis, a plausible cargo flow will be assigned to the 

designed vessel. The second is an autonomous ferry, designed to operate an already existing ferry 

route, both in closed Portuguese waters. Finally, nine propulsion systems alternatives are selected to 

be applied to the autonomous ships. 

The dissertation is organized in 9 chapters, being the first one the introduction: 

• State of the Art (Chapter 2): This chapter consists primarily in analysing the state of the art in 

autonomous ships progress and green shipping alternatives, including the finished projects and 

the ones still under development. The rules and regulations concerning the unmanned shipping 

will also be analysed, both the already existing and the under-development ones.  

Secondly, the existing alternatives to reduce or put an end to shipping emissions will be 

enumerated. These include various fuels utilisation, different propulsion systems configurations 

or alternative power generation from alternative sources. 

• Methodology (Chapter 3): Primarily in this chapter, nine different propulsion systems and 

electric power supply configurations are enumerated. Further on, the method used to quantify 

each configuration’s associated costs and environmental impact is explained  

• Case Studies Scenarios (Chapter 4): Firstly in this chapter, the autonomous ship’s missions 

are described. Secondly, the ships are dimensioned, considering the viewpoint of a naval 

architect and a marine engineer. These include the main dimensions and all power consumers, 

for each mission. Finally, each ship´s modifications required to enable autonomous operations 

are enumerated. 

• Propulsion System Analysis (Chapter 5): In this chapter, the 9 different propulsion system 

and electric power generation configurations are described, as well as the procedure used to 

calculate the corresponding associated costs and environmental impact. 

• Economic and Environmental Parameters (Chapter 6): In this chapter, the parameter’s 

results regarding each configuration’s associated costs and environmental impact are 

presented. 

• Ranking Results (Chapter 7): In this chapter, the configurations are ranked from the most 

advantageous to the least for both case studies scenarios. 

• Selected Ship Configurations (Chapter 8): In this chapter, both the autonomous ship models 

developed for each scenario are presented and described. 

• Conclusions and Recommendations (Chapter 9): In the final chapter, the autonomous 

shipping implementation progress is stated, as well as the most suitable propulsion system 

configuration for this type of operations with less environmental impact. Finally, possible 

research paths which would make this study more complete are suggested. 
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2 State of the Art 

2.1 Autonomous Ships 

2.1.1 Prototypes  

The first concept of an unmanned surface vehicle (USV) appeared in 1944, as the Canadians developed 

the COMOX torpedo concept, with the mission of laying smoke during World War II and only capable of 

travelling a fixed course. Later in the 1950s, the US Navy developed USV’s up to 5 metres to be used 

as minesweeping drones and other dangerous missions. Around the 1960’s, this concept had already 

expanded to countries as Denmark, Netherlands and Germany (Everett, 2019). 

Between 1993 and 2000, MIT carried out the Sea Grant College Program in which there were developed 

several Autonomous Unmanned Vehicles (AUV). The first was the ARTEMIS, which was a replica of a 

fishing trawler with a length of 1.37 metres. This AUV was equipped with an electric motor and a servo 

actuated rudder. Even though ARTEMIS could not be used in open waters, it was useful to prove the 

feasibility of automatic heading control and the capability of operating autonomously collecting 

hydrographic data (Caccia, 2006).  

In 1996, the second project was developed, called the Autonomous Coastal exploration System. This 

Autonomous Surface Craft (ASC) was a catamaran with the propulsion system powered by a 

3.3 horsepower gasoline engine. The electric power necessary for the computers, navigation and control 

system was delivered by batteries, recharged by a generator. The rudder and engine throttle were 

operated by stepper motors. The performance results of the trials were satisfactory for the radio-

controlled tests, except for the tendency to pitch at high speed and lack of feedback from the sensor at 

the rudder system (Caccia, 2006).  

Later in 1999, changes were made to the catamaran, with the hull material being changed to modular 

fibreglass plastic composite. This new ASC was called AUTOCAT and the propulsion system was 

composed by two electric motors, powered by hull-housed batteries. A motor controller was installed, 

enabling the motors to be driven in reverse. The improvements were all proved 

successful (Caccia, 2006). 

Meanwhile, between 1998 and 2000, the German University of Rostock, developed the ASC Measuring 

Dolphin. This catamaran ASC had its propulsion and steering carried out by a rudder with counter-

rotating propellers on each hull, powered by a hybrid energy supply system composed by lead-acid 

accumulators and an internal combustion engine for electrical power generation. The navigation was 

compass based and was carried out by an accurate Differential Global Positioning System (DGPS) and 

a model based H2 automatic course control. The ASC completed its depth and current measurements 

missions successfully (Caccia, 2006). 
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In 2000, Yamaha Motor Company Ltd. in Japan built the KAN-CHAN, an ASV with 8 metres length and 

2.8 metres breadth with the hull of a sailing cruiser. The small vessel had a displacement of 3,500 kg 

and a cruising speed of 4 knots in calm waters. The ASV was powered by a diesel engine and employed 

a wind turbine generator for backup power (Desa et al., 2007). 

Between 2002 and 2005, the Italian National Program of Research in Antarctica developed the ASC 

CHARLIE an autonomous catamaran with glass-fibre varnished with epoxy resin hulls. The propulsion 

system and steering are obtained from two electrical-powered stern propellers and a rudder-based 

system (Caccia, 2006). 

In 2003, the Department of Ocean Engineering at Florida Atlantic University developed an Autonomous 

Surface Vehicle (ASV), with the mission of providing better position accuracy to an Unmanned 

Underwater Vehicle (UUV) below. The design of the ASV was a small catamaran with a deep keel. The 

propulsion system consisted in two trolling motors mounted on each of the pontoons. The steering was 

obtained by applying different revolution rates to the motors. The power to the motors and onboard 

computers was provided by twelve 12 V batteries and a DC/DC converter. The navigation system was 

supported by an Acoustic Doppler Current Profiler (ADCP), an electronic compass on each motor, a 

DGPS receiver, an Inertial Measurement Unit (IMU), a Dual-Purpose Acoustic Modem (DPMA) and a 

wireless Ethernet connection. The ASV accomplished its mission successfully (Leonessa et al., 2003). 

In 2004, MIT developed four ASC’s called Surface Craft for Oceanographic and Undersea Testing 

(SCOUT). The hull of the SCOUT was a high-density polyethylene kayak and the propulsion system 

was carried out by an electric trolling motor, regulated by an electronic motor controller. The steering 

was carried out by rotating the thruster shaft, controlled by a servo motor. The servo motor used a 

Proportional-Integrative-Derivative (PID) controller, based on Global Positioning System (GPS) and 

compass data, in a single board computer, powered by lead acid batteries. The performed tests proved 

that a simple PID heading controller was enough to guarantee satisfactory navigation (Caccia, 2006). 

In 2005, ASC CHARLIE’s designers alongside with the robotics group of CNR-ISSIA, Genova branch, 

developed the Sea Surface Autonomous Modular Unit platform, SESAMO. This ASC was also a 

catamaran, with 2.40 metres length, 1.80 metres breadth with a total weight of 360 kg. The propulsion 

system was constituted by two propellers actuated by two electrical thrusters, with the steering being 

controlled by different propeller revolution rates. The ASC was all powered by a set of four lead batteries 

integrated by a set of solar panels. The water tests carried out proved that the power supply was enough 

for a 6 hours mission and could even be extended if the solar panels are used. The navigation sensors, 

GPS and compass proved to be reliable and precise, and the automatic guidance system provided 

accurate manoeuvrability of the ASC (M. Caccia et al., 2005). 

In 2006, the Institute for System and Robotics, at Instituto Superior Técnico, developed DELFIM, an 

autonomous surface craft with the mission of acquiring marine data in the Atlantic, around the Azores 

islands. The small craft was a 3.5 metres long catamaran, with 2 metres breadth and a mass of 320 kg. 

DELFIM’s maximum speed was 5 knots and its navigation was carried out by integrating motion sensor 
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data, provided by an attitude reference unit, a Doppler unit and a DGPS. The tests at sea proved the 

reliability of the heading and path following controllers (Alves et al., 2006). 

In the same year of 2006, researchers from the Autonomous Systems Laboratory at Instituto Superior 

de Engenharia do Porto (ISEP) developed the ROAZ, an ASV for river and estuarine operations, and 

AUV support. The prototype consists of a catamaran with 1.5 metres length and 1 metre breadth. The 

deck surface with solar panel coverage and fixation points for sensors, a camera tripod and a 

communications mast. The propulsion system was based on one thruster with embedded axis control. 

The test missions carried out proved that the ASV provided satisfactory recovery assistance and 

communication relay with the AUV (Hugo Ferreira et al., 2007). 

Also, in the year of 2006, the ASV named Ocean Atmosphere Sensor Integration System (OASIS) was 

developed in the United States, with the mission of performing biogeochemical and air-sea 

measurements. The OASIS was a monohull with a length of 5.5 metres and a breadth of 1.5 metres. 

The propulsion system was constituted by a servo motor to drive the single propeller and the steering 

obtained from a rudder, actuated by a stepper motor. The power of the small craft was obtained by 

twelve 12-V deep cycle lead-acid marine batteries, six solar panels, a charge controller, DC-DC 

converters and a power bus. The navigation sensors system was supported by a GPS receiver and a 

digital compass to obtain time, position, velocity and heading measurements. During sea trials, the 

manual control with vehicle telemetry monitoring from a control station proved to be reliable. Later, the 

ability of the ASV to track courses between one to three closed spaced waypoints was also 

demonstrated (Higinbotham et al., 2006). 

Still in 2006, the Marine and Industrial Dynamic Analysis Research Group of the University of Plymouth 

developed the SPRINGER, an ASV with the mission of pollution tracking and environmental and 

hydrographic surveys. The small craft had a medium waterplane twin hull with 4 metres length and 

2.3 metres width with a displacement of 600 kg. The ASV’s propulsion system consists of two 24 V 

trolling motors, and the steering was obtained by different propeller revolution rates between them. The 

power was obtained by batteries weighting a total of 350 kg. The SPRINGER can be switched between 

automatic and manual control mode. The navigation system was supported by a global positioning 

system, a speed log, an environmental monitoring unit and a variety of compasses. There was also a 

mast with a wireless antenna to provide communication with the user when in remote control mode. The 

ASV was later on tested in open waters and demonstrated suitability of the model and of its autopilot 

system when activated (Leirens & Pierquin, 2004). 

In the following year of 2007, researchers at ISEP also developed the ASV SWORDFISH, a 4.5 metres 

long catamaran weighing a 190 kg. The propulsion system consists in two stern mounted thrusters and 

the steering obtained from different thrust between the two engines. The power was obtained from four 

12 V AMG batteries. The onboard computer was connected to sensors, GPS, an IMU and to a side scan 

Sonar. The sea trials carried out provided satisfactory remote control of the ASV. During the tests, it was 

also demonstrated excellent performance by the navigation system (H. Ferreira et al., 2007). 
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In the same year of 2007, researchers in India developed a small remotely controlled ASV named ROSS. 

The AVS hull was a free flooding high-density polyethylene cylinder with 1.6 metres length and a total 

weight of 90 kg. The propulsion system consists of two DC electric motors and the steering carried out 

by applying different torque to each motor. The sea trials carried out with predefined waypoints 

demonstrated the capability of the ASV to follow the tracks, with a maximum deviation of 5 

metres (Desa et al., 2007). 

In 2008, the prototype HWT X-1 was developed by American researchers with the mission of littoral 

water surveillance. This ASV was a catamaran with 10.7 metres length and with a 3 metres mast able 

to rotate freely, to maintain a constant angle of attack in relation to the wind. Besides that, it was 

equipped with two electric motors and independent battery banks to supply them with the power needed. 

The steering was operated by a rudder, controlled by an actuator DC motor, powered by the same 

batteries as the electric motors. The open water trails demonstrated that the control system responsible 

for following the predefined path was satisfactory (Elkaim & Boyce, 2008). 

In 2011, in the scope of the HydroNet European project, a catamaran ASV was designed with the mission 

of environmental monitoring. The small craft had a length of 1.9 metres, a breadth of 1.2 metres and the 

hulls made of carbon-fibre with 2 millimetres thickness. The propulsion system consists in two 200 W 

motors for the propellers actuation, powered by 12 Li-Po batteries and two rudders for steering, actuated 

by a single motor. The small craft total weight was of 75.4 kg and the cruise speed of 2 knots. For the 

navigation system, the ASV uses a localization module composed by a GPS, a magnetic compass, a 

water speed sensor, a laser scanner and a forward-looking sonar to detect obstacles. Sea trials 

demonstrated a navigation performance in compliance with the mission requirements (Ferri et al., 2011). 

2.1.2 Autonomous Shipping Concepts 

The first steps towards the automation of shipping started to happen 8 years ago with the introduction 

of research projects regarding unmanned ships and the development of visions from a future where 

autonomous ships would be a reality, with the intentions of introducing and inspiring shipowners to this 

new concept. 

Between the years of 2012 and 2015, took place the research project Maritime Unmanned Navigation 

through Intelligence in Networks (MUNIN), funded by the European Commission’s Seventh Framework 

Programme (Hogg & Ghosh, 2016). The investigation was carried out using a dry bulk carrier, with 

navigation between ports in different continents. The objective was for the ship to be able to sail 

autonomously but with constant monitorization by a Shore Control Centre (SCC) operator, which 

required three different systems, an Advanced Sensor Module, an Autonomous Navigation System 

(ANS) and an Autonomous Engine and Monitoring Control System (AEMCS) (Burmeister et al., 2014). 

In 2013, DNV GL initiated a research project called the ReVolt. The ReVolt is an autonomous ship 

concept, fully battery powered. It has a length of 60 metres, a cargo capacity of 100 TEUs, a deadweight 

of 1,300 tonnes and an operational range of 100 nautical miles. It was designed to operate a shortsea 

route in the coastal area of Norway at a speed of 6 knots. The main propulsion would be provided by 
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two azipod units with two bladed propellers and the manoeuvrability carried out by a retractable bow 

thruster. The required battery capacity was of 2,300 kWh for average weather and 5,500 kWh including 

bad weather and had a power requirement of 53 kW for calm waters and 132 kW for average weather. 

The estimated charging time at the port would be of 2 hours, although it would depend on the charging 

infrastructures. The autonomy operations would be assisted by technologies like Global Navigation 

Satellite System (GNSS), electro-magnetic radio waves (RADAR), Automatic Identification System (AIS) 

and Electronic Chart Display and Information System. Ships equipped with AIS identify themselves and 

transmit information about its position, course and speed. Even though a model to the scale of 1:20 was 

built and tested, the ReVolt was not intended to be built, but to serve as an inspiration to shipowners. 

In the 3 metres ReVolt model, the control system developed and implemented was called Dynamic 

Positioning (DP) and uses a PID controller that uses the sensor data provided to control the thrust and 

therefore, heading of the model. The prototype had two stern pod thrusters and bow thruster with a 

combined engine power of 360. The stern pods had indefinite rotation and the bow’s propeller unit could 

rotate 270º. The GNSS Vector VS330 used two antennas no measure the heading and provide the 

correction data necessary to steer the model, with precision to 0.2º and 1 cm. The control system allows 

the model to navigate a desired trajectory, to achieve station keeping and to perform manoeuvres at low 

speed. After sea trials were carried out, the best option to assure that the model trajectory is satisfied 

proved to be using the GNSS with real time correction data. The best configuration was a constrained 

thrust allocation, with a static bow thruster at 90º and with a PID controller (Alfheim et al., 2018). 

The concept of autonomous shipping is also being developed by Rolls-Royce, which introduced, in 2014, 

a new operator experience concept. This concept is a vision of the future in which vessels are sailing 

autonomously across the world, with a crew monitoring and controlling them from a SCC. The monitoring 

being carried out using interactive smart screens, voice recognition systems, holograms of the ship and 

surveillance drones on board of the vessel (Rolls-Royce, 2019).  

In 2017, Norway’s Wilhelmesen, in a partnership with the international technology group Kongsberg, 

created the world’s first autonomous shipping company. The company, Massterly, will develop the 

infrastructures and services needed to design and operate autonomous vessels as well as the logistics 

associated to it. SCC will be constructed to operate and monitor the autonomous operations, both in 

Norway and internationally. 

The company’s first vessel design will be the world’s first zero emissions and autonomous container 

feeder. The vessel is called YARA Birkeland and it has a length between perpendiculars of 72.4 metres, 

a deadweight of 3,200 tonnes and a 120 TEUs cargo capacity. The ship’s mission is to sail between 

three ports along the south coast of Norway. The main propulsion if fully electric, carried out by two 

azipod units at the stern. For manoeuvring, the ship is equipped with two tunnel thrusters. The battery 

pack on board will have a capacity between 7,000 and 9,000 kWh. The autonomous operations will be 

supported by cameras, infra-red cameras, AIS, RADAR and laser waves sensors (LIDAR). The vessel 

is expected to reduce 40,000 diesel powered truck journeys per year. YARA Birkeland will first be 

delivered in 2020, where it will evolve from manned operations to fully autonomous by 2022, always 
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supported by the three SCC. At the time of writing, the hull has already been built and delivered in 

Romania (Figure 1), however the production was interrupted due to the pandemic. 

 

Figure 1. Yara Birkeland (www.yara.com, 2020) 

The first remotely operated vessel was the Svitzer Hermond and it was tested in 2017, in a Copenhagen 

harbour. The project was a partnership between Rolls-Royce, the towage operator Svitzer and the 

search engine company Sequencing Initiative Suomi (SISu). The tug carried out several manoeuvres 

controlled by a captain in a SCC (RINA, 2019). 

In 2018, the multimodal operator Samskip in partnership with Norway’s Research Council, the 

Norwegian Energy Agency (ENOVA) and the company Innovation Norway, started to develop the 

Seashuttle project, (Figure 2). The project is an autonomous, emissions-free containership. The vessel 

was designed to carry out a short sea route between Oslo, western coast of Sweden and Poland, and 

it is expected to reduce the value of 2,000 truckloads that pass through the ports of Norway every day. 

The vessel’s main propulsion system will use hydrogen fuel cells (Moore, 2019). 

 

 

Figure 2. Seashuttle (www.safety4sea.com, 2020) 
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In the same year, Gdynia Maritime University in Poland projected an autonomous transport system for 

passengers and bicycles. The small vessel was to be controlled by an agent’s system, in which there 

are three agents in a platform, each one with a specific task. The first agent is the trajectory agent (AT), 

with the function of determining the route of the ASV. The second agent is the navigational agent (ASN), 

with the function of collecting information about the navigational situation around the ASV and perform 

an analysis of collision hazards with stationary or dynamic objects. Finally, the third agent is the 

negotiation agent (AN) whose function is to negotiate with agents from other autonomous entities and 

receive and transmit information to the other agents. The small vessel was equipped with radar, a sensor 

system and a video camera to identify the possible hazardous objects. The propulsion system consisted 

in two thrusters, one at the bow and one at the stern of 1 kW each. The power is provided by a battery 

pack and which can be fed by an auxiliary generator or by photovoltaic panels on the 

roof (Lebkowski, 2018). 

The first fully autonomous large operation took place also in 2018 and was part of the project called 

Safer Vessel with Autonomous Navigation (SVAN), and was a partnership between Rolls-Royce, the 

ferry company Finferries and the Advanced Autonomous Waterbone Applications (AAWA). The 

demonstration took place in Finland and was carried out with the car ferry, Falco. SVAN was the first 

step in the development of Rolls-Royce’s Intelligent Navigation System (INAV). INAV includes an 

Autonomous Navigation System, an Automatic Crossing System (ACS) and an Intelligent Awareness 

(IA) system, (RINA, 2019). The ACS controls a vessels acceleration, deceleration, speed and track in 

order to provide safe and energy efficient navigation. It is going to be implemented in 18 new ferries that 

will operate in Norway (Rolls-Royce, 2019).  

The Intelligent Awareness system was created for autonomous ships, even though it is also available 

for the already existing ships, due to its benefits providing a better understanding of a ships 

surroundings. It was developed in partnership with AAWA and it uses different technologies to build 3D 

representation of the area around the ship (Rolls-Royce, 2019). The AAWA’s main objective is to develop 

the specifications and preliminary design for the implementation of autonomous shipping. The first phase 

of this project was to understand where the maritime industry stands currently on the development of 

technological, legal and economic aspects regarding remote and autonomous shipping (Poikonen, 

2016). The AAWA’s Autonomous Navigation System is a combination of systems, such as the Situational 

Awareness (SA), the Collision Avoidance (CA), the Route Planning (RP), the Ship State Definition (SSD) 

and Rolls-Royce Dynamic Positioning (DP). 
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2.1.3 Navigation Systems 

The COLREG convention imposes ships to have human lookouts. In near-coastal areas, the research 

project MUNIN proved that computer vision with infra-red technology is safer than human vision (Blanke 

et al., 2017). Therefore, the lookout function can be passed on to sensors with different wave lengths 

like infrared, RADAR, or LIDAR monitoring.  

Autonomous operations can be carried out combining two different control techniques (Santos & Guedes 

Soares, 2018). The first one is the global method and consists in planning the route in order to avoid 

real world known obstacles. The second one is the local method and is based on reactive navigation to 

avoid collisions. An ANS includes both these control techniques. 

The AAWA (Poikonen, 2016) proposes an ANS architecture which includes in it the RP module, the SA 

module, the CA module and the SSD module, as shown in figure 1. 

 

Figure 3. ANS System Architecture (Poikonen, 2016) 

The SSD module compiles the other modules information to determine in which operation mode the ship 

should be, autonomous or remote-control. It also is used to inform the operator of the stage of the ship. 

The RP module is the software responsible for the global method control, by planning the route through 

predefined waypoints, avoid static obstacles present in navigational charts. The RP module plans the 

route from start to finish and does not alter it during voyage. 

The CA module is the software responsible for the local control of the ship, allowing it to navigate the 

planned route without collisions. In order to do so, it uses the information provided by the RP and the 

SA modules. Before sending actions to the propulsion control system, the SSD module must indicate 

an autonomous operation mode. 

The SA module processes data obtained from the different sensors like cameras, infra-red cameras, 

RADAR, LIDAR or sound sensors and compiles it with GPS and inertial sensors data to provide 

information regarding the ship’s surroundings, building a “map” around the ship. 
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The MUNIN project defined three different systems, an Advanced Sensor Module (ASM), an 

Autonomous Navigation System (ANS) and an Autonomous Engine Monitoring and Control System 

(AEMCS).  

The first system defined is the Advanced Sensor Module, responsible for the lookout functions. This 

system uses sensor data obtained by RADAR, AIS or infra-red cameras. The second system is the 

Autonomous Navigation System whose function is to follow the voyage plan implemented into the 

vessel. The third system is an AEMCS, whose functions are to predict and detect any engine failures 

and to maintain the efficiency of the engine. The required infrastructure is the SCC, to monitor the ship’s 

operations (Burmeister et al., 2014). 

2.1.4 Levels of Autonomy 

Different working groups have assigned different degrees of autonomy on the operations depending on 

the level of human influence. The main terminologies that will be analysed are from the classification 

society Lloyds Register and from the Norwegian Forum for Autonomous Ships (NFAS). 

The classification society Lloyds Register defines seven autonomy levels (Lloyd’s Register, 2016). The 

level 0 is called “Manual steering”, in which all actions and decision making are performed by the 

operator. Level 1 is called “On-ship decision support” and in this level all actions are still performed by 

the operator, but a decision support tool can provide options to influence the decisions. The level 2 is 

defined as “On and off-ship support” and the only upgrade from the previous level is that the options 

provided by the decision support tool can be obtained from systems on or off the ship. Level 3 is called 

“Active human in the loop” and at this level, the decision making, and actions are performed 

autonomously with the monitoring of the operator, who can at all-time intervene and over-ride them. The 

level 4 is defined as “Human on the loop – operator/supervisory” and the only difference from level 3 is 

that the operator can be at a SCC. Levels 5 and 6 are both defined as “Fully autonomous”. In both levels 

the system executes the actions decided by itself. The differences are that in level 5, the operator can 

be reached if the system is not entirely certain of the decision to make and in level 6, the operator is 

only reached out if the system does not know how to respond to the situation. Also, in level 5, the 

operator can be on board or on shore and in level 6, the operator is always at the SCC. 

The NFAS starts by introducing two different groups for the autonomy levels, the continuously manned 

bridge and the fully or periodically unmanned systems (Rodseth & Nordahl, 2017). For the manned 

bridge, NFAS has defined two levels of autonomy, “Direct control” and “Automatic bridge”. In the first, 

the operator is in continuously control of navigation and only uses simple automation tools like autopilot 

or decision support functions. In the “Automatic bridge”, the system controls the operations, monitored 

by the operator, who can intervene at any time. 

 At the unmanned systems, the bridge has no human presence, and 4 levels have been defined. The 

first level being “Remote control”, in which the operator in control of the ship at the SCC. The second 

level is called “Automatic ship”, where the system controls the ship but can request human assistance 

from the SCC if any unexpected events occur and the operators can even take remote control of the 
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ship. The third level is defined as “Constrained autonomous”, in which the system controls the ship and 

as predefined solutions for the unexpected events. Nevertheless, the operations are still monitored from 

the SCC. The fourth level is called “Fully autonomous”, in which the ship’s navigation system operates 

the ship by itself with no need for monitoring at the SCC.  

2.1.5 Legal Aspects 

International codes and conventions do not mention autonomous ships, and so IMO still does not permit 

their presence in international waters. Therefore, the introduction of autonomous shipping must be 

carried out in national waters, as mentioned before. The most concerning legal aspects regarding 

autonomous ships are in the area of safety and their interaction at sea with traditional non autonomous 

ships. 

To safely navigate international waters, autonomous ships must comply with COLREG’s regulations 

regarding steering, sailing, and visual and sound signals, displayed by ships. However, some of these 

regulations are susceptible to different interpretations depending on the specific situation. Therefore, 

developing a reliable algorithm for the navigation system that permits the vessel to comply with 

COLREG’s regulations is crucial for the implementation of autonomous operations. While this algorithm 

is still in research phases, different entities have been creating working groups to adapt the existing 

regulations.  

Also, new regulations must be implemented, specifically regarding cyber security. Unmanned ships can 

become more vulnerable to being hijacked through hacking into the navigation system and taking over 

the control of the ship with hostile intentions. On the other hand, the lack of crew rules out the possibility 

of pirates to take hostages and endanger people’s lives. Cyber security can be increased by monitoring 

the ship’s interior but most importantly by implementing more robust and secure software’s without any 

concern for the increase in capital costs.  

2.2 Propulsion Systems for Low Emissions 

In order to control NOx, SOx and CO2 emissions, IMO has imposed several restrictions for newbuilding 

ships. 

Regarding NOx emissions, IMO has defined three different Tiers depending on the ship’s construction 

date. The Tiers limit the engine’s emissions in grams per kilowatt hour are presented in Table 1. 

According to the hypothetical year of construction of the case studies’ ships, Tier III should be applied. 

Despite that, IMO states that Tier III controls only apply to ships operating in ECA zones, which will not 

be the case for the routes in study. The environmental ship index (ESI), calculated ahead, uses the 

emission’s limits regarding tier I as reference values. Even though the limit values are only targeted to 

diesel engines, these will be used as reference for all the different propulsion systems, using other fuel, 

such as liquefied natural gas. 
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Table 1. IMO’s Tiers (IMO, 2013) 

Tier 
Ship construction 

date on or after 

Total weighted cycle emission limit (g/kWh) 

n=engine’s rated speed (rpm) 

𝒏 < 𝟑𝟎𝟎 𝒏 = 𝟏𝟑𝟎 − 𝟏𝟗𝟗𝟗 𝒏 ≥ 𝟐𝟎𝟎𝟎 

I 1 January 2000 17.0 𝟒𝟓 ∗ 𝒏(−𝟎.𝟐) 9.8 

II 1 January 2011 14.4 𝟒𝟒 ∗ 𝒏(−𝟎.𝟐𝟑) 7.7 

III 1 January 2016 3.4 𝟗 ∗ 𝒏(−𝟎.𝟐) 2.0 

 

Regarding SOx emissions, IMO imposes restrictions regarding the sulphur content of the fuel used. The 

restrictions and the corresponding zones of application are presented in Table 2. 

Table 2. IMO's Sulphur content restrictions (IMO, 2020) 

Outside an ECA established to limit SOx Inside an ECA established to limit SOx 

4.50% m/m prior to 1 January 2012 1.50% m/m prior to 1 July 2010 

3.50% m/m on and after 1 January 2012 1.00% m/m on and after 1 July 2010 

0.50% m/m on and after 1 January 2020 0.10% m/m on and after 1 January 2015 

 

The IMO’s restrictions imposed on CO2 emissions are part of the GHG emissions control. The goals 

regarding the reduction of GHG emissions are split into different levels. These include reducing CO2 

emissions by at least 40% by 2030. On the other hand, the goals also include reducing the GHG 

emissions by at least 50% by 2050. The control of GHG emissions is composed by two main measures:  

• The Energy Efficiency Design Index (EEDI); 

• The Ship Energy Efficiency Management Plan (SEEMP). 

The EEDI is an index attributed to each individual ship. It is calculated using the ship’s engines 

parameters and design variables. EEDI calculations methods will be presented further on. Each ship’s 

EEDI must not exceed a maximum value, the required EEDI, also calculated for each ship. The SEEMP 

is a mechanism for shipowners to improve the energy efficiency through optimization of draught and 

speed or through operational measures such as weather routing, trim, or just-in-time arrival in 

ports (Smith, 2004). 

The ship’s propulsion can be obtained from traditional combustion engines, electric motors or even a 

combination of the two. The power supply for the electric motors can be converted from generators sets, 

stored power supplies like batteries or a combination of the two. The required service power to provide 

for hoteling, cargo handling or other auxiliary equipment can also be obtained from traditional 

combustion generator sets or batteries. In order to reduce emissions, fossil fuels can be replaced with 

different alternatives to feed the engines. On the other hand, the installation of scrubbers or the utilisation 

of Low Sulphur Diesel Oils can also make the fossil fuel utilisation more sustainable. 
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2.2.1 Scrubbers 

The most traditional alternative to reduce emissions while still using mechanical propulsion and fossil 

fuels is the installation of a scrubber. This measure only aims to overcome IMO’s sulphur content 

restrictions and does not contribute to comply with the NOx related tiers. 

Scrubbers can be classified in two main types, wet and dry. Dry scrubbers use a collection of dry 

reagents to remove the harmful pollutants from the exhaust stream, whilst wet scrubbers use water. Wet 

scrubbers are classified in three different types. Open-loop scrubbers, which use sea water, the closed-

loop scrubber which use fresh water and hybrid scrubber which combine both sea and fresh water. 

Open-loop scrubbers are more acceptable to ship’s installation because of low prices, smaller 

dimensions, and because sea water is used (Panasiuk & Turkina, 2015). 

Scrubber technology only reduces significantly SOx and PM emissions. Scrubbers reduce SOX 

emissions between 90-95%, PM emissions in 60-85% and NOx only in an insignificant amount. Despite 

being suitable for newbuilding ships or retrofit, scrubber investment cost is high, going from 1 to 5 million 

dollars, depending on the engine’s and generators capacities. Also, scrubber installation implies 

additional energy spending, for the discharge of water during operation, and reduced income, due to 

reduced cargo capacity (Panasiuk & Turkina, 2015). 

2.2.2 Low Sulphur Diesel Oil 

Low sulphur marine gas oil (LSMGO) contains less than 0.1% sulphur, whereas Marine Diesel Oil (MDO) 

only has less than 1% sulphur. Adopting LSMGO as fuel is a solution suitable for both newbuilding and 

retrofit ships, also it requires less engine maintenance. The disadvantages of LSMGO include its high 

cost due to lack of this type of fuel in the market and the higher fuel consumption. Also, if the operation 

is not carefully adjusted for the LSMGO, the engine’s lifetime is reduced. Finally, like scrubbers, LSMGO 

utilisation only reduces significantly SOx emissions (Panasiuk & Turkina, 2015).  

A comparison between scrubber installation and LSMGO utilisation was carried out for a particular model 

ship, the DFDS cargo ferry. Scrubber features fewer operating costs than LSMGO over the years, which 

compensates the initial investment costs comparing to the increasing prices of LSMGO. Despite that, 

both solutions do not reduce CO2 emissions and therefore are still not as environmentally friendly as 

other green alternatives for shipping. 

2.2.3 LNG Powered Propulsion System 

Alternative propulsion systems with Liquified Natural Gas (LNG) being used as fuel have been 

introduced in the 1970’s to LNG carriers. Later in 1984, the development of gas engines for other types 

of ships started. Upon 1996, three different gas engines concepts had emerged: Lean Burn, Dual Fuel 

and Gas Diesel (Burel,2014). 

The lean burn spark ignition engines use gas at low pressures, around 4 or 5 bar. These engines have 

a GHG reduction potential of 20 to 30% in relation to Heavy Fuel Oil (HFO) engines. Lean burn engines 

comply with MARPOL imposed tier III limits regarding NOX emissions, which are only applied in ECA 
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zones. This limitation is of about 3.4 g/kWh for engine speeds smaller than 130 rpm and of 1.96 g/kWh 

for engine speeds higher than 2,000 rpm. For engine speeds between the above mentioned, the limit is 

given by the following expression:   

𝑁𝑂𝑥𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 < 9𝑛−0.2 

The disadvantage of lean burn engines is the potential methane being unburned and exhausted from 

the engine in extreme cases (Burel, 2014). 

Dual Fuel Engines can run using natural gas or fuel oil, altering from a Diesel cycle or a Lean Burn Otto 

cycle. These engines can switch fuel from gas to diesel when low loads are required, therefore avoiding 

methane slip. Besides that, Dual Fuel Engines are also equipped with a knocking detector in each 

cylinder to avoid methane slip. The GHG reduction potential is the same as lean burn engines, of 20 to 

30% in relation to HFO engines and MARPOL’s tier III regarding NOX emissions is also complied. Dual 

Fuel Engines are of easy conversion from existing engines (Burel, 2014). 

Finally, Gas Diesel Engines are Dual Fuel Engines that only work based on a Diesel Cycle, which means 

they only start on diesel fuel and only afterwards change to natural gas at high pressures between 250 

and 350 bar, if possible. In these engines, methane slip does not occur, setting the GHG reduction 

potential at 30% in relation to HFO engines. Gas Diesel Engines also switch automatically from gas to 

diesel at low load to avoid methane slip. Due to only working based on Diesel cycles, these engines fail 

to meet MARPOL’s tier III regarding NOX emissions (Burel, 2014). 

LNG ships propulsion machinery can be used in three different propulsion configurations. The first, Gas-

Mechanical propulsion consists in a propeller driven directly by the LNG fuelled engine through 

mechanical transmission systems. These are the most robust and effective systems. The Gas-Electric 

propulsion configuration, in which the LNG engines are used as generators to power a station unit 

onboard. The propellers and remaining ship’s consumers are then provided with the generated 

electricity. These systems have a more flexible operation but on the other hand are subjected to more 

power loss in transmissions. Finally, the hybrid propulsion systems regarding LNG engines, combine 

powering the propellers mechanically from the LNG engine and powering the electric motors with diesel 

generators.  

LNG has higher hydrogen to carbon ratios than oil-based fuels, which reduces the amount kilograms of 

CO2 emitted per kilogram of fuel. Also, LNG does not contain sulphur, resulting in no SOX emissions. 

This is due to the low peak temperatures in the combustion process. LNG has an energy content of 

49 GJ per tonne, which is more than HFO with 40.9 GJ per tonne and diesel oil. 42.7 GJ per tonne. On 

the other hand, LNG utilisation increases the emissions of methane (CH4). The fact that 1 kilogram of 

CH4 has the same Global Warming Potential than 25 kilograms of CO2 reduces the global warming 

benefit of LNG from 25% to 15%.  

The main barriers towards the implementation of LNG powered engines are the lack of infrastructures 

for bunkering and the fact that LNG storage tanks are twice the size of oil-based tanks for the same 
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energy content, which would mean significant hull structure modification in a retrofitting scenario 

(Burel, 2014). 

The first non-LNG carrier ship to be powered by a gas engine was the Norwegian ferry MF Glutra, in 

2000 and by 2013, approximately 40 LNG fuelled ships were in operation. The majority of these ships 

being either coastal vessels for human and car transportation, or offshore supply vessels, all of them 

operating northern sea routes (Stenersen, 2013). 

In 2013, the Finnish ferry operator Viking Line launched the first LNG-powered large RoPax vessel. The 

“MS Viking Grace” had a length of 214 metres, a breadth of 31.8 metres and a gross tonnage of 57,000 

with the capacity of carrying 2,800 passengers. The propulsion system consisted of four dual fuel 

engines with a combined power of 30,400 kW. The levels of LNG consumptions are of 60 t/day, which 

means 22,500 t/year. The ferry had a cost of around 240 million euros and operated between Turku and 

Stockholm (Rozmarynowska-Mrozek, 2015). 

Between 2013 and 2014, the Norwegians Fjord Line put into operation two 25,000 gross tonnage ferries, 

with 170 metres length, 27.5 metres breadth and a 1,500 passengers’ capacity. The vessels, 

“MS Stavangerfjord” and “MS Bergensfjord”, are the first ferries in the world with a single LNG engine 

propulsion system, meaning that the only fuel consumed was LNG fuel. Both ferries operated a route 

between Norway and Denmark (Rozmarynowska-Mrozek, 2015). 

In 2015, German ferry owner AG Ems launched two LNG-powered ferries. The first one was a 

conversion of the already existing vessel “Ostfriesland”, being equipped with 20DF engines from the 

Finish company Wartsila and an LNGPac. The ferry’s length increased from 78.7 to 92.7 metres, and its 

capacity increased to 1,200 passengers. The second ferry launched was a newbuilt ship called 

“Helgoland” with an estimated cost of 31 million euros. Both ferries served the purpose of operating 

German domestic routes (Rozmarynowska-Mrozek, 2015). 

In 2017, the Estonian ferry operated launched an LNG-powered ferry built by the Finnish shipyards 

Meyer Turku Oy.  The vessel had a gross tonnage of 49,000, a length of 212 metres and a capacity of 

2,800 passengers. The fast ferry operated a shuttle route between Tallinn and Helsinki, and had a 

building cost of 230 million euros (Rozmarynowska-Mrozek, 2015). 

In (Burel, 2013), a comparison of costs between the utilisation of LNG, HFO and MDO engine in a cruise 

ship was carried out. The conclusion obtained was that regarding installation, the LNG engine is the 

most expensive, with a cost of 27 million euros, comparing with the MDO 10.5 and HFO 15.5 million 

euros. Regarding fuel costs, LNG is the most economical with 400 euros per tonne, against the MDO’s 

766 and HFO’s 490 euros per tonne. Finally, regarding maintenance costs, LNG engine was also 

considered the most economical, with a cost of 2.5 euros per megawatt hour in relation to the MDO’s 

and HFO’s engines costs of 3.5 euros per megawatt hour. 
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2.2.4 Hybrid Propulsion System 

Hybrid propulsion systems are also a valid alternative to help reduce ship’s emissions and increase 

efficiency. Hybrid ships can alter between a direct mechanical propulsion and an electrical motor 

propulsion. The advantages of hybrid propulsion are allowing the vessel to use a direct mechanical drive 

to provide propulsion when operating at high speeds and changing to the electric motor when propulsion 

for low speed is required. This way, the losses associated with the electrical conversion for the required 

propulsion power for high speeds can be avoided. Also, the cost, weight and size needed for the extra 

electrical equipment necessary to operate the ship at high speeds could also be avoided. Finally, running 

the main engine inefficiently at the low speed would not be necessary (Geertsma et al., 2017).  

In hybrid propulsion systems, the power supply for the electric motor can be obtained solely by diesel 

generators, Figure 4, or by a combination of diesel generator with an electrical power supply, Figure 5. 

 

Figure 4. Hybrid Propulsion System with Diesel generator power supply (Geertsma et al., 2017) 
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Figure 5. Hybrid Propulsion System with Hybrid power supply (Geertsma et al., 2017) 

Hybrid propulsion systems with hybrid power supply provide the maximum efficiency of combining 

electrical with mechanical propulsion and also the maximum efficiency of the combination between 

power obtained from the combustion engines and electrical supply (Geertsma et al., 2017). 

This configuration has been researched mainly in harbour tugs, with Dutch group Damen launching the 

first tug with hybrid propulsion and hybrid power supply in 2014. Later in 2015, the yacht shipyards 

Feadship launched the Savannah, a yacht with hybrid propulsion and hybrid power supply (Geertsma 

et al., 2017). 

The yacht Savannah is equipped with a medium speed diesel engine driving a single propeller, a set of 

three generators, an electrically driven azimuth stern thruster and a bow thruster. The azimuth thruster 

is used for propulsion and manoeuvring. The ship has four different operating modes to be chosen by 

the captain. This combination represents a fuel saving of about 20-25%. The first mode is the 

manoeuvring mode, in which only the 360º azimuth thruster and the bow thruster are used, powered by 

the generators or batteries. The second mode is the diesel electric mode, in which the main propeller is 

driven by the electrical motor, with power being provided by the generators or the batteries alone.  The 

third mode is the range mode in which only the medium speed diesel engine is running, driving the 

propeller through a gearbox. The diesel engine also provided electricity for the azimuth thruster. The 

fourth mode is the high-speed mode in which both the generators and main engine are used, gathering 

all the power available for the maximum speed. While the main engine drives the propeller, the 

generators powered the thruster (Panasiuk & Turkina, 2015). 

Hybrid Propulsion systems require the installation of both an electric and a mechanically driven motor, 

which would occupy a significant amount of space and would require additional supervision by a crew 
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member. Because the vessels studied in this thesis will be designed for small autonomous operations, 

having both an electric and a combustion motor is not the best option to be considered. 

2.2.5 Diesel-electric Propulsion System 

In diesel-electric propulsion systems, the propellers are driven through electric motors. These can be 

divided into two different configurations, diesel-electric and diesel-electric with hybrid power supply. In 

the diesel-electric configuration, the electric motor’s power supply is entirely obtained from the diesel 

generators sets, Figure 6. In the diesel-electric with power supply configuration, the electric motor’s 

power supply can be converted from the diesel generators sets or obtained from battery energy storages 

on board, Figure 7. These generators can use MDO or HFO.  

If the electric motor’s power supply is obtained only from the battery energy storage, the propulsion 

system is considered as pure electric, section 2.2.6. 

The main benefit of diesel-electric propulsion is that due to the electric motor, the diesel engine can be 

used at the most efficient work rate constantly, weather the ship is accelerating, stopping or sailing at 

constant speed. Another advantage is that there is no gearbox or shaft line and therefore, there are not 

power losses associated with these elements, which results in less required power and consequently 

less fuel consumption. 

 

Figure 6. Diesel-electric Propulsion System (Geertsma et al., 2017) 
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Figure 7. Diesel-Electric Propulsion System with hybrid power supply (Geertsma et al., 2017) 

The benefits of hybrid power supply include reducing the specific oil consumption at certain stages, and 

reducing emissions of CO2, NOX and noise. This can be achieved mainly because the energy storage 

allows one or more engines to be shut down when running inefficiently, by providing the required 

electrical power needed, therefore, reducing emissions. Also, energy storages can be recharged while 

when the engines are running efficiently. Battery energy storage also allow load levelling, which means 

running the engines with constant loading by handling the power fluctuation of the batteries. Another 

advantage is the fact that electrical propulsion motors can storage energy dissipated by breaking 

resistors in the batteries, which is not a significant income of energy but is still an advantage  Finally, 

batteries provide back-up power during a possible failure of the combustion generators, avoiding the 

use of extra diesel engines as spinning reserves (Geertsma et al., 2017). 

The challenges imposed by the installation of hybrid power supplies are the control strategies to charge 

and discharge the batteries at the right time to maximise the fuel savings. The switching on and switching 

off of the engines also needs to be optimised to avoid increasing the fuel cost, emissions and 

maintenance loads. Finally, the batteries cost is still high and needs to be compensated by saving in the 

combustion engines (Geertsma et al., 2017). 

There are three different levels of control strategies to combine the battery power supply with the 

generators power supply, being the first two related to voltage and frequency control. The third level, 

and the most important in this study, is related to the power splitting between the different sources. The 

primary level strategies consist into following a previously formed grid strategy with the objective of 

achieving voltage and frequency stability. The secondary level strategies aim to correct possible 

deviations in the voltage and frequency and balance the energy demand and supply. Tertiary level 

strategies are responsible for managing the load share between the different power sources, in order to 
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minimise fuel consumption and optimise the battery usage. There are two types of tertiary level control 

strategies, the Heuristic Control Strategies, and the Equivalent Consumption Minimisation Strategy. 

In heuristic control strategies, operating modes are defined to achieve performance goals, like high or 

low speed, reduced noise and emissions or low fuel consumption. For example, in an operating mode 

for low speeds with reduced noise and emissions, the generators are switched off and the batteries are 

used to power the electric motor. For high speeds operating modes, both power sources can be 

combined. 

In the equivalent consumption minimisation strategy, the main objective is to minimise the fuel 

consumption of the engine and the equivalent fuel consumption of the battery. In this strategy, cost 

functions are defined for both power sources in order to reduce costs. 

According to (Geertsma et al., 2017), a combination of heuristic and equivalent consumption 

minimisation strategies is the best maritime option for power splitting between the sources. Power 

management through operating load estimation utilises cost functions to determine the optimal power 

split in order to reduce costs, including fuel consumption and battery life costs. These cost functions are 

based on the operating profile selected. 

The first ship equipped with electric motors was the river tanker “Vandal”, in 1902. The vessel had three 

diesel engines with three cylinders, mechanically coupled to 87 kW 500V DC generators. Each 

generator fed a 75 kW electric motor to power the propellers (Mickelsen, 1966). 

Around the 1920s, propulsion power provided by turbo-electric machinery was introduced. An example 

of this generation of vessels is the passenger line “S/S Normandie” launched in 1935. The electric 

generator was fed by three diesel engines of 89 kW each. The ship’s propulsion system consisted in 

4 synchronous motors of 29,000 kW each, driving each one of the four propeller 

shafts (Doerry et al., 2015). 

Around the 1980’s, the fuel savings in comparison to the traditional combustion engines propulsion and 

the need of better performances increased the demand for electrical propulsion, (McCoy, 2002). This 

demand was more noticeable at first ships for the icebreakers, followed by cruise liners, offshore drilling 

vessels, shuttle tankers and ferries (Doerry et al., 2015). 

One of the most important developments that distinguish the modern era of ship’s electric motors 

propulsion is the capability of regulating the rotational speed of the electric motors, both DC and AC by 

varying the electrical power input in terms of voltage and frequency. The possibility of having variable 

speed control independent of the generators opened new possibilities for the ship’s power plants and 

therefore started the introduction of multiple diesel or gas turbine generators to provide for the electric 

power (Doerry et al., 2015). 

One of the first applications of AC motor drives was introduced with the retrofit of the passenger vessel 

“Queen Elisabeth 2” in 1986. The ship was equipped with 9 diesel generators and two electric motors 

with 92,000 kW each. Later in 1990, two cruise vessels, the “Fantasy Class” and the “Princess Class” 
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were constructed with a fully variable speed electric motor propulsion system with fixed pitch propellers 

(Doerry et al., 2015). 

In 2014, the ferry “MV Hallaig” was delivered, equipped with electric motors and hybrid power supply. 

After trials, fuel saving of 35% was registered. Charging the batteries overnight had an impact of 24% 

savings and the optimisation of the engines and batteries during the ferry operating cycle resulted in the 

remaining 11% fuel saved (Geertsma et al., 2017). 

In full hybrid diesel-electric (FHDE) propulsion systems, the control strategies to charge or discharge 

the batteries at the right time are crucial for the fuel saving optimization. To assure the good functioning 

of these operations, the presence of a crew member is important to support the decisions. Because of 

that, FHDE propulsion systems are not the best solution for the design of an autonomous ship. On the 

other hand, the autonomous vessels that constitute our case studies will be designed for short sea 

shipping and therefore have small capacity. Because of that, the available cargo space needs to be 

optimised the most. The presence of both battery packs and generators sets do not contribute for a 

better use of the available space. In a first analysis, FHDE propulsion systems do not seem like the best 

solution for our case studies, nevertheless it is a configuration to be considered.  

2.2.6 Pure Electrical Propulsion System 

In pure electric propulsion systems, the propellers are driven through electric motors. The electric 

motor’s power is entirely obtained from batteries, Figure 8. These propulsion systems bring many 

advantages to shipping, being the most relevant one, zero emissions onto the environment. During sea 

operations, the main advantage is the superior dynamics, per example when starting, stopping or 

requesting speed variations. Regarding ship design, pure electric (PE) propulsion systems allow more 

flexibility accommodating the electric motor, with short shaft lines or with the adoption of external azipod 

units. Economically, PE ships have no fuel oil consumption, only consuming the power from the 

batteries, which can be charged or replaced on ports. Also, PE ships have a higher level of automaton 

in the engine room, meaning less technical crew numbers required, and consequently less wages. 

Finally, PE ships provide best comfort due to vibrations reduction (Sulligoi et al., 2016). 
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Figure 8. Pure Electric Propulsion System (MAN Energy Solutions) 

The first PE ship was the Norwegian car ferry “Ampere” in 2015 and had a capacity for 350 passengers 

and 120 cars. The ferry is equipped with a 1,000 kWh battery system and undertook 56 voyages of 

around 3 nautical miles per day. The charging is done for 10 minutes between each voyage by two 

410 kWh stations and received a full charge overnight (Wu & Bucknall, 2016). 

In 2018, two ferries were retrofitted from diesel-electric to PE propulsion, the “Aurora” and “Tycho 

Brahe”. The ferry’s battery capacity is 4,100 kWh, even though the consumption per voyage is around 

1,000 kWh (MAN Energy Solutions). 

The fact that PE propulsion systems have a higher level of automation in the engine room is the most 

significant advantage that this type of configuration for the propulsion system has in relation to 

autonomous ships. The zero emissions that batteries produce is the other most important benefit. Also, 

PE propulsion systems are close to being maintenance free, which is ideal for an unmanned ship. On 

the other hand, PE propulsion systems configuration are more expensive in terms of acquisition costs 

compared to traditional ones. Nevertheless, the vessels that constitute the case study will be designed 

for short routes. This means that the battery capacity needed to complete a round voyage is not 

excessively high. Despite this increase in the ship’s capital costs, the main advantages still make this 

configuration a much valid option for autonomous ships propulsion systems. 

2.2.7 Hydrogen Fuel Cells Power Supply 

Electric motors with hybrid power supply, usually combine combustion power supply from diesel 

generators, with stored power supply from batteries, as mentioned before. Nowadays, the stored power 

supply can also be provided by fuel cells (Geertsma et al., 2017). Other type of fuels could be used in 

fuel cells but since only hydrogen’s emissions only include pure water, this is the fuel to be considered. 

In hydrogen fuel cells, a chemical reaction between hydrogen and oxygen occurs, thus resulting in 

energy (Sea/LNG Ltd, 2019). 

2𝐻2 + 𝑂2 → 2𝐻2𝑂 + 𝑒𝑛𝑒𝑟𝑔𝑦 
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Fuel cells have a fuel to electricity efficiency between 40% and 60% and its emissions are barely non-

existent. The study carried out in (Welaya et al., 2011) for a proposed mathematical model of a 250 kW 

power balance system showed a fuel energy consumption rate of 23,59% more for diesel generator and 

43,95% more for a gas turbine comparing to a fuel cell system. 

In 2006, the first hydrogen fuel cell powered ship was launched into operation in Hamburg. The 

passenger ship called “Zem” (Zero Emissions Ship) had a capacity for 100 people. The ship’s power 

plant consisted in two Proton exchange membrane motor’s fuel cells systems of 48 kW and a lead gel 

battery. “Zem” uses up to 50 kg of gaseous hydrogen stored in onboard tanks (Welaya et al., 2011).  

In 2008, a second passenger ship was developed to operate in the Amsterdam canals. The “Nemo H2” 

power would be provided by a 60 kW Proton exchange membrane fuel cell motor and a 55-kW battery. 

The project was never put on use due to the lack of hydrogen supply stations (Wu & Bucknall, 2016). 

There are currently six types of fuel cell under development, mainly on the operating temperature and 

fuel (Inal & Deniz, 2018): 

• Alkaline (AFC), (0º - 230º); 

• Phosphoric acid (PA), (150º - 220º); 

• Molten carbonate (MC), (600º - 700º); 

• Proton exchange membrane (PEM), (60º - 130º); 

• Solid oxide (SO), (500º - 1000º); 

• Direct methanol (DM), (25º - 110º). 

From these types of fuel cell, only DM cannot use hydrogen as fuel (Inal & Deniz, 2018). The most 

promising fuel cell technologies are the molten carbonate fuel cell (MC) and the proton exchange 

membrane fuel cell (PEM), with efficiency between 40-55% and 39-52% respectively. PEM’s fuel cells 

have a power range of 20-2,500 kW and MC’s fuel cells of 500-2,500 kW (Welaya et al., 2011). PEM’s 

fuel cells operating temperature is below 130ºC whilst MC’s fuel cell operating temperature is above 

600ºC. Since high temperature fuel cells are still at a more experimental stage (Sødal, 2003), PEM’s 

fuel cells are the most adequate type.  

Hydrogen has a low volumetric energy density and although new storage systems have been developed 

with higher volumetric density, like compressed or liquid hydrogen, the volume requirement is still 

increased. These fuel systems need to be located in dedicated spaces and the corresponding pipping 

to go through dedicated conducts, which increases the volume requirement. On the other hand, it also 

implies arrangement challenges, since it is beneficial to reduce piping lengths while maintaining 

minimum distances between said pipping and sources of ignition or manned space if it was the case, 

Hydrogen storage systems also have new requirements for ventilation, alarm systems and fire protection 

measures to decrease the likelihood and consequences of a leakage. Additional support systems are 

also required to maintain low temperatures as well as heat hydrides to release the hydrogen, (Raucci et 

al., 2015). 
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3 Methodology 

In order to better understand the viability and impact of the implementation of autonomous shipping with 

low emissions propulsion in Portugal, two ships with different missions are studied. For each of these 

ships, the modifications towards autonomous navigation are analysed, as well as the most suitable 

propulsion system and electric power generation in terms of costs and environmental impact. To obtain 

the most advantageous propulsion system, several alternatives are selected to be applied to the 

autonomous ships and to estimate the corresponding economic and environmental parameters. 

Regarding the propulsion system, the different combinations between mechanical and electrical drive, 

power supply from generators or battery packs and different fuel alternatives are organised in Table 3. 

Out of the several combinations, nine were chosen to be applied to the autonomous ships: 

1. 4-Stroke Diesel Engine; 

2. 4-Stroke Diesel Engine with Scrubber; 

3. Dual Fuel; 

4. Diesel-Electric; 

5. Dual Fuel-Electric; 

6. Hybrid Diesel-Electric; 

7. Hybrid Dual Fuel-Electric; 

8. Pure Electric; 

9. Hydrogen Fuel Cells. 

3.1 Method for Economic Analysis of the Propulsion System 

The ship’s hull shape is not completely independent from the propulsion system. In this study however, 

the hull will remain constant for all the different configurations in order to find the most advantageous 

alternative. Therefore, regarding the economic component, the capital costs (CAPEX) and 

operational costs (OPEX) to be calculated for each configuration, are only relative to the propulsion 

system and electric power generation, since the remaining costs would be constant, independently from 

the configurations. 

For the container carrier, the economic component is developed considering the cash flow outcome 

relative to the propulsion system and power generation expenses. For the passenger ferry, the economic 

parameters are the CAPEX and OPEX, taking into account that acquisition costs which are repeated 

after a fixed every number of years are divided by that number of years and accounted for as an 

operational cost. These acquisition costs are relative to components with a short lifetime period. 
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Table 3. Low Emissions alternatives 

Propeller's Drive Configuration Power Supply Case Study Number 

Mechanic 

Traditional Diesel Engine 1 

Traditional w/scrubber Diesel Engine 2 

Traditional Dual Fuel Dual Fuel Engine 3 

Mechanic + Electric 
(Hybrid) 

Hybrid propulsion 

Diesel Engine + Diesel generator X 

Dual Fuel Engine + Dual Fuel generator X 

Dual Fuel Engine + Diesel generator X 

Hybrid propulsion w/hybrid power supply 

Diesel Engine + Diesel generator + Batteries X 

Dual Fuel Engine + Dual Fuel generator + Batteries X 

Dual Fuel Engine + Diesel generator + Batteries X 

Electric 

Diesel-electric Diesel Generator 4 

Dual Fuel-electric Dual Fuel Generator 5 

Diesel-electric w/ hybrid power supply Batteries + Diesel generator 6 

Dual Fuel-electric w/ hybrid power supply Batteries + Dual Fuel generator 7 

Pure Electric 
Batteries 8 

Hydrogen Fuel Cells 9 
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3.2 Method for the Environmental Impact Assessment 

Regarding the environmental impact, it can be quantified in three different manners, considering the 

Global Warming Potential (GWP), the Environmental Ship Index (ESI) or simply by calculating the 

noxious gases emissions in grams per transported tonne. On the other hand, the EEDI mentioned in 

section 2.2 is also calculated for each of the configurations, in order to verify if IMO’s restrictions 

regarding CO2 are complied with. Even though the EEDI only applies to ships sailing in international 

waters and the case study ships operate only in a river, it is still calculated as a metric of the 

environmental impact. Furthermore, a ship’s mission can always evolve to operations in international 

waters and therefore require EEDI validation.  

The GWP was created to compare the impact of the different gases’ emissions in global warming 

(Wondepolis, 2017). These include mainly CO2, methane (CH4) and dinitrogen monoxide (N2O) but it’s 

CO2 that is used as reference, with a GWP of 1. According to (Wondepolis, 2017), methane has GWP 

of around 32 for a 100-year timescale. Nitrous Oxide has a GWP of around 282 also for a 100 year 

timescale. Methane emissions have a larger impact on global warming than CO2 and therefore must be 

considered when calculating the GWP. However, methane emissions are only significant when LNG is 

used as fuel. In the configurations to be studied, LNG is only used when a Dual Fuel engine is used, as 

main engine or as a generator for an electric motor. According to  (Bazari & Moon, 2016), Dual Fuel 

engines can avoid methane slip thanks to the technologies and methods mentioned in section 2.2.3, 

including switching fuel from gas to diesel. Because the dual fuel’s calculations were carried out 

considering only the engines running on gas mode, this could potentiate methane emissions. However, 

upon consulting the engines’ guides, methane emissions are not mentioned as one of the main 

emissions produced by these engines. The gases mentioned in the guide with influence in global 

warming are CO2 and carbon monoxide (CO), this last in smaller quantities. In conclusion, for this study, 

the GWP of each configuration is mainly represented by NOx emissions and then on a smaller scale by 

CO2. The NOx gases’ GWP of 282 is considered when assigning the score’s percentages of each of 

each gas emissions.  

 

The ESI attributes a score for ships depending on their performance in terms of emissions regarding 

NOx, SOx and CO2 with a bonus if On-shore Power Supply Installation. The score is obtained by adding 

up the points corresponding to each of the gas’s emissions mentioned before. ESI varies from 0 to a 

maximum of 100. A ship that just meets the environmental performance regulations receives a score 0 

and a ship with no emissions receives 100 (WPCI, 2014). To note that a ship obtaining a negative ESI 

score means that it does not comply with this criteria minimum requirements. 

The points regarding NOx are calculated based on the emissions per rated power per engine. The 

formula is: 

𝐸𝑆𝐼 𝑁𝑂𝑋 =
2

3
∗

100

𝑅𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 ∑  𝐸𝑛𝑔𝑖𝑛𝑒𝑠
∗

(𝑁𝑂𝑋𝑙𝑖𝑚𝑖𝑡 𝑣𝑎𝑙𝑢𝑒 − 𝑁𝑂𝑋 𝑟𝑎𝑡𝑖𝑛𝑔) ∗ 𝑅𝑎𝑡𝑒𝑑 𝑃𝑜𝑤𝑒𝑟

𝑁𝑂𝑋 𝑙𝑖𝑚𝑖𝑡 𝑣𝑎𝑙𝑢𝑒
∑ 𝐸𝑛𝑔𝑖𝑛𝑒𝑠 
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The limit values to be considered are the ones proposed on IMO’s tier I. The engine’s NOx ratings to be 

used are the values present on its Engine International Air Pollution Prevention (EIAPP) certificate. Ships 

that do not have this certificate, do not receive NOx points, unless they meet tier I.  

Since the EIAPP certificates are not available for the configurations, NOx points are only attributed to 

ships that met tier I. The NOx rating values used in the calculations are the values available in the engine 

suppliers’ guides. The limits values are calculated using the engine’s speeds, also available in the engine 

guides, and considering IMO’s tier I. 

The points regarding SOx are calculated considering the reduction of sulphur content of the fuels used, 

being divided in three different levels: 

• HIGH: HFO with a sulphur content between 0.5% and 3.5%; 

• MID: MDO/Gasoil with a sulphur content between 0.10% and 0.5%; 

• LOW: MDO/Gasoil with a Sulphur content less than 0.10%. 

The points are calculated with the formula: 

𝐸𝑆𝐼 𝑆𝑂𝑋 =
1

3
∗ (30𝑥 + 35𝑦 + 35𝑧) 

Where x, y and z are the relative reduction of the average sulphur content of HIGH, MID and LOW levels 

of fuel respectively. 

Finally, the points attributed regarding CO2 are 5 for every half year if an increase in the fuel and distance 

efficiency is verified, with a maximum of 15 points. Because of that, the ESI does not consider the 

improvements regarding CO2 emissions. 

The emissions of CO2, SOx, NOx and PM per transported TEU for the container carrier or per year for 

the passenger ferry are calculated using emission factors. There is a factor for each gas, and it varies 

for to each fuel type. The factors are expressed in g/kWh or in g/t of burned fuel. 

The reference and attained EEDI are calculated following IMO’s Ships Energy Efficiency Regulations 

and related Guidelines (IMO, 2013;IMO, 2018).  

3.3 Ranking Method 

In order to determine the most suitable propulsion system in terms of costs and environmental impact, 

two different rankings are created for each ship. Depending on each entities’ interests, more importance 

is given to the economic or environmental features. Even though no specific entity is trying to be 

represented in this study, more importance has been given to the environmental impact component, 

since it is more urgent to protect the planet at this point, than trying to find the more rentable propulsion 

system configuration. 

Within the subject of emissions, each of the gases considered in the study have different type of impacts 

to the environment, with different levels of influence. Regarding global warming, the GWP index 
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indicates that NOx emissions have considerably more impact than CO2 and that SOx and PM do not 

affect significantly global warming.  

However, this last two emissions cannot be ignored, since they still impact the environment negatively, 

causing problems such as acid ruins or public health issues. The different impacts are taken into 

consideration upon attributing a weight to each gas emission. 

For the first ranking, the parameters considered are the mentioned cash flow results and each gases’ 

emission individually. The points attributed do each of these parameters are normalised between 0 and 

100, considering the maximum and minimum values. A weight of 30% is assigned to the cash flow 

outcome. Because of the NOx emissions significantly higher GWP, a weight of 25% is attributed to this 

parameter. The remaining 45% are distributed 15% for CO2, 18% for SOx and 12% for PM emissions. 

 

Figure 9. Container Carrier first ranking 

The second ranking considers as parameters the expenses cash flow, the ESI and CO2 and PM 

emissions individually. Again, each parameter’s points are normalised between 0 and 100, considering 

the maximum and minimum values. A percentage of 35% is attributed to the cash flow result points. The 

ESI points attributed are the same as the ESI score, since it ranks from 0 to 100. Because the ESI does 

not recognise CO2 and PM emissions, only a weight of 30% is attributed to its corresponding points. 

The remaining 35% are distributed 20% and 15% to the CO2 and PM emissions respectively. 

 

Figure 10. Container Carrier second ranking 
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Each parameter’s score is then obtained by multiplying the obtained points by the corresponding weight 

and the final score calculated by adding up each parameter’s score. Finally, the configurations are then 

ranked by the obtained final score. 

Regarding the passenger ferry, the same two rankings are developed using a similar process as for the 

container carrier. The first ranking uses as parameters the propulsion system’s and power generation 

CAPEX and OPEX, and each gases’ emissions individually. The scores are also normalised from 0 to 

100, considering the maximum and minimum values. A weight of 10% and 20% is attributed to the 

CAPEX and OPEX respectively. The remaining 70% are also divided similarly to the container carrier 

second ranking, 25% to the NOx emissions, 15% CO2, 18% for SOx and 12% for PM emissions.  

 

Figure 11. Passenger Ferry first ranking 

The second ranking considers the mentioned CAPEX and OPEX, as well as the ESI CO2 and PM 

emissions, also normalising the scores from 0 to 100, considering the maximum and minimum values. 

A weight of 10% and 25% is attributed to the CAPEX and OPEX respectively. The remaining 65% are 

divided similarly to the container carrier first ranking, 30% to the ESI, 20% to CO2 emissions and 15% 

to PM emissions. 

 

Figure 12. Passenger Ferry second ranking 

Again, each parameter’s score is obtained by multiplying the obtained points by the corresponding 

weight and the final score calculated by adding up each parameter’s score. The configurations are 

ranked by obtained final score. 
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4 Case Study Scenarios 

4.1 Container Carrier  

4.1.1 Cargo Flow 

The first ship is an autonomous multi-purpose cargo ship and its mission is the transportation of 

containerized cargo between the Port of Lisbon and a river terminal connected to the soon to be 

constructed “Plataforma Logística de Lisboa Norte” (PLLN). The length of the voyage, in Figure 13, is 

around 25 nautical miles. The river ship comes on the following of the Port of Lisbon’s project to dredge 

the river Tejo up to 6 metres (Porto de Lisboa). This project aims to reduce the road truck transportation 

of goods between these two places. The most important outcome of this cutback would be the reduction 

of traffic congestion in the major access roads to Lisbon and the reduction of emissions by the trucks.  

 

Figure 13. Port of Lisbon – PLLN Voyage 

To calculate the costs and the environmental impact, some design variables had to be assumed, based 

on a realistic scenario. The first design variables to be considered are the speed and the cargo capacity 

in TEUS. An estimation was created for the yearly cargo flow of containers between the area of Lisbon 

North to the centre of Lisbon in the next 20 years. A percentage of that cargo flow was chosen to be 

carried out by river for each year with a growing tendency over the years, as shown in Figure 14. 
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Figure 14. TEUs Cargo Flow PLLN - Port of Lisbon 

Considering a cargo capacity of 100 TEUs, a prevision of the number of round voyages per week needed 

to meet the cargo flow is made, Table 4. The number of round voyages per year is used to develop a 

cash flow over 20 years. 

Table 4. Container Carrier Round Voyages prevision 

Year 
Round Voyages 

TEUS per 
year 

per weak per year 

2021 2 101 9,839 

2022-2024 3 152 14,758 

2025-2029 4 203 19,677 

2030-2041 5 254 24,596 

The service speeds of the DNV ReVolt and YARA Birkeland autonomous containers concepts are both 

6 knots. The ship’s service speed is assumed as 7 knots, so it does not diverge much from their fellow 

concepts but at the same time allows the ship to comfortably realize up to 3 round voyages per week. 

For 4 and 5 round voyages per week a second ship acquisition is recommend. This acquisition is 

considered for the cash flow calculations, in the year 2025. Even though it would be possible to operate 

up to 5 round voyages per week with just one ship, this would not have more than 4 or 7 hours of 

inactivity per day respectively, which could bring drawbacks regarding charging times.  The total round 

voyage time can be divided in four different fractions, Table 5. 

Table 5. Container Carrier Round Voyage 

Sailing time 7.14 h 

Manoeuvring time 0.5 h 

Berthing time 0.5 h 

Loading and unloading 19.4 h 

0

5

10

15

20

25

30

35

40

45

0

10 000

20 000

30 000

40 000

50 000

60 000

70 000

%

TE
U

s
Cargo Flow Port of Lisbon - PLLN

Total Cargo Flow Fluvial Cargo Flow Fluvial Market Share



34 
 

 

4.1.2 Ship Characteristics 

The ships main dimensions are estimated from statistical regressions based on a ship database. The 

ship database was created by myself, containing mainly small containerships but also river sea general 

cargo ships. The values obtained by linear regressions for the cargo capacity of 100 TEUs, are 

presented in Table 6. To note that the deadweight present in the table is for a pure battery electric ship, 

considering the batteries as part of the lightship weight.  

Due to the lack of information available for the ship’s length between perpendiculars, the length overall 

was estimated and then multiplied by 0.95. The value of the beam was increased to 15 metres since the 

obtained value from the linear regression did not result in a realistic body hull. Considering a TEU 

dimension of 6.1 metres long per 2.44 metres wide, the capacity of the container ship can be satisfied 

by with three stacks of TEUS. With a height of 2.59 metres per container and considering that the sides 

of the hull are extended as high as the containers reach, the ship’s depth is defined as 10 metres.  

The ship’s deadweight is obtained using the cargo capacity through a regression analysis for small 

container ships (Lutzen & Kristensen, 2013). In an initial phase, the ship’s lightweight is also estimated 

using the same method as the deadweight but using the ship’s length between perpendiculars, breadth 

and depth. However, since this initial estimation included the weight of a superstructure, a new 

estimation must be made to subtract the superstructure weight from the initially obtained ship 

lightweight. This was carried out using a statistical analysis regression (d’Almeida, 2009). The 

displacement is obtained by adding the deadweight with the lightweight. 

Table 6. Container carrier Initial Main Dimensions 

Length over all 77.55 m 

Length between perpendiculars 73.67 m 

Breadth 15.00 m 

Depth 10.00 m 

Draft 4.90 m 

 Block coefficient 0.70 - 

Deadweight 1,365 t 

Lightweight 2,424 t 

Displacement 3,789 t 

Container capacity 100 TEU 

Container capacity (TEU at 14 tons) 97 TEU 

Reefer capacity 10 TEU 

Gross Tonnage 1,570 - 

 



35 
 

At the final stage of the main dimension’s estimations, the ship’s displacement must match the total 

submersed hull volume, considering the water density of 1.0 t/m3. After analysing the hull designs from 

the autonomous shipping concepts DNV Revolt (DNV, 2019) and YARA Birkeland (Kongsberg, 2019) of 

similar container capacity, a block coefficient of 0.70 was assumed. The block coefficient is higher than 

the expected when comparing to typical container ships because there is no bulbous bow. Using the 

Excel® solver, the correct design draft is estimated in order to match the displacement with the 

submerged volume, considering the water density of 1.0 t/m3.  

The gross tonnage is a measure of the ship’s total internal volume, including cargo holds and 

superstructure and is the final design variable to be estimated. It is initially calculated with a linear 

regression from the ships database, using the container capacity. Since the autonomous container 

carrier does not have a superstructure, a percentage of the GT relative to the superstructure is estimated 

and then removed from the value obtained initially in order to obtain a more accurate GT.  

The information found regarding the volume of a superstructure was only found for passenger vessels 

and not container ships. Because of that, to estimate a percentage of the GT relative to superstructure, 

the general arrangement of a small container carrier obtained online is used. The volume of the 

superstructure is calculated directly with the dimensions measured from the arrangement.  

The volume of the hull is estimated with the following formulas (Lamb, 2003).  

𝑉𝑜𝑙𝑢𝑚𝑒 𝐻𝑢𝑙𝑙 = 𝐿𝑝𝑝 ⋅ 𝐵 ⋅ 𝐷 ⋅ 𝐶𝐵𝐷 

𝐶𝐵𝐷 = 𝐶𝐵 + (1 − 𝐶𝐵) ⋅ (
0.8𝐷 − 𝑇

3𝑇
) 

Assuming a block coefficient of 0.65, the volume of the hull is calculated using the provided main 

dimensions in the general arrangement. After obtaining both superstructure and hull volumes, the 

percentage of the first one relative to the total ship volume is calculated. The value obtained is of 20% 

and it is considered directly as the percentage of GT relative to the superstructure. This estimation is 

not completely accurate. However, it is necessary in order to obtain a value for the auxiliary power to 

use posteriorly in the calculations regarding the propulsion system’s configurations costs. 

The next design variables to be defined are the propulsive and auxiliary powers, as well as the power 

consumers. The propulsive power cannot be estimated only using the container capacity, since it does 

not depend only on the hull form but also on other design variables such as the velocity. In order to more 

accurately estimate the propulsive power, three methods were taking into consideration, the Holtrop, 

Series 60 and Fung methods, since these were the more adequate ones available, Figure 16.  

First, a model of the hull is developed in DELFTship® (Figure 15), considering the main dimensions and 

the block coefficient. The parent hull chosen is the most similar available to the hull’s developed for the 

DNV Revolt (DNV, 2019) and YARA Birkeland (Kongsberg, 2019), and it is then adjusted to match the 

characteristics mentioned.  
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Figure 15. Container Carrier Hull model 

After obtaining the hull model, the design hydrostatics are directly extracted from DELFTship® and 

introduced to the MAXSURF® Resistance. The ship’s displacement obtained from the design 

hydrostatics is consistent with the value estimated in Excel® despite a small discrepancy.  

 

Figure 16. Container Carrier Power vs Speed Curve 

Considering the three methods and considering that the ship is supposed to comfortably reach 8 knots 

speed if necessary, the effective power assumed is of 150 kW. The value obtained is in the same order 

of magnitude as in the DNV’s Revolt, whereby it can be validated as realistic. 

To estimate the auxiliary power, two main consumables were considered, the power relative to the reefer 

containers and the bow thruster power. The power consumption regarding the reefer containers is of 8.6 

kW per reefer container (Nicewicz, 2009). Since autonomous ships are not meant to be assisted by tugs 

during manoeuvring operations, a bow thruster is required, with a capacity of 50 kW. This value is 

assumed considering real ship’s examples, adjusting to autonomous container dimensions and needs. 

The remaining electric power consumers, such as signal lighting, mooring equipment or navigation and 

communication’s equipment are omitted, since their power requirement is too small to actually cause an 
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impact in the calculations and it is equal for all the configurations, which means it would not influence 

the ranking obtained. The initial design variables and power consumers are presented in Table 7.  The 

main engine power depends on the efficiencies of the components in each propulsion system 

configuration, whereby it is not presented in the table. 

Table 7. Initial Design Variables Container Carrier 

Service speed 7 kn 

Effective power 150 kW 

Generators 136 

 135 

kW 

Bow thruster 50 kW 

Reefer power 86 kW 

Emergency generator 1 x 50 kW 

 

The auxiliary power is estimated using a database of ships with traditional combustion engines’ 

propulsion. This include a significant power demand for the main engine auxiliaries such as oil and water 

pumps, air compressors or ventilation equipment. Because the main engine power is reduced, the 

corresponding auxiliaries are not accounted for. Regarding the emergency generator, the capacity 

required is for outside lightning and navigation systems power providing in case of emergency. It is only 

required for the configurations where there are no batteries onboard, for the configurations with 

batteries, an additional emergency capacity is added, with an autonomy of three hours.  

During sailing time, the power consumer accounted for is the reefer container’s power. During 

manoeuvring time, the bow thruster and reefer container’s power are the ones accounted for. Finally, 

during berthing time, the only power requirement considered is for the reefer containers. While the ship 

is loading or unloading, there are no power requirements to be considered. 

The main differences between a conventional and an autonomous container carrier is the presence of 

the superstructure. Since the autonomous ship does not have crew onboard, several spaces that serve 

said crew are no longer required. This extra space can be translated into more cargo space if the ship 

has the spare deadweight capacity to take the extra containers (Santos & Guedes Soares, 2018). For 

starting, the no longer required spaces include cabins, meeting rooms, resting rooms, gyms or day 

rooms. With the suppression of the mentioned spaces, the corresponding required electrical power for 

lighting, ventilation or air conditioning is also reduced from the global electrical load balance, as well as 

the corresponding equipment. On the other hand, sanitary spaces, laundries, galleys and incinerator 

rooms are also excluded. Associated to these spaces are the freshwater, sewage and sanitary systems 

which will no longer be required. These include equipment like hydrophores, pumps and general pipping. 

Consequently, the potable water and black and grey water tanks are also removed which can be 

translated into more cargo deadweight. Regarding navigation, the supressed spaces include the 

navigation bridge at an advanced autonomy level or wheelhouse and the chartrooms. Other noticeable 

modifications are the removal of manual fire extinguishing systems and of lifesaving appliances.  
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All these suppressions in the ship’s systems and equipment represent a reduction in the ship’s 

newbuilding cost. On the other hand, the inexistence of the superstructure reduces the enclosed spaces, 

leading to a reduced gross tonnage and the corresponding reduction in port costs. This saving 

associated with the required electrical load and crew salaries reductions translate into significant savings 

in the ships operating costs. On the other hand, the construction of a Shore Control Centre is 

indispensable to monitor the autonomous operations. According to (Santos & Guedes Soares, 2018), 

the cost of a SCC can be equated to at least the cost of a modern integrated bridge system for a large 

merchant vessel, therefore it can be set at around 1,000,000 USD. 

To note that some levels of autonomy required an operator on board. For these levels, the reduction of 

spaces and systems still occurs but not completely, leaving the required basic components to provide 

for the operator on board which are less than an entire crew. 
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4.2 Passenger Ferry 

4.2.1 Passenger Flow 

The second ship is an autonomous ferry and its mission is to sail autonomously the already existing 

route between Montijo and Cais do Sodré through the river Tejo. The voyage, in Figure 17, is around 

8 nautical miles long and takes about 25 minutes to complete.  

 

Figure 17. Montijo – Cais do Sodré route 

To understand the demand to comply with passenger’s flow, first it is necessary to understand how the 

route is operated. Currently it is operated by three ships, one with a capacity of 320 and two with a 

capacity of 496 passengers. Per week, a total of 243 voyages legs are completed, 205 during weekdays 

and 38 on weekends, equally divided in each direction. During the weekday hours where the passenger 

flow is significant, the two 496 capacity ferries operate at the same time and for the remaining hours 

only the 320-capacity ferry operates. In the weekdays, 110 voyage legs are operated by the larger 

ferries, and 95 by the smaller one. The voyage legs information’s are provided by the company operating 

the route. 

In the 2nd quarter of 2019, the number of passengers to travel this route was of 286,000 (INE, 2019), 

with an increase of 12,5% from the past trimester. This increase is due to the migration of people to the 

south bank of the river Tejo, caused by the significant increase in housing prices in Lisbon. Considering 

the increase in the passenger flow steady, by the 1st quarter of 2021 the number of passengers would 

have increased to around 652,300. Dividing the passenger flow for the 12 weeks in a quarter, it results 

in 54,358 passengers per week. After that, the distinction between weekdays and weekends is made, 

considering a percentage of 95% and 5% respectively. Resulting in 51,640 passengers during the 

weekdays (10,328 per weekday) and 2,718 passengers during the weekend.  

According to (Observador, 2020), ferries operating outside of rush hour do not have enough demand, 

whereby during weekdays, a percentage of 90% of passengers is considered to be using the ferries 

during rush hour and the remaining 10% during normal hours. Upon consulting the schedule of the 

existing ferries operating this route, 22 voyages legs are operated per day during rush hour. Considering 
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only the legs with destination Cais do Sodré in the morning and Montijo in the afternoon, there is a total 

of 10 significant voyages legs being operated during rush hour, per day.  

Because there are two ferries operating at the same time during rush hour, the number of passengers 

using the Cais do Sodré - Montijo route per day, during rush hours is divided by the number of significant 

voyages legs being operated during rush hour, also per day, and then divided in half. The initial required 

ferry capacity to operate in these hours is of 465 passengers.  

Considering a margin of 20%, since the ferry can be used to operate different routes with different 

passenger flows, the final capacity obtained is of 560 passengers, 60 more than the ferries that currently 

operate this route during rush hour. This estimation is validated by the article in (Obervador, 2020) which 

states that the company operating this route had to reinforce the service with buses to respond to the 

demand during rush hours. 

An autonomous ferry with the capacity of 560 passengers to be operated during rush hours is then 

chosen to be the object of study, as the second scenario. 

4.2.2 Ship Characteristics 

Nowadays, ferries can be dimensioned with two different hull types, monohull and catamarans. Having 

a double hull shape has several advantages. Regarding efficiency, catamarans have a smaller block 

coefficient, which results in a lower hull resistance, hence less required propulsive power. Consequently, 

a lower propulsive power results in economic savings and reduced environmental impact. Catamarans 

also have reduced hull motion, which brings improvements in terms of motion sickness and stability. 

Finally, catamarans have a slender bow, which can provide better performance results regarding 

manoeuvrability and seakeeping. Due to these considerations, the case study ferry is dimensioned as 

a catamaran. 

To estimate the ferry’s initial main dimensions, another database is created, including mainly river ferries 

operating in Portugal but also some others around the world. The database is filtered only to include 

catamaran ferries. The values are obtained with a linear regression using the passenger capacity. As in 

the previous section, because of the lack of information available for the ship’s length between 

perpendiculars, the length overall was estimated and then multiplied by 0.975. The coefficient between 

length overall and length between perpendiculars was estimated using the only available example found. 

The initial main dimensions of the ferry are presented in Table 8. 

In order to estimate the CAPEX, OPEX and environmental impact, the next design variables to be 

considered are the propulsive and auxiliary power.  

Table 8. Ferry Main Dimensions 

Length over all 49.50 m 

Length between perpendiculars 48.20 m 

Breadth 13.00 m 
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Depth 3.10 m 

Draft 1.56 m 

Gross Tonnage 679 - 

 

To estimate the effective propulsive power, the software MAXSURF® is once again used. To obtain the 

initial model hydrostatics, a hull is generated, using the software  DELFTship® (Figure 18), considering 

the defined main dimensions and a parent hull, similar to the ferries currently operating the route.  

 

Figure 18. Ferry Hull model 

The method used to estimate the effective propulsive power is the Wyman method. The remaining 

methods available were excluded since they were to be used in containerships, tankers or fishing 

vessels. The method chosen provided realistic values comparing to the propulsive powers available in 

the ferry database. The obtained power vs speed curve can be observed in Figure 19. 

The most significant power consumers in the ferry are the hoteling and the main engine auxiliaries. 

Therefore, the auxiliary power is estimated as a function of the gross tonnage, and propulsion power. 

The method used is similar as in the previous section but with the auxiliary power depending on different 

variables. 

𝑃𝐴𝐸 = 𝑎 ⋅ 𝐺𝑇𝑏 + 𝑐 ⋅ 𝑃𝐷
𝑑
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Figure 19. Ferry Power vs Speed Curve 

The auxiliary power required provides for the combustion engine auxiliaries and equipment and for the 

passengers’ related consumers like lighting or ventilation. These power consumptions are generally 

designated as hoteling. As in the previous section, there are other power consumers beyond those 

mentioned. However, because they are not significant enough to influence the propulsion system 

configurations ranking, these were omitted. The initial design variables and power consumers are 

present in Table 9. The main engine power depends on the efficiencies of the components in each 

propulsion system configuration, whereby it is not presented in the table. 

Table 9. Ferry Initial Design Variables  

Design speed 19.2 kn 

Effective power 1,600 kW 

Auxiliary power 160 kW 

Main Engine auxiliaries  80 kW 

Power hoteling 

 

40 kW 

Navigation equipment 10 kW 

 

The main engine auxiliaries and hoteling power were adjusted considering the propulsive power and the 

gross tonnage, respectively. Once again, the main engine auxiliaries are only to be considered in the 

propulsion systems configurations which include a combustion main engine or diesel or dual fuel 

generator. 

The main changes between an autonomous ferry and a conventional ferry are not as noticeable as in 

the container carrier case study, but still existent. The modifications regarding the ship’s general layout 

are not significant, leaving the navigation systems alterations to be accounted for. These include the 
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introduction of new navigation systems and sensorial equipment for completing safely the autonomous 

operations.  

For starting, the ship’s superstructure is not supressed, since it is still required to transport the 

passengers. The required electrical power to provide lighting, ventilation and air conditioning to the 

passenger spaces is still part of the global electrical load balance. Regarding sanitary spaces, even 

though these are not required for crew members, the presence of passengers still requires them. 

Consequently, freshwater and sewage systems are also present in the autonomous ferry. Manual fire 

extinguishing system as well as lifesaving appliances are also required to provide for the passengers.  

The most significant difference is in the suppression of the navigation bridge. As in the autonomous 

container carrier, a Shore Control Centre is essential to monitor the autonomous operations. 

Regarding the newbuilding cost, there is a reduction relative to the suppression of the navigation bridge 

but, on the other hand, there is the increase relative to the building cost of the SCC.  

Regarding the operating costs associated to salaries, there is a cut back in crew salaries, however, there 

is also a new expense, associated with the salaries of the SCC operators. 

  



44 
 

5 Propulsion System Analysis 

In this chapter are presented the methods and the assumptions used to calculate the CAPEX, OPEX 

and environmental impact parameters relative to the propulsion system and electric power generation. 

For the CAPEX, only the components specifically required for each configuration are considered. This 

means that acquisition costs common to all the configurations are not accounted for, since their influence 

in the final results would not be significant. The OPEX are only relative to the fuel or gas consumption, 

electricity consumption and maintenance costs specific for any configuration. The OPEX savings 

associated with crew cutbacks are analysed in sections 4.1.2 and 4.2.2. 

5.1 4-Stroke Diesel Engine 

In this first configuration, the propulsion system is a traditional 4-stroke diesel engine, which drives the 

propeller mechanically through a shaft line for the container carrier and a waterjet for the passenger 

ferry. Therefore, there are three efficiency components to be considered in each case, associated with 

the gearbox, 0.99, the shaft line, 0.995, and the propeller for the container carrier 0.65 and water jet for 

the passenger ferry, 0.6. This configuration is used as a term of comparison to the remaining ones, since 

at the time of writing, IMO’s sulphur content restrictions are already at 0.50% m/m, which would be 

unfeasible for this configuration. 

For the container carrier, the main engine chosen is the Volvo D4 - 300, running on MDO, with an output 

power of 300 kW at 3,500 rpm engine’s speed and a specific fuel oil consumption (SFOC) of 230 g/kWh. 

The ferry is equipped with a main engine MAN 6L27/38, with a combined output power of 4,380 kW at 

800 rpm engine’s speed, running on MDO. In the MAN catalogues used there was no information 

regarding these engines SFOC, whereby the reference value in (Wu & Bucknall, 2016) of 184 g/kWh is 

used. All the SFOC values are registered considering the engine running at 85% MCR. 

The electric power of the ship is provided by auxiliary diesel generators consuming MDO. The main 

power consumers include the auxiliaries of the propulsion engine, the bow thruster, and the reefer 

containers for the container carrier and hoteling power for the ferry. 

For the container carrier, the diesel generator chosen is the Volvo D7A TA, with an output power of 

139 kW and a SFOC of 194 g/kWh at 1,500 rpm engine’s speed. The ferry is considered to be equipped 

with a Yanmar generator, model 6HAL 2-WHT, 160 kW output power at 1,200 rpm. In the supplier 

catalogue, the SFOC values are also not available, whereby the reference values from (Wu & Bucknall, 

2016) are used. Again, all the SFOC values considered are for the engine running at 85% MCR. The 

fuel consumption of the emergency generator is not taken into consideration, since it is not meant to be 

used on a regular basis. 

The CAPEX is calculated considering an acquisition cost of 670 USD/kW for the main engines and of 

500 USD/kW for the auxiliary and emergency generators (Fernandez Soto et al., 2010). Because the 

use of a gearbox is not required in all the configurations, its acquisition cost must be accounted for 

whenever required. It is inserted in the CAPEX, at 45 USD/kW (Lamas & Rodríguez, 2012). 
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The OPEX per year is calculated using the specific fuel oil consumption of the main engine and 

generators and the current MDO price of 510 USD/ton (Bunkerindex, 2020). For the container carrier 

case, each power consumer has a corresponding usage time, whereas for the ferry, all the power 

consumers are functioning during the entire sailing time. 

The emissions of CO2, SOx and NOx are calculated using the emissions factors correspondent to each 

gas, according to the fuel type burned. The values are indicated in Table 10 and are obtained from (MAN 

Diesel & Turbo, 2014;Wu & Bucknall, 2016; Lamas & Rodríguez, 2012; Banawan et al., 2010). 

Table 10. MDO Emissions factors 

 CO2 SOx NOx PM  

MDO  619.7 4.1 14.25 0.13 g/kWh 

 

The emissions are obtained with the emissions factors, power consumers and their corresponding 

utilisation time, for both the main engines and diesel generators. 

5.2 4-Stroke Diesel Engine with Scrubber 

The second configuration is equal to the first one but with the installation of a wet scrubber aiming to 

reduce environmental emissions. Apart from the scrubber, both main and auxiliary engines considered 

are the same as in the 4-Stroke Diesel configuration with the same efficiencies, whereby the only 

variances accounted for are regarding the scrubber.  

The acquisition of the scrubber is added to the CAPEX with a cost of 285 USD/kW (Sea/LNG Ltd, 2019). 

The acquisition cost of the scrubber is calculated using the main engine’s, generator and emergency 

generator’s output power. The maintenance of the scrubber is added to the yearly OPEX with a value 

of 6.2 USD/MWh (Kullas-Nyman, 2011). 

The emissions are calculated using the same emissions factors used previous (Table 10) for CO2 and 

NOx emissions. Regarding SOx emissions, the scrubber reduces the emissions factor in 95%, and 

regarding PM emissions, these are also reduced by the scrubber in 70% (Panasiuk & Turkina, 2015). 

5.3 Dual Fuel 

In the Dual Fuel configuration, the main propulsion is obtained from a dual fuel engine and the remaining 

power consumers are provided by the same generator as is the 4-Stroke Diesel configuration. In this 

configuration, the gearbox and shaft line are also present and therefore their efficiencies are to be 

considered, as well as the propeller’s and waterjet’s. 

The CAPEX is calculated using the power output of the engine and the price considered is the same as 

for a diesel generator (Elgohary et al., 2015) of 670 USD/kW (Fernandez Soto et al., 2010). Regarding 

the MDO auxiliary engine and emergency generator, the acquisition cost is the same calculated in the 

4-Stroke Diesel configuration. 
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For the passenger ferry, the propulsion is provided by a Wartsila 9L34DF dual fuel engines with an 

output power of 4,320 kW at 1,000 rpm engine’s speed. An engine was not found with the corresponding 

propulsion power requirement in the engine suppliers guides available, whereby the power requirement 

of this configuration, 272 kW, is used directly in the CAPEX calculations. 

In order to calculate the OPEX, the dual fuel engine’s SFOC and specific fuel gas consumption (SFGC) 

are obtained directly from the engine suppliers guides.  

The consumptions provided in the guides are available for two operating modes, gas mode and diesel 

mode. In order to avoid having to develop a control strategy to alter between the two modes, the 

consumptions considered are only regarding gas mode, assuming the optimal scenario where the ship 

completes the round voyage constantly in gas mode.  

For the ferry, the values of the consumptions of the dual fuel engine are selected for an NCR of 85% in 

order to comply with the required propulsive power. The SFGC is of 7,470 kJ/kWh and the HFO’s SFOC 

of 2.3 g/kWh. The consumption values are similar for engines working at the same NCR percentage, 

despite the different engine’s speed. For the container carrier, the same values for the consumptions 

are used, considering it is also to be working at 85% MCR and 1,200 rpm engine’s speed.  

The MDO consumption of the auxiliary engine is the same as in the 4-Stroke Diesel configuration. The 

price of LNG, HFO and MDO are set to 552, 650 and 510 USD/ton respectively (Wu & Bucknall, 2016; 

Bunkerindex, 2019).  

The emissions are also calculated assuming the optimal scenario in which the ships complete the 

respective voyages in gas mode. However, in gas mode, the engine still burns HFO as igniter fluid. The 

emissions factor regarding HFO and MDO are the same as presented before. Since the emissions factor 

available are all in g/kWh and not by burned ton, a rough estimative is made for the percentage of power 

provided by each fuel. The estimation is made considering both fuel’s consumptions in g/kWh when in 

gas mode. This percentage is also used when NOx emissions and SOx reductions are required to 

calculate the ship’s ESI.  

In order to convert the SFGC to the same units as the SFOC, the energy content of LNG considered is 

of 547 kJ per gram. The power distribution estimation is the same for all ships, since they have the same 

SFOC and SFGC rates, and it is weighted as 78% for the LNG and 22% for the HFO pilot fuel, Table 11. 

Table 11. Main Engine Gas Mode Power distribution (85% MCR)  

 LNG HFO  

Consumption  15.03 4.2 g/kWh 

Power  78 22 % 

 

The emissions factor’s regarding HFO and LNG burning are present in Table 12 (MAN Diesel & Turbo, 

2014). 
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Table 12. Emissions factors, HFO and LNG 

 CO2 SOx NOx PM  

HFO 577 10.96 11.58 0.54 g/kWh 

LNG 446 0.88 8.76 0.34 g/kWh 

 

5.4 Diesel-Electric 

In the Diesel-Electric configuration, the propellers are driven directly by an electric motor, powered by a 

diesel generator. In this configuration there are no gearbox or shaft line efficiencies to be considered, 

just propeller and waterjet. The remaining power consumers are to be provided by the same diesel 

generator. 

For the container carrier, the diesel generator selected is the MAN 5L16/24 with an output power of 

428 kW at 1,000 rpm engine’s speed. For the ferry, the generator is the MAN 9L32/40 with an output 

power of 4,345 kW at 750 rpm engine speed. Since the SFOC’s for both the engines were not available 

in the MAN’s catalogue, the reference value in (Wu & Bucknall, 2016) of 195 g/kWh is used. 

To calculate the CAPEX, a simplified electric drive train (Figure 20) is considered due to the lack of 

information regarding the cost of components like power generators and transformers. The cost of the 

main switch board was not found in the research, but since it is a component present in all the 

9 configurations, it can be omitted from all. 

 

Figure 20. Setup of an electric drive train (Interreg, 2019) 

The CAPEX is calculated considering an acquisition cost of 500 USD/kW (Fernandez Soto et al., 2010) 

for the diesel generators and emergency generator. To provide the power for the electric motor, a 

frequency converter price is required. Due to the lack of information relative to the cost of frequency 

converters, the value considered is obtained directly from the paper (Dymarski & Rolbiecki, 2006) in 

which the cost of different propulsion system elements is estimated for a vessel with a required power 

output fairly similar to the case studies, of 36,000 USD. Finally, the electric motor price acquisition cost 

is set at 108 USD/kW (Interreg, 2019), thus completing the CAPEX. 
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For the OPEX, the generators are running on MDO and it is calculated with the power consumers and 

corresponding working times and the MDO price at 650 USD/ton (Bunkerindex, 2020). 

The emissions are calculated with the power consumers and corresponding working times considering 

the emission factors of Table 10. 

5.5 Dual Fuel-Electric 

The Dual Fuel-Electric configuration is similar to the Diesel-Electric configuration, with the diesel main 

generator replaced by a dual fuel generator.  

The CAPEX is calculated using the power output of the dual fuel and emergency generator and the price 

considered is the same as for a diesel generator (Elgohary et al., 2015) of 500 USD/kW (Fernandez 

Soto et al., 2010). As explained previously, frequency converters are required, and its price is set at 

36,000 USD (Dymarski & Rolbiecki, 2006). The electric motor’s price acquisition is rated at 108 USD/kW 

(Interreg, 2019), thus completing the CAPEX. 

For the ferry, the propulsion is to be provided by a Wartsila 9L34DF dual fuel engine with an output 

power of 4,500 kW at 1,200 rpm engine’s speed. Once again, for the container carrier, it was not found 

a corresponding engine in the available engine suppliers guides, to provide for the required propulsion 

power of 272 kW, whereby this value is used directly in the CAPEX calculations.  

To calculate the OPEX, the ideal scenario where the dual fuel is work in gas mode for the entire voyage 

times is also considered. For the passenger ferry, the SFGC and SFOC values consulted in the engine’s 

supplier guide are of 7,526 kJ/kWh and 2.3 g/kWh respectively.  

For the container carrier, the dual fuel engine is assumed to be working also at 85% MCR at 1,200 rpm 

engine speed, as in section 5.35.3, whereby the SFGC and SFOC will be the same as in that section. 

However, during manoeuvring time and berthing time, the dual fuel generator required power is not the 

same as during sailing time, whereby the considered NCR is reduced. The obtained required NCR while 

manoeuvring is of 65% and 22% while berthing. To simplify the calculations, the dual fuel generator is 

considered to be working at 65% MRC and 1,200 rpm engine’s speed for both manoeuvring and berthing 

time. Since there are no values for 65% MCR in the engine supplier’s guide, a linear regression Table 

13, with the available NCR’s is made to estimate the SFGC and SFOC at 1,200 rpm engine’s speed. 

The prices of LNG and HFO are set at 552 and 650 USD/ton respectively (Bunkerindex, 2020) 

Table 13. Linear regression, Dual Fuel engine at 65% 

NCR SFGC SFOC 

% kJ/kWh g/kWh 

75 4.7 8326 

65 5.9 8647.6 

50 6.7 8862 
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To calculate the emissions, since the fuel’s emission factors are in g/kWh, the delivered power needs to 

be split between both fuels using the corresponding SFGC and SFOC, as explained previously in 

section 5.3. For an 85% MCR, the power distribution is the same as in Table 11. In Table 14, the power 

distribution is estimated when the engine is working at 65% NCR.  

Table 14. Main Engine Gas Mode Power distribution (65% NCR) 

 LNG HFO  

Consumption  15.81 5.90 g/kWh 

Power  78 22 % 

 

The emission factors considered for HFO and LNG are the ones present in Table 12. 

5.6 Hybrid Diesel-Electric 

In the hybrid Diesel-Electric configuration, the ship’s propeller and waterjet are also driven by an electric 

motor, therefore there are no gearbox or shaft lines and the respective efficiencies can be ignored. In 

this configuration, the power provided to the electric motor is obtained both from battery packs on board 

and a diesel generator. The remaining power consumers of the ship are provided by the batteries. 

According to (Geertsma et al., 2017), the economic benefits of hybrid power supply are only significant 

if the battery is charged from shore, or replaced by a new one, and not charged from the generators. In 

the scenario created, the batteries are only charged from shore grids.  

To determine the power split between both power sources, a control strategy needed to be implemented, 

as discussed in section 2.2.5. For a control strategy to be applied in this scenario, an algorithm had to 

be created using new cost functions considering the different operating modes. On the other hand, all 

the other configuration’s calculations were carried out considering a constant propulsion power during 

the entire voyage, excluding any possibility of implementing any different operating modes. 

The power split between the batteries and the generator is determined following the example provided 

in (Vu et al., 2015) The case study in the paper was a tugboat with several different operating modes. 

The operating mode with the power demand closest to the case studies sailing time is the “Assist-high”, 

with a 90% power demand, Figure 21. The power split for the different operating modes between the 

batteries and the generators is consulted in the graph of Figure 22. 
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Figure 21. Load profile of electric tugboat (Vu et al., 2015) 

 

Figure 22. Power Supply Split (Vu et al., 2015) 

As one can observe, the two generators provided around 8,000 kW and the batteries provided the 

remaining 2,000 kW, which meant a power split of 80% for the generators and 20% for the batteries. 

This power split is considered in the following calculations. 

The CAPEX obtained for this configuration included the cost of acquisition of the diesel generator, 

frequency converters and electric motor. The diesel generator is selected in order to provide for 80% of 
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the propulsion power at 85% MCR. The price used is of 560 USD/kW (Fernandez Soto et al., 2010), as 

in the other configuration calculations. For the container carrier, the diesel generator chosen is a 

Volvo D9 MG with an output power of 239 kW at 1,500 rpm engine’s speed and a SFOC of 235 g/kWh. 

Regarding the passenger ferry, the diesel generator selected is a MAN 7L32/40 with an output power of 

3,380 kW, at 1,000 rpm engine’s speed. The SFOC of the MAN’s engine is not available in the engine 

supplier guide, whereby the reference value of 195 g/kWh in (Wu & Bucknall, 2016) is considered. 

The price of the electric motor used is of 108 USD/kWh (Interreg, 2019) and it’s calculated using the 

total delivered propulsive power. The price of the frequency converters considered is the same as in the 

Diesel-electric configuration.  

The battery capacity is of 820 kWh for the container carrier. For the passenger ferry, the battery must 

have the capacity to endure the 6 voyages legs per rush hour (morning and afternoon), in this case, 

2,621 kWh. The battery capacity is calculated considering the recommended maximum charge of 80%, 

(Vu et al., 2015), and it’s to be charged at birth whilst the normal hour ferry is operating. 

Regarding the container carrier, since the battery’s lifetime period is of 10 years 

(MAN Energy Solutions), its acquisition cost is accounted in the cash flow for the initial CAPEX and 

when that period finishes. For the passenger ferry, the cost of a new set divided by 10 is introduced in 

the OPEX. The battery chosen was a lithium-ion with a price of 500 USD/kWh, since it is the most 

adequate battery type for marine applications (MAN Energy Solutions). 

The OPEX per year calculations included, besides the cost of a new battery every 10 years for the ferry, 

the MDO consumption of the generators, with the SFOC mentioned previously, and the cost of electricity 

provided for the batteries. The price of MDO used is the same as the one considered in the previous 

configurations, 510 USD/ton (Bunkerindex, 2020). The price of electricity considered is of 0.0732 

USD/kWh (Wu & Bucknall, 2016).  

The emissions to be calculated are all caused by the diesel generator. The factors used are the ones 

presented in Table 10 and are only associated to 80% off the propulsion powered provided.  

5.7 Hybrid Dual Fuel-Electric 

The Hybrid Dual Fuel-Electric configuration is much similar to the Hybrid Diesel-Electric. The propellers 

and waterjet are driven by the electrical motor powered by two different sources. The power supply is 

both obtained from the batteries onboard and converted from a dual fuel generator. The control strategy 

used to combine the power sources is the same that is used in the previous case because of the difficulty 

in finding examples of this propulsion system configuration. Therefore, the power split is also considered 

to be 80% for the dual fuel generator and 20% for the batteries. The remaining power consumers of the 

ship are also provided by the batteries. 

For the container carrier, the CAPEX includes the cost of the dual fuel generator, the electric motor, the 

frequency converters and the batteries. Because there are no dual fuel generators in the available 

engine’s suppliers guides with the corresponding output power, the required power of 217 kW is used 
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directly in the calculations, assuming the engine is working at 1,000 rpm. The obtained battery capacity 

is the same as in the previous configuration of 820 kWh and due to its lifetime period of 10 years, its 

acquisition cost is included in the cash flow every 10 years. The capacity is calculated considering the 

recommended maximum charge of 80% (Vu et al., 2015). 

For the passenger ferry, the CAPEX includes the cost of the dual fuel generators, the electric motors 

and the frequency converters, excluding the batteries. The generator selected is a Wartsila 9L20DF with 

an output power of 2,880 kW at 720 rpm engine’s speed. Because of the battery’s lifetime period, its 

acquisition cost is divided by the 10 years and accounted for the OPEX. The battery’s capacity is also 

the same as in the previous configuration, of 2,621 kWh, projected to endure the total number of voyage 

legs per rush hour (morning and afternoon), considering the recommended maximum charge of 80%.  

The price of the dual-fuel generators considered is of 500 USD/kW (Fernandez Soto et al., 2010), as in 

the previous configurations which included dual fuel engines. The batteries chosen are also lithium-ion 

with a price of 500 USD/kWh (MAN Energy Solutions). The price of the electric motor is obtained using 

the delivered propulsive power and the cost of 108 USD/kW (Interreg, 2019). The frequency converters 

cost of 36,000 USD is obtained directly from (Dymarski & Rolbiecki, 2006). 

Regarding the calculation of the OPEX, the consumptions of the dual fuel generator are again available 

for two different operating modes, gas mode or diesel mode. In order to be coherent with the other 

configurations which included dual fuel engines, the optimal scenario in which the ships would complete 

the round voyages always in gas mode is considered.  

For the passenger ferry, the engine’s SFOC is of 2.3 g/kWh and the SFGC is of 7,526 kJ/kWh. Regarding 

the container ship, the engine’s SFOC and SFCG are considered assuming that the engine is running 

at 85% MCR and 1,200 rpm engine’s speed, the same parameters as the engines in section’s 5.3 and 

5.5. The SFOC is of 4.2 g/kWh and the SFCG of 8,286 kJ/kWh. 

The prices of LNG and HFO are set at 552 and 650 USD/ton respectively (Bunkerindex, 2020). The 

electricity price used is of 0.0732 USD/kWh (Wu & Bucknall, 2016). 

Once again, the emissions are also calculated assuming the optimal scenario in which the ships 

complete the respective voyages in gas mode. Then again, the engine still burns HFO as igniter fluid in 

gas mode. A rough estimative is again made for the percentage of power provided by each fuel. The 

estimative is made considering both LNG and HFO consumptions in g/kWh when in gas mode for both 

the ships. Because the consumptions are so close in both engines, the power distribution estimative 

obtained is also going to be same, 78% for LNG and 22% for HFO.  The emissions factors regarding 

HFO and LNG are the same as presented before in Table 11.  
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5.8 Pure Electric 

In the Pure Electric configuration, the power for the electric motor and all the remaining consumers is 

provided by batteries stored on board. The electric motor drives the propellers and waterjet responsible 

for the propulsion.  

For the container carrier, the CAPEX will include the acquisition cost of the electric motor, the frequency 

converters and the battery pack. Due to battery’s lifetime period of 10 years, a new set of batteries needs 

to be acquired when that period finishes. To carry out a more detailed financial analysis, a cash flow 

associated with the propulsion system is developed for a period of 20 years, in which the batteries 

acquisition cost is inserted.  

Regarding the passenger ferry, the CAPEX includes only the cost of acquisition of the electric motor and 

of the frequency converters. The batteries acquisition cost is divided by its lifetime period (10 years) and 

included in the OPEX. 

The batteries chosen are lithium-ion with a price of 500 USD/kWh (MAN Energy Solutions). Once again, 

the battery capacity is calculated considering the recommended maximum charge of 80% (Vu et al., 

2015). The battery capacity is of 1,671 kWh plus 150 kWh emergency for the container carrier and is to 

be charged while the ship is at berth. The ferry’s battery is intended to provide for the total of 6 voyage 

legs travelled during each rush hour (morning and afternoon), resulting in a capacity of 10,507 kWh. 

The price of the electric motor used is of 108 USD/kWh (Interreg, 2019) and the capacity corresponding 

to the total delivered propulsive power is considered, as in previous configurations. The price of the 

frequency converters is of 36,000 USD (Dymarski & Rolbiecki, 2006), the same as used in the previous 

configurations. 

In the container carrier case, the electricity consumed for propulsion, for powering the reefer containers 

and the bow thruster is used to calculate the OPEX per round voyage. For the passenger ferry, the 

electricity consumers include the electric motor and the hoteling power. The electricity price used in the 

calculations is of 0.0732 USD/kWh (Wu & Bucknall, 2016). The emissions are non-existent. 
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5.9 Hydrogen Fuel Cells 

In (Saito, 2018), four scenarios are presented in which the fuel cell provided 500 kW, 1,000 kW, 

1,500 kW and 2,000 kW of power to the electric motor. Since in both case studies the propulsion power 

does not exceed 2,000 kW, the power provided to the electric motor in the Hydrogen Fuel Cells 

configuration is considered to be entirely provided by a Proton exchange membrane fuel cell. The 

remaining power consumers during both sailing and in port time are also powered by the battery, fed by 

the fuel cells. In Figure 23 the system components necessary for a Hydrogen Fuel Cells power supply 

are shown. 

 

Figure 23. Hydrogen Fuel Cells Configuration (Saito, 2018) 

Regarding the container carrier, the CAPEX included the acquisition cost of the PEM fuel cells, the 

batteries, the electric motor and the frequency converter. Since both the PEM fuel cells have a lifetime 

period of 5 years (Saito, 2018) and the batteries have a lifetime period of 10 years (MAN Energy 

Solutions), a new set of this components needs to be acquired when that time period is finished. This 

acquisition cost is accounted for in the cash flow. 

Regarding the passenger ferry, the CAPEX includes only the acquisition cost of the electric motor and 

frequency converters. The price of the electric motor used is of 108 USD/kW (Interreg, 2019) and the 

capacity corresponding to the total delivered propulsive power is considered, as in previous 

configurations. The price of the frequency converters is the same as used in the previous configurations. 

The inverter’s price is not significant enough to be accounted for. 

For the acquisition cost of a PEM fuel cell, different price ranges are presented in (Saito, 2018) but the 

one considered to be the most accurate is between 1,500 and 2,860 USD/kW. The arithmetic mean is 

calculated and applied in for case studies propulsive power. Since the lifetime of a PEM fuel cells is only 

of 5 years, the acquisition cost of a new PEM fuel cell is divided by 5 and added to the OPEX.  
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Regarding the cost of the battery, since there is no information available regarding the required battery 

capacity, the same acquisition cost presented in (Saito, 2018) is considered. For the container carrier, 

the additional cost of the emergency batteries is also considered. Once again, because the lifetime 

period of a battery is only 10 years, the acquisition cost is divided by 10 and added to the OPEX.  

To note that if a hydrogen fuel cell propulsion system were to be chosen, additional costs related to the 

storage systems would come up, associated with a refrigeration unit for liquid hydrogen storage or with 

the hydrogen compressing and high-pressure tanks.  

The hydrogen consumption is provided in kg/h for the power outlet of the four scenarios mentioned 

above. A linear regression was used to estimate the hydrogen consumption of the propulsion power in 

the case studies, (Table 15 and Table 16). The price of hydrogen is set at 9 USD/kg, (Saito, 2018). The 

emissions are non-existent. 

Table 15. Linear Regression to estimate Hydrogen consumption Container Carrier 

 Hydrogen Consumption per Provided Power Sailing Manoeuvring Berthing 

kW 500 1,000 1,500 2,000 317 136 86 

Kg/h 26.08 52.16 78.24 104.32 16.54 7.10 4.49 

 

Table 16. Linear Regression to estimate Hydrogen consumption Ferry 

 Hydrogen Consumption per Provided Power Passenger Ferry 

kW 500 1,000 1,500 2,000 3,5193.3 

Kg/h 26.08 52.16 78.24 104.32 187.57 
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6 Economic and Environmental Parameters 

In this section, the results obtained in the voyage model for each configuration are presented. As 

explained previously in section 5, the CAPEX and OPEX mentioned in this section are only relative to 

the propulsion system and electric power generation components acquisition costs, and the costs 

common to all configurations are supressed, since these do not influence significantly the final results. 

6.1 Container Carrier 

For the economic analysis of the CAPEX and OPEX per year, associated with the propulsion system 

and electric power generating of the container carrier, a cash flow is developed, with a period of 20 

years. A second ship is planned to be acquired in the year of 2025. The number of round voyages per 

year are described in Table 4.  

6.1.1 4-Stroke Diesel Engine 

For the 4-Stroke Diesel Engine configuration, the estimated value for the CAPEX is of 307,903 USD and 

for the corresponding OPEX is of 268 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 638,862 USD.  

The attained EEDI is of 34.0 which complies with the reference value of 42.6. The ESI obtained for this 

configuration is of -28.4, which means that this configuration does not comply with the minimum 

standards of this criteria. The emissions of toxic gases per round voyage and per transported TEU are 

quantified in Table 17. 

Table 17. 4-Stroke Diesel Engine Emission Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 1.49 0.01 0.03 0.0007 

Grams per transported TEU 15,324.19 101.39 352.38 7.42 

 

6.1.2 4-Stroke Diesel Engine with Scrubber 

The value estimated for the CAPEX regarding the 4-Stroke Diesel engine with scrubber configuration 

only differs from the value obtained in the previous configuration because of to the acquisition cost of 

the scrubber. The estimated value is of 447,268 USD. The corresponding OPEX obtained also only 

differs from the previous configuration value due to the maintenance of the scrubber and it value is of 

281 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 918,701 USD. 
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Since the EEDI depends only on CO2 emissions, and the scrubber only reduces SOx and PM emissions, 

the attained EEDI is the same obtained in the previous configuration, of 34.0.  

Despite the ESI depending mainly on the NOx emissions, and these are not reduced by the scrubber, 

the sulphur content relative reduction also accounts significantly for this Index. The scrubber installation 

results in a sulphur content reduction in the order of 95%, increasing the ESI from the previous 

configuration from -28.4.8 to -7.9. The emissions of toxic gases emitted per round voyage and per 

transported TEU are quantified in Table 18.  

Table 18. 4-Stroke Diesel Engine with Scrubber Emission Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 1.49 0.00 0.03 0.0002 

Grams per transported TEU 15,324.19 5.07 352.38 2.23 

 

6.1.3 Dual Fuel 

For the Dual Fuel configuration, the estimated value for the CAPEX is of 288,618 USD and for the 

corresponding OPEX is of 107 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 586,443 USD. 

The attained EEDI is of 17.8, which complies with the reference value of 42.6. The obtained ESI of this 

configuration is of 5.37.  The emissions of toxic gases emitted per round voyage and per transported 

TEU are quantified in Table 19.  

Table 19. Dual Fuel Emission Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 1.24 0.01 0.03 0.0009 

Grams per transported TEU 12,818.22 83.59 268.23 8.86 

 

6.1.4 Diesel-Electric 

For the Diesel-Electric configuration, the estimated value for the CAPEX is of 304,321 USD and for the 

corresponding OPEX is of 236 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 625,782 USD. The attained EEDI is of 21.0, which 

complies with the reference value of 42.6. The estimated ESI of this configuration is of -17.4. The 

emissions of toxic gases emitted per round voyage and per transported TEU are quantified in Table 20. 
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Table 20. Diesel-Electric Emissions Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 1.47 0.01 0.03 0.001 

Grams per transported TEU 15,164.36 100.33 348.70 7.34 

 

6.1.5 Dual Fuel-Electric 

For the Dual Fuel-Electric configuration, the estimated value for the CAPEX is of 276,656 USD and for 

the corresponding OPEX is of 26 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 555,590 USD. 

The attained EEDI is of 1.81, which complies with the reference value of 42.6 The obtained ESI of this 

configuration is of 16.8. The emissions of toxic gases emitted per round voyage and per transported 

TEU are quantified in Table 21. 

Table 21. Dual Fuel-Electric Emissions Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 1.13 0.01 0.02 0.001 

Grams per transported TEU 11,617.90 75.71 229.52 9.39 

 

6.1.6 Hybrid Diesel-Electric 

For the Hybrid Diesel-Electric configuration, the estimated value for the CAPEX is of 594,81 USD and 

for the corresponding OPEX is of 235 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 2,029,585 USD. 

The attained EEDI is of 11.31, which complies with the reference value of 42.6. The obtained ESI of this 

configuration is of -15.1. The emissions of toxic gases emitted per round voyage and per transported 

TEU are quantified in Table 22. 

Table 22. Hybrid Diesel-Electric Emission Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 0.82 0.005 0.02 0.0004 

Grams per transported TEU 8,424.61 55.74 193.72 4.08 
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6.1.7 Hybrid Dual Fuel-Electric 

For the Hybrid Dual Fuel-Electric configuration, the estimated value for the CAPEX is of 583,905 USD 

and for the corresponding OPEX is of 91 USD per round voyage. 

The cash flow over 20 years, considering the acquisition of a second ship and the increase of round 

voyages per year, resulted in a total spending of 1,995,607 USD. 

The attained EEDI is of 0.65, which complies with the reference value of 42.6. The obtained ESI of this 

configuration is of 16.8. The emissions of toxic gases emitted per round voyage and per transported 

TEU are quantified in Table 23. 

Table 23. Hybrid Dual Fuel-Electric Emission Results (Container Carrier) 

 CO2 SOx NOx PM 

Tonnes per Round Voyage 0.78 0.005 0.02 0.0006 

Grams per transported TEU 8,062.26 52.14 159.26 6.52 

 

6.1.8 Pure Electric 

For the Pure Electric configuration, the estimated value for the CAPEX is of 1,736,345 USD and for the 

corresponding OPEX is of 174 USD per round voyage. The cash flow over 20 years, considering the 

acquisition of a second ship and the increase of round voyages per year, resulted in a total spending of 

6,829,678 USD.  

The ESI of this configuration is 100 which is the maximum value since this configuration has no 

emissions. 

6.1.9 Hydrogen Fuel Cells 

For the Hydrogen Fuel Cells configuration, the estimated value for the CAPEX is of 898,976 USD and 

for the corresponding OPEX is of 1,115 USD per round voyage. The cash flow over 20 years, considering 

the acquisition of a second ship and the increase of round voyages per year, resulted in a total spending 

of 5,255,771 USD.  

As in the previous configuration, the ESI of this configuration is 100, which is the maximum value, since 

this configuration has no emissions. 

6.1.10 Container Carrier Parameters Comparison 

The economic and environmental parameters regarding the different alternatives applied to the 

autonomous container carrier are present in the following figures. 
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Figure 24. Container Carrier Economic parameter 

 

Figure 25. Container Carrier ESI 

 

Figure 26. Container Carrier CO2 emissions 
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Figure 27. Container Carrier SOx emissions 

 

Figure 28. Container Carrier NOx emissions 

 

Figure 29. Container Carrier PM emissions 
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6.2 Passenger Ferry 

For the economic analysis of the passenger ferry propulsion system and electric power generation, the 

associated CAPEX and OPEX per year are calculated. The CAPEX only considers costs in the ship’s 

acquisition year. However, some configuration’s components require replacement within a certain 

amount of years and its costs cannot be accounted for the CAPEX at the ship acquisition year. 

Therefore, the acquisition cost of the components that only last a certain amount of years is divided by 

that number of years and accounted for in the OPEX. 

6.2.1 4-Stroke Diesel Engine 

The CAPEX estimated for the 4-Stroke Diesel Engine configuration is of 3,205,035 USD. The 

corresponding OPEX is of 815,454 USD per year. 

The attained EEDI is of 2,861.5, which does not comply with the reference value of 185.9. The ESI of 

the ferry with this configuration is of -13.5. The emissions of toxic gases emitted per year are quantified 

in Table 24. 

Table 24. 4-Stroke Diesel Engine Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 5,081 34 117 2 t/year 

 

6.2.2 4-Stroke Diesel Engine with Scrubber 

The CAPEX and OPEX estimated for the 4-Stroke Diesel Engine with scrubber configuration, similar to 

the container carrier case, only differ from the previous configuration in terms of scrubber acquisition 

and maintenance costs. The CAPEX is of 4,399,704 and the OPEX is of 815,454 USD per year. 

The attained EEDI is of 2,861.5, which does not comply with the reference value of 185.9. The ESI 

improves in this configuration relative to the previous one, since it benefits form the 95% sulphur content 

reduction with the installation of the scrubber, from -13.5 to 6.6. The emissions of toxic gases emitted 

per year are quantified in Table 25. 

Table 25. 4-Stroke Diesel Engine w/ Scrubber Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 5,081 2 117 1 t/year 
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6.2.3 Dual Fuel 

The CAPEX estimated for the Dual Fuel configuration is of 3,164,835 USD and the corresponding OPEX 

is of 99,929 USD per year.  

The attained EEDI is of 325.4, which does not comply with the reference value of 185.9. The ESI of the 

ferry with this configuration is of 20.4. The emissions of toxic gases emitted per year are quantified in 

Table 26. 

Table 26. Dual Fuel Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 3,856 20 77 3 t/year 

 

6.2.4 Diesel-Electric 

The CAPEX estimated for the Diesel-Electric configuration is of 2,662,212 USD and the corresponding 

OPEX is of 803,689 USD per year.  

The attained EEDI is of 2,706.8, which does not comply with the reference value of 185.9. The ESI of 

the ferry with this configuration is of -12. The emissions of toxic gases emitted per year are quantified in 

Table 27. 

Table 27. Diesel-Electric Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 5,008 33 115 2 t/year 

 

6.2.5 Dual Fuel-Electric 

The CAPEX estimated for the Dual Fuel-Electric configuration is of 2,739,712 USD and the 

corresponding OPEX is of 73,458 USD per year. 

The attained EEDI is of 201.8, which does not comply with the reference value of 185.9. The ESI of the 

ferry with this configuration is of -21.3. The emissions of toxic gases emitted per year are quantified in 

Table 28. 

Table 28. Dual Fuel-Electric Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 3,756 19 74 3 t/year 
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6.2.6 Hybrid Diesel-Electric 

The CAPEX estimated for the Hybrid Diesel-Electric configuration is of 2,179,712 USD and the 

corresponding OPEX is of 886,297 USD per year. 

The attained EEDI is of 1,684.5, which does not comply with the reference value of 185.9. The ESI of 

the ferry with this configuration is of -2.7. The emissions of toxic gases emitted per year are quantified 

in Table 29. 

Table 29. Hybrid Diesel-Electric Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 3,865 26 89 2 t/year 

 

6.2.7 Hybrid Dual Fuel-Electric 

The CAPEX estimated for the Hybrid Dual Fuel-Electric configuration is of 1,929,712 USD and the 

corresponding OPEX is of 319,452 USD per year. 

The attained EEDI is of 103.3, which complies with the reference value of 185.9. The ESI of the ferry 

with this configuration is of 21.7. The emissions of toxic gases emitted per year are quantified in Table 

30. 

Table 30. Hybrid Dual Fuel-Electric Emission Results (Passenger Ferry) 

 CO2 SOx NOx PM  

Emissions 2,898 14 57 2 g/year 

 

6.2.8 Pure Electric 

The CAPEX estimated for the Pure Electric configuration is of 489,712 USD and the corresponding 

OPEX is of 1,104,012 USD per year. 

Since the ferry’s emissions are non-existent, the EEDI is not calculated and it is awarded with the 

maximum ESI points, 100. 

6.2.9 Hydrogen Fuel Cells 

The CAPEX estimated for the Hydrogen Fuel Cells configuration is of 489,712 USD and the 

corresponding OPEX is of 4,645,452 USD per year. 

In this configuration, the emissions are also non-existent, whereby the EEDI is not calculated and the 

maximum ESI points are awarded, 100.  
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6.2.10 Passenger Ferry Parameters Comparison 

The economic and environmental parameters regarding the different alternatives applied to the 

passenger ferry are present in the following figures. 

 

Figure 30. Passenger Ferry CAPEX 

 

Figure 31. Passenger Ferry OPEX 
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Figure 32. Passenger Ferry ESI 

 

Figure 33. Passenger Ferry CO2 emissions 

 

Figure 34. Passenger Ferry SOx emissions 

-20.00

0.00

20.00

40.00

60.00

80.00

100.00

0

1 000

2 000

3 000

4 000

5 000

6 000

[t
/y

ea
r]

0

5

10

15

20

25

30

35

40

[t
/y

ea
r]



67 
 

 

 

Figure 35. Passenger Ferry NOx emissions 

 

Figure 36. Passenger Ferry PM emissions 
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7 Ranking Results 

7.1 Container Carrier 

After developing the economic and environmental analysis of the propulsion systems regarding the 

container carrier, the normalized scores from 0 to 100, obtained for each parameter per configuration 

are present in Table 31.  

Table 31. Container Carrier parameters scores 

 Cash Flow - 20 years ESI CO2 SOx NOx PM 

1.  4-Stroke Diesel 99 0 0 0 0 21 

2.  4-Stroke Scrubber 94 16 0 95 0 76 

3.  Dual Fuel Gas Mode 100 26 16 18 24 6 

4.  Diesel Electric 99 9 1 1 1 22 

5.  Dual Fuel-Electric Gas Mode 100 35 24 25 35 0 

6.  Hybrid Diesel Electric 77 10 45 45 45 57 

7.  Hybrid DF Diesel Electric Gas Mode 77 35 47 49 55 31 

8.  Pure Battery-Electric 0 100 100 100 100 100 

9. Hydrogen Fuel Cells 25 100 100 100 100 100 

 

Economically, the most advantageous alternatives are the ones that do not include a battery. Since the 

acquisition cost of a dual fuel engine is similar to a traditional diesel engine (Elgohary et al., 2015), these 

two configurations are the best ranked economically. Following these, comes the diesel electric and dual 

fuel electric alternatives which are also economically advantageous since these are more efficient and 

the added costs are only related to the acquisition off the electric motor and frequency converts, which 

do not influence significantly the cost in a 20 years scenario. The traditional diesel engine with scrubber 

option is also worth mentioning, since the influence of the acquisition and maintenance costs of the 

scrubber is not significant in a 20-year period.   

The remaining configurations obtained a smaller score economically due to the acquisition cost of the 

batteries, which is accounted for at every 5 years. The less economical alternatives are the 

Hydrogen Fuel Cells and Pure Battery Electric, due to the cost of the fuel cells and required battery 

capacity, respectively.  

Regarding the environmental impact, the configurations that obtained the best scores are the Pure 

Battery Electric and the Hydrogen Fuel Cells, since these alternatives have zero emissions. The next 

alternatives with best environmental score are the hybrids, with a diesel or dual fuel generator, since 

20% of the required power is obtained from the battery pack. However, the ESI for the 

Hybrid Diesel Electric configuration is the lowest. This is because the engine’s speed is high, which 
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decrease the NOx emissions rate limit for that engine and, consequently obtaining less NOx points. The 

actual emissions savings with utilisation of the power from the battery are not accounted for in this index.   

The tradition diesel engine with scrubber option obtained good score for the emissions of SOx and PM, 

however a low score globally, since it obtained no points for CO2 and NOx emissions reduction. The 

efficiency related improvements from the traditional diesel engine to the diesel electric and from the dual 

fuel to the dual fuel electric are simplified, therefore the environmental benefits are not significant and 

consequently, these four configurations obtained the smallest environmental scores. 

The rankings obtained for the container carrier case study are the following. 

Table 32. Container Carrier Propulsion System Ranking 1 

1º Hydrogen Fuel Cells 78 

2º Pure Battery-Electric 70 

3º Hybrid Diesel Electric 56 

4º Hybrid DF Diesel Electric Gas Mode 56 

5º 4-Stroke Diesel w/ Scrubber 55 

6º Dual Fuel-Electric Gas Mode 47 

7º Dual Fuel Gas Mode 42 

8º Diesel Electric 33 

9º 4-Stroke Diesel 32 

 

Table 33. Container Carrier Propulsion System Ranking 2 

1º Hydrogen Fuel Cells 74 

2º Pure Battery-Electric 65 

3º Hybrid DF Diesel Electric Gas Mode 52 

4º Dual Fuel-Electric Gas Mode 50 

5º Dual Fuel Gas Mode 49 

6º 4-Stroke Diesel w/ Scrubber 47 

7º Hybrid Diesel Electric 47 

8º Diesel Electric 41 

9º 4-Stroke Diesel 38 

 

The least viable propulsion system configurations for both ranking is the 4-Stroke Diesel engine. 

Although this configuration obtains the best results economically, it is only ranked to serve as term of 

comparison, since by the time of writing IMO’s sulphur content restrictions are already at 0.50% m/m, 

exceeded in this configuration. 
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In 8th position in both rankings is the Diesel-Electric configuration. This configuration did not obtain a 

great score, since the improvements of efficiency obtained from using an electric motor were simplified. 

The main advantage in the utilization of the combustion engine as a generator for the electric motor is 

the possibility of operating the engine at a constant NCR. However, all the configurations are developed 

considering the round voyage being operated also at constant NCR. The emissions and cost are 

reduced, since the shaft and gearbox efficiencies are not considered and the required delivered power 

decreases, however not sufficiently for this configuration to have a good score. The Diesel-Electric only 

reduces emissions by 1% and the costs in a 20-year period by 3%. 

The same happens with the Dual Fuel-Electric option, which is also placed in the second half of the 

ranking, however, above the Diesel-Electric configuration, due to the reduced emissions of LNG as fuel. 

This configuration reduces emissions in relation to the traditional option by 25% for CO2 and SOx, 35% 

for NOx and increases 33% in PM emissions. The costs in the 20-year period decrease only 2%. 

The Dual Fuel Gas Mode alternative is also ranked in the bottom half of both rankings, because although 

this configuration only increases the costs by 8%, the reduction in emissions are not enough to obtained 

a good score, with only around 12% for CO2 and SOx, and 17% for NOx, while increasing PM emissions 

by 14%.  Even more, the calculations are carried out considering that the ship operates the entire round 

voyage in gas mode, which is an ideal scenario but not completely realistic. 

The traditional Diesel Engine with scrubber configuration is ranked in the middle, as it reduces SOx 

emissions by 95% and PM emissions by 70%, with an increase in the 20 years costs of 47%. 

The hybrid options obtained good classifications in both rankings, except for the Hybrid Diesel-Electric 

configuration in the second ranking, since it gives emphasis to the ESI. The Hybrid Diesel Electric 

reduces emissions in relation to the traditional option by 61% whilst the Hybrid DF-Electric reduces CO2 

and SOx by 64%, NOx by 68% and PM by 38%.  

The increase in costs for a 20-year period are of 340% for the Hybrid Diesel-Electric configuration and 

of 315% for the Hybrid DF-Electric configuration, which means the costs are around four times more in 

20 years. 

The configuration that obtain the first place in both rankings is the Hydrogen Fuel Cells, pushing the 

Pure Battery Electric configuration to the second place. Both these configurations have zero emissions, 

whereby the only advantage one could have over the other is economical. The increase in costs over 

20 years are of 630% for the Hydrogen Fuel Cells and 890% for the Pure Battery electric, which 

correspond to an increase in costs of around 7 and 9 times more, respectively. 
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7.2 Passenger Ferry 

After developing the economic and environmental analysis regarding the passenger ferry’s propulsion 

system, the normalized scores between 0 and 100, obtained for each parameter per configuration are 

present in Table 34. 

Table 34. Passenger Ferry parameters scores 

 CAPEX OPEX ESI CO2 SOx NOx PM 

1.  4-Stroke Diesel 30 84 0 0 0 0 18 

2.  4-Stroke Diesel w/ Scrubber 0 82 18 0 95 0 75 

3.  Dual Fuel Gas Mode 32 99 30 24 42 34 0 

4.  Diesel Electric 38 84 1 1 1 1 19 

5.  Dual Fuel-Electric Gas Mode 23 100 31 26 44 37 1 

6.  Hybrid Diesel Electric 52 82 10 24 24 24 38 

7.  Hybrid DF Diesel Electric Gas Mode 51 95 31 43 57 51 23 

8.  Pure Battery-Electric 100 77 100 100 100 100 100 

9. Hydrogen Fuel Cells 100 0 100 100 100 100 100 

 

The economic parameters cannot be analysed separately, since the price of acquisition of batteries and 

fuel cells are accounted for as operational costs because of their lifetime period. Because of that, the 

CAPEX of the Pure Battery-Electric and Hydrogen Fuel Cells configurations is reduced, causing these 

alternatives to obtain the maximum CAPEX score and consequently the other configurations to obtain 

lower scores. On the other hand, these two configurations obtained the lowest OPEX scores. The 

significantly increased OPEX of the Hydrogen Fuel Cells configuration comparing to the other 

alternatives assigns 0 points to this configuration and increases the OPEX attributed for the remaining 

configurations. 

The hybrid configurations also had the cost acquisition of the batteries accounted for the OPEX, whereby 

these obtained the next best scores regarding CAPEX. The Hybrid DF Diesel-Electric obtained a good 

score regarding the OPEX due to the savings from using LNG as main fuel with just a small amount of 

HFO as pilot fuel. In fact, the three configurations which included a Dual Fuel engine or generator 

obtained the best OPEX scores.  

Regarding the environmental impact score’s distribution, the Pure Battery Electric and the Hydrogen 

Fuel Cells configurations obtained the maximum points in all parameters, since these have zero 

emissions. Regarding ESI scores, none of the other configurations obtained a good result, since there 

are no fuel and distance efficiencies improvements considered, no significant sulphur content reduction 

or NOx points attributed.  
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Regarding the individual gases’ emissions, the third configuration with the best environmental impact 

points is the Hybrid DF Diesel-Electric, even so it’s best score is the SOx emissions with only 57 points. 

Similar to the container carrier case, the traditional Diesel Engine with Scrubber option obtained good 

scores regarding SOx and PM emissions but 0 points for the remaining gases’ emissions. 

The rankings obtained for the passenger ferry case study are the following. 

Table 35. Passenger Ferry Propulsion System Ranking 1 

1º Pure Battery-Electric  95 

2º Hydrogen Fuel Cells 80 

3º Hybrid DF Diesel Electric Gas Mode 56 

4º 4-Stroke Diesel w/ Scrubber 46 

5º Dual Fuel-Electric Gas Mode 44 

 

 

6º Hybrid Diesel Electric 41 

7º Dual Fuel Gas Mode 41 

8º Diesel Electric 25 

9º 4-Stroke Diesel 23 

 

Table 36. Passenger Ferry Propulsion System Ranking 2 

1º Pure Battery-Electric  94 

2º Hydrogen Fuel Cells 75 

3º Hybrid DF Diesel Electric Gas Mode 51 

4º Dual Fuel-Electric Gas Mode 44 

5º Dual Fuel Gas Mode 42 

6º Hybrid Diesel Electric 40 

7º 4-Stroke Diesel w/ Scrubber 37 

8º Diesel Electric 29 

9º 4-Stroke Diesel 27 

 

For the passenger ferry case study, the 4-Stroke Diesel configuration also obtained the last place in both 

rankings. Although not meeting the IMO’s sulphur restrictions of 0.10% m/m for inland vessels at the 

time of writing, it was used as a term of comparison. 

In 8th position in both rankings comes the Diesel-Electric alternative, since it does not bring significant 

economic or environmental improvements from the traditional 4-Stroke Diesel option, as explained in 

the previous section. This configuration only reduces all gases emissions by 1%, decreases the CAPEX 

by 27% and the OPEX by 1%. 
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The Hybrid Diesel-Electric configuration obtained 6th position in both rankings. This alternative reduces 

all gases emissions by 24%. It also reduces the CAPEX by 22%, however, the yearly OPEX increases 

9%. Since more weight percentage is attributed to the OPEX per year due to the lifetime of the batteries, 

the decrease in the CAPEX is not enough to improve this configuration’s rank position.  

The traditional 4-Stroke Diesel-Engine with scrubber configuration obtained the biggest discrepancy in 

both rankings, with 4th position in the first ranking and 7th in the second. This alternative receives 

significant points in SOx and PM emissions, with 95% and 70% reduction respectively and 0 for the 

remaining gases. In the first ranking these improvements are considered directly, placing this 

configuration in the first half of the table. On the other hand, in the second raking, these improvements 

are included in the ESI score, where this positive impact is not so significant. To note that the CAPEX 

increases by 37% in relation to the traditional configuration and the OPEX per year by 7%. 

The Dual Fuel configuration obtained 7th position in the first ranking and 5th in the second one. This 

alternative reduces CO2 emissions by 24%, SOx by 42%, NOx by 34% and increases PM by 22%. 

Regarding the economical parameters, the CAPEX is reduced by 1% and the yearly OPEX by 88%. 

The Dual Fuel-Electric obtained 5th and 4th positions in the first and second ranking respectively. This 

alternative reduces CO2 emissions by 26%, SOx by 46%, NOx by 37% and increases PM by 21%. 

Regarding the economical parameters, the CAPEX is reduced by 15% and the yearly OPEX by 91%.  

The Hybrid Dual Fuel-Electric configuration obtained 3rd position in both rankings. This alternative 

reduces CO2 emissions by 43%, SOx by 57%, NOx by 51% and PM by 6%. Regarding the economical 

parameters, the CAPEX is reduced by 40% and the yearly OPEX by 61%.  

In this case study, the Pure Battery-Electric and Hydrogen Fuel Cells configurations have also obtained 

the maximum points in the environmental impact parameters, whereby the economic parameters settled 

the first and second place. Since the batteries and fuel cells both have short lifetime periods, the 

corresponding acquisition costs are accounted for in the OPEX and thereafter, these configuration’s 

CAPEX only included the price of the frequency converters and electric motor. This means there is a 

significant reduction in this parameter comparing to the traditional 4-Stroke Diesel Engine option, of 

85%.  

On the other hand, the OPEX for these two configurations increases significantly, making this the more 

relevant economic parameter. The increase in OPEX for the Pure Battery-Electric alternative is of around 

35% and for the Hydrogen Fuel Cells of around 470%. Consequently, the first place in both rankings is 

occupied by the Pure Battery-Electric configuration and the second place by the Hydrogen Fuel Cells 

alternative.  
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8 Selected Ship Configurations 

8.1 Container Carrier 

For the container carrier, the propulsion system configuration ranked first for most economical and 

environmentally friendly is the hydrogen fuel cells alternative. However, as explained in section 2.2.7, 

this alternative has an increased volume requirement and arrangement difficulty. Furthermore, both 

compressed gas and liquid hydrogen tanks have fixed cylindrical shapes and can only be 

accommodated in cuboid volumes, which increases even more the arrangement complexity. Since both 

autonomous containers being developed at the moment are equipped with a pure electric battery 

propulsion system and this configuration obtained second place in both rankings, this alternative is used 

in the model developed to access the container’s feasibility in terms of draft and trim for both cargo and 

unloaded conditions.  

In order to develop an autonomous ship, it is of best interest to simplify the navigation operations to the 

maximum, which means removing any systems that are not crucial for the ship’s navigation. These 

include the ballast system or the bilge system. However, there are still essential systems to be 

considered. These include the firefighting system, the anchoring system, the mooring system. 

The first step is to develop a hull shape with the capacity of carrying the proposed 100 TEUs, and that 

fits the propulsion system components and the remaining systems equipment. The main challenge is to 

arrange all the ship’s lightweight elements in the hull so that the vessel is capable of operating ballast 

free in both cargo and unloaded conditions.  

 

Figure 37. Container ship arrangement 
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The propulsion system components are already defined in the in the section where the best configuration 

is discussed and these include the batteries, main switchboard, frequency converters, azipod units and 

bow thruster. 

The required battery capacity obtained in the calculations is 1,460 kWh, however it was obtained 

considering only the propulsion system requirements, the reefer containers power and the emergency 

power. The final battery capacity had to include also the navigation systems power and remaining power 

consumers such as the lighting and navigation equipment. The final battery capacity obtained is of 

2,000 kWh. The specific weight of the proposed battery is between 11-30 kg/kWh and the specific 

volume around 38 l/kWh, both at system level (MAN Energy Solutions, 2019). The system level includes 

not only the weight of the cells, but also the weight of cooling, racks and remaining adjacent equipment. 

After consulting several lithium-ion batteries catalogues, the specific weight value considered is of 

15 kg/kWh.  

The batteries are placed in an accessible location without obstacles in the way for when it is to be 

replaced, represented in green in Figure 38. 

 

Figure 38. Container Carrier's Battery Access 

The total electric motor capacity is of 180 kW and it is to be divided between two azipod units installed 

at the stern of the ship. For the manoeuvring operations, a 50-kW bow thruster is equipped, thus 

completing the main elements to be fitted in the ship’s hull. The propulsion system parameters are 

updated upon each hull form modification. The mooring system can also be mitigated with the 

introduction of self-mooring units at both piers 

As described in section 2.1.4, there are several levels of autonomy. Before the ship is able to operate at 

more advanced levels, where it sails completely unmanned, it first needs to perform trials and complete 

voyages at lower autonomy levels. This means that the initial operations to be performed by the ship 

will have human presence on board, providing decision making support to the navigation system at an 
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early stage and evolving to the simple monitoring of the operations with the possibility to intervene. At a 

more advanced stage, the navigation assistance and monitoring are to be carried out from the SCC. 

The ship is then equipped with a small navigation bridge from where the operators can assist the 

navigation in the initial navigations. The bridge has access to the machinery room to allow maintenance 

or repair actions to the electric equipment such as the main switchboard or the frequency and remaining 

equipment. 

In general, a ship’s ballast system has two main functions. The first is to assure a minimum draft, 

avoiding transverse stability issues. The second, is to assure that the ship’s trim is acceptable, which 

means to guarantee the full immersion of the propeller blades and not to exceed the maximum draft 

imposed by the depth of the waterway.  

In this work, it was assumed to be a reasonable choice for an autonomous ship to be ballast free. For 

the ship to be able to sail in unloaded condition without requiring ballast, the buoyancy centre must be 

moved further back to the aft part of the ship. To do so, the hull is shaped in order to become slenderer 

at the bow. With these modifications, the ship’s trim in unloaded condition becomes acceptable without 

the requirement of a ballast system. However, in cargo condition, it caused the ship to have negative 

trim, which not only would increase the hull resistance but could also eventually lift the azipod units out 

of the water. To avoid this negative trim condition, the cargo holds location was moved further aft. After 

several attempts, the hull is shaped and compartmentalized in order to have a valid trim in both cargo 

and unloaded condition, without a ballast system, Table 37. The ship’s material chosen is steel, at a 

density of 7.9 t/m3. 

Table 37. Container carrier Final Drafts 

Condition Aft Fwd  

Unloaded 1.97 0.93 [m] 

Cargo 3.14 3.17 [m] 

 

 

Figure 39. Container Carrier 3D model 
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After completing the model of the container carrier, the required propulsive power is calculated again 

for the new hull using the same method. The obtained value is slightly less than the initial estimative 

and it does not alter the battery and azipod capacities significantly. 

 

Figure 40. Container Carrier Updated Power vs Speed curve 

8.2 Passenger Ferry 

After ranking the different propulsion system configurations, the results show that a pure electric battery 

powered ship is the most advantageous solution both economically and environmentally for the 

autonomous passenger ferry. Further on, a 3D model of the vessel is created in order to access the 

feasibility of the vessel, mainly in terms of draft and trim for with or without passengers’ conditions. 

 

Figure 41. Passenger's Seats Distribution 

The volume and weight characteristics of the batteries are the same as the ones used in the container 

carrier case. The specific weight of the proposed battery considered is of 15 kg/kWh and the specific 

volume of 38 l/kWh, both at system level (MAN Energy Solutions, 2019). After developing the model 

with the initial battery capacity obtained, the required propulsive power is recalculated using the new 

hull created and the lightship estimation.  
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Figure 42. Passenger Ferry Updated Power vs Speed curve 

The new required propulsive power is significantly higher than the initially estimated. Therefore, the 

corresponding required battery capacity is also higher, which causes an increase in the ship lightweight 

and consequently, the required propulsive power increases again. To annul this spiral, a new hull shape 

must be developed, the most efficiently possible, in order to reduce resistance and consequently, the 

required propulsive power, hence reducing the ship lightweight.  

After several optimization attempts to the ship’s hull, the iterations between the ship’s resistance and 

battery capacity can only be completed if the batteries are charged to 85.5% of their capacity, instead 

of the 80% considered in the container carrier case. This 5.5% increase to the recommended 80% 

maximum charge can have as consequence the shortening of the battery’s lifetime period. 

The weight of the batteries represents a significant part of the ship’s total lightweight. Because of that, 

the ship’s centre of gravity depends mainly in the location of the batteries. To assure that the ferry 

operates with acceptable trims with or without passengers on board, it is crucial that the longitudinal 

centre of the battery is located close to the ship’s longitudinal centre of buoyancy, thus placing the 

batteries near midship. On the other hand, the batteries need to be placed in a location of easy access 

for when needed to be replaced, whereby no passenger spaces can be located above them. 

 

Figure 43. Passenger Ferry Battery Access 
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Regarding the autonomous navigation, as described in the previous section, in the beginning the 

operations will be carried out at lower autonomy levels, which means there is human presence on board 

supporting the navigation system, whether in the decision making process or at the more advanced 

stage of simply monitoring with possible intervention. In order for these crew members to carry out their 

functions, the passenger ferry is equipped with a navigation bridge, situated in a location where it does 

not interfere with the battery replacing operation.  

 

Figure 44. Passenger Ferry 3D model 

The material of hull of the ferry chosen is aluminium, at a density of 2.7 t/m3. The resultant drafts are 

present in Table 38. 

Table 38. Passenger Ferry Final Drafts 

Condition Aft Fwd  

Empty 1.45 1.12 [m] 

Full Occupation 1.51 1.33 [m] 
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9 Conclusions and Recommendations 

9.1 Conclusions 

This dissertation approached two different topics, autonomous shipping and low emissions propulsion, 

and how these two areas of study complemented each other.  

The initial phase of the study was to understand the different characteristics of an autonomous ship 

comparing to a traditional manned vessel and the modifications to be made to the hull layout. On the 

other hand, the greener alternatives for propulsion and electric power generation were also studied in 

terms of costs, environmental impact and general functioning. Upon that, nine different configurations 

were chosen to be analysed inserted in realistic scenarios. 

Further on, two diverse case study scenarios were defined, an autonomous container carrier and an 

autonomous ferry, both operating inland realistic routes. The routes were considered to be carried out 

in closed waters since there are still no rules regarding autonomous ships implemented in international 

waters.  

With the proposed voyages plans, the variations of capital and operational costs, associated with each 

of the propulsion and electric power generation alternatives were quantified, as well as the different 

environmental impact for each of these configurations. 

After quantifying these parameters, two rankings for each case study were created with different 

selection criteria. In both rankings, more weight was chosen to be attributed to the environmental impact 

than to the economic parameters. In the first ranking the environmental parameters were each individual 

gases’ quantified emissions. In the second raking, the parameters were the ESI and the quantified 

emissions of the gases that did not influence the ESI. The economic parameters are different for the two 

case study scenarios but the same between the two rankings.   

In both rankings, the propulsion system configurations obtained as the most advantageous economically 

and environmentally are the Hydrogen Fuel Cells and the Pure Battery Electric, for both case studies, 

although in reverse order. This convergence suggests that these are the most suitable alternatives. 

Between these two alternatives, it was concluded that the best option for an autonomous ship would be 

to have a Pure Battery Electric propulsion system. 

It is feasible to design a Pure Electric cargo ship, with low service speed and with a round voyage plan 

that allows the batteries to be recharged between voyage legs. For this case study, the size of the battery 

pack required fits easily in the hull layout and the corresponding weight does not compromise neither 

the cargo capacity nor the draft and trim of the ship.  

In principle, an autonomous cargo ship does not require a superstructure for the crew. However, for the 

initial operations in which the autonomy level will still be low, a small navigation bridge needs to be fitted, 

for an onboard operator to support the navigation, through monitoring, decision making assistance and 

possible intervention.  
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It was assumed as an advantageous characteristic of an autonomous container ship to be ballast free, 

since ballast handling operations require decision making and actions carried out by crew members or 

the existence of automated systems with additional costs.  

For the second case study, although it is feasible, it is more challenging to develop a Pure Electric ferry. 

Even though the first pure electric ship was a car ferry, this had to operate voyage legs of 3 nautical 

miles with charging between each of them whilst in the proposed case study, the voyages legs are of 8 

nautical miles, without charging between them and at a significant speed of 19.2 knots. 

Increasing speed and displacement result in the need for a larger battery capacity, which increases the 

ferry’s lightweight and consequently, the required propulsive power and, in a circle, the required battery 

capacity increases as well. The solution to break this loop is to develop a hull that is as efficient as 

possible, install the lightest battery packs possible, or to complete fewer round voyages between each 

battery charge. 

Regarding the ship’s general layout, since the battery pack represents a significant part of the ship’s 

total lightweight, it must be placed closer to midship, in order to assure there are no trim issues. 

Some of the configurations for both vessels obtained negative ESI values, which means that these do 

not comply with the minimum requirements of this classification method. On the other hand, these 

ranking attributes significant points to improvements recorded over the years, which cannot be 

accounted for in calculations for a new building ship. 

For the container carrier, all the configuration’s attained EEDI values lower than the corresponding 

reference values. For the passenger ferry, most of the configuration’s attained EEDI were larger than 

the corresponding reference value. This is due to the fact that the attained EEDI values were calculated 

considering the new required propulsive power. This new value was estimated considering the pure 

battery electric configuration, in which the weight of the batteries causes the displacement to increase 

and consequently, the required propulsive power to increase as well, resulting in a larger attained EEDI.  

To note that other propulsion system configurations obtained interesting results, specially the 

Hydrogen Fuel Cells, however, for this alternative to be more viable, the hydrogen storage systems still 

need to be more developed, in order to provide for a safe and sustainable autonomous operation.  

The work was focused on the attempt to determine the benefits of autonomous shipping in terms of 

economy, safety of operation and environmental impact. It also raised the opportunity to have an 

increased knowledge of the new alternatives in ship propulsion, their functioning and most important, to 

quantify how much the environmental impact would be reduced. Finally, it was identified the most 

suitable alternative for the propulsion of an autonomous vessel and the alterations to be made to the 

general layout of the ship, to be adapted both to autonomous operations and to the selected propulsion 

system.   
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9.2 Paths for Future Research  

Both the autonomous shipping and low emissions propulsion topics, addressed in this study, still have 

a margin of progression to be developed.  

Regarding autonomous shipping, the next step is to develop a model without any bridge for operator on 

board. This would mean that the progress in autonomous navigation had already been made to a point 

where the autonomy level reached a point where there is no human presence on board required. At this 

stage, all the monitoring, decision making support or interventions would be made from the SCC. 

Regarding the low emission propulsion topic, it would be relevant to better analyse the configurations 

which obtained the better score, Pure Battery Electric and Hydrogen Fuel Cells. This means, access all 

the costs associated with the propulsion system at a more detailed level and, also to review better all 

the components associated with that propulsion system alternative and how those components would 

fit adequate in the ship’s hull layout. Regarding Hydrogen Fuel Cell, it would be relevant to investigate 

the different hydrogen storage systems, liquid and compressed, and to assess in a more detailed way 

the costs and hazards associated to them. 

Finally, there are new green alternatives to provide electric power to the ship that are emerging and are 

also economical and environmentally friendly, like the use of hydrogen as a combustion-based prime 

mover, the installation of solar panel on cargo ships or the use of wind propulsion. 
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ANNEX 1. 
Container Carrier 20 years Cash Flow 
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1.  4-Stroke Diesel  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 308 219 0 0 0 0 308 219 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

OPEX [USD] 0 635 953 953 953 1270 1270 1270 1270 1270 1588 1588 1588 1588 1588 1588 1588 1588 1588 1588 1588  

Total [USD] 308 219 635 953 953 953 309 489 1 270 1 270 1 270 1 270 1 588 1 588 1 588 1 588 1 588 1 588 1 588 1 588 1 588 1 588 1 588 643 749 

                       

2.  4-Stroke Scrubber  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 459 269 0 0 0 0 459 269 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

OPEX [USD] 0 667 1 001 1 001 1 001 1 334 1 334 1 334 1 334 1 334 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668  

Total [USD] 459 269 667 1 001 1 001 1 001 460 603 1 334 1 334 1 334 1 334 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 1 668 947 226 

                       

3.  Dual Fuel Gas Mode  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 337 735 0 0 0 0 337 735 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

OPEX [USD] 0 399 599 599 599 799 799 799 799 799 998 998 998 998 998 998 998 998 998 998 998  

Total [USD] 337 735 399 599 599 599 338 534 799 799 799 799 998 998 998 998 998 998 998 998 998 998 998 692 639 

                       

4. Diesel-Electric  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 300 412 0 0 0 0 300 412 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

OPEX [USD] 0 580 871 871 871 1 161 1 161 1 161 1 161 1 161 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451  

Total [USD] 300 412 580 871 871 871 301 573 1 161 1 161 1 161 1 161 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 1 451 625 782 
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5. Dual Fuel-Electric Gas Mode  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 313 471 0 0 0 0 313 471 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

OPEX [USD] 0 65 98 98 98 130 130 130 130 130 163 163 163 163 163 163 163 163 163 163 163  

Total [USD] 313 471 65 98 98 98 313 601 130 130 130 130 163 163 163 163 163 163 163 163 163 163 163 629 745 

                       

6.  Hybrid Diesel Electric  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 770 001 0 0 0 0 770 001 0 0 0 0 0 635 089 0 0 0 635 089 0 0 0 0 0  

OPEX [USD] 0 534 801 801 801 1 068 1 068 1 068 1 068 1 068 1 068 1 335 1 335 1 335 1 335 1 335 1 335 1 335 1 335 1 335 1 335  

Total [USD] 770 001 534 801 801 801 771 069 1 068 1 068 1 068 1 068 1 068 636 424 1 335 1 335 1 335 636 424 1 335 1 335 1 335 1 335 1 335 2 832 869 

                       

7.  Hybrid DF Diesel Electric Gas Mode  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 790 619 0 0 0 0 790 619 0 0 0 0 0 635 089 0 0 0 635 089 0 0 0 0 0  

OPEX [USD] 0 284 426 426 426 568 568 568 568 568 709 709 709 709 709 709 709 709 709 709 709  

Total [USD] 790 619 284 426 426 426 791 186 568 568 568 568 709 635 799 709 709 709 635 799 709 709 709 709 709 2 863 618 
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8.  Pure Battery-Electric  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 1 626 322 0 0 0 0 1 626 322 0 0 0 0 0 1 564 911 0 0 0 1 564 911 0 0 0 0 0  

OPEX [USD] 0 323 484 484 484 645 645 645 645 645 807 807 807 807 807 807 807 807 807 807 807  

Total [USD] 1 626 322 323 484 484 484 1 626 968 645 645 645 645 807 1 565 717 807 807 807 1 565 717 807 807 807 807 807 6 396 340 

                       

                       

9. Hydrogen Fuel Cells  

                       

 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040  

CAPEX [USD] 816 153 0 0 0 0 816 153 512 941 0 0 0 512 941 754 741 0 0 0 754 741 512 941 0 0 0 0  

OPEX [USD] 0 323 484 484 484 645 645 645 645 645 807 807 807 807 807 807 807 807 807 807 807  

Total [USD] 816 153 323 484 484 484 816 798 513 586 645 645 645 513 748 755 548 807 807 807 755 548 513 748 807 807 807 807 4 694 485 
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ANNEX 2. 
Container Carrier Configuration's Parameters



94 
  

 

 

Propulsion Alternative 

Cost Cash Flow 
- 20 y 

Emissions EEDI 

CAPEX OPEX 
ESI 

CO2 SOx NOx PM Ref Att. 

[USD] [USD/RV] [USD/TEU] g/TEU g/TEU g/TEU g/TEU [g/t/nm] [g/t/nm] 

1.  4-Stroke Diesel 308 219 318 643 749 -26.78 18 782 124 432 9 42.55 27.56 

2.  4-Stroke Scrubber 459 269 334 947 226 -6.20 18 782 6 432 3 42.55 27.56 

3.  Dual Fuel Gas Mode 337 735 200 692 639 -1.82 16 610 109 359 10 42.55 17.57 

4.  Diesel Electric 300 412 290 625 782 -17.38 18 643 123 429 9 42.55 21.00 

5.  Dual Fuel- Electric Gas Mode 313 471 33 629 745 16.82 14 285 93 282 12 42.55 2.20 

6.  Hybrid Diesel Electric 770 001 267 2 832 869 -34.90 7 301 48 168 4 42.55 6.95 

7.  Hybrid DF Diesel Electric Gas Mode 790 619 142 2 863 618 16.82 6 987 45 138 6 42.55 0.65 

8.  Pure Battery-Electric 1 626 322 161 6 396 340 100 0 0 0 0 42.55 0.00 

9.  Hydrogen Fuel Cells 816 153 1 035 4 694 485 100 0 0 0 0 42.55 0.00 
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ANNEX 3. 
Container Carrier Rankings
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   Weight    

   Cash Flow - 20 y CO2 SOx NOx PM 
   

      

      0.3 0.15 0.18 0.25 0.12 Score Position 

1.  4-Stroke Diesel 100 0 0 0 21 32 9 

2.  4-Stroke Scrubber 94 0 95 0 76 55 5 

3.  Dual Fuel Gas Mode 99 12 12 17 11 39 7 

4.  Diesel Electric 100 1 1 1 22 33 8 

5.  Dual Fuel- Electric Gas Mode 100 24 25 35 0 47 6 

6.  Hybrid Diesel Electric 62 61 61 61 69 62.3 4 

7.  Hybrid DF Diesel Electric Gas Mode 61 63 64 68 51 62.4 3 

8.  Pure Battery-Electric 0 100 100 100 100 70 2 

9. Hydrogen Fuel Cells 29 100 100 100 100 79 1 

 

 

 

   Weight    

   Cash Flow - 20 y ESI CO2 PM 
   

      

      0.35 0.3 0.2 0.15 Score Position 

1.  4-Stroke Diesel 100 6 0 21 40 9 

2.  4-Stroke Scrubber 94 21 0 76 50.9 5 

3.  Dual Fuel Gas Mode 99 25 12 11 45.8 6 

4.  Diesel Electric 100 13 1 22 42.3 8 

5.  Dual Fuel- Electric Gas Mode 100 38 24 0 51.3 4 

6.  Hybrid Diesel Electric 62 0 61 69 44 7 

7.  Hybrid DF Diesel Electric Gas Mode 61 38 63 51 53.2 3 

8.  Pure Battery-Electric 0 100 100 100 65 2 

9. Hydrogen Fuel Cells 29 100 100 100 75 1 
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ANNEX 4. 
Container Carrier Lightweight Estimation
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  Component 
Area Thickness Density Weight 

w/ 
Stiffeners 

LCG Weight.LCG VCG Weight.VCG 

    [m^2] [m] [t/m^3] [t] [t] [m] [tm] [m] [tm] 

Structure 

Hull 2 150.0 0.010 7.90 169.85 220.8 33.73 7 447.8 3.51 775.0 

Stern Panel 113.2 0.010 7.90 8.95 11.6 0.00 0.0 6.21 72.2 

Tunnel Thrusters 0.0 0.010 7.90 0.00 0.0 66.40 0.0 1.00 0.0 

Double Bottom 533.3 0.010 7.90 42.13 54.8 36.30 1 988.1 1.00 54.8 

Cargo Deck 161.1 0.010 7.90 12.73 16.5 32.77 542.2 4.60 76.1 

Tween Deck 43.7 0.010 7.90 3.45 4.5 4.83 21.7 5.50 24.7 

Bridge Deck 44.1 0.010 7.90 3.49 4.5 4.90 22.2 9.96 45.1 

Transverse Bulkheads 966.5 0.010 7.90 76.35 99.3 32.30 3 206.1 5.70 565.8 

Collision Bulkhead 64.2 0.015 7.90 7.61 9.9 64.00 633.0 6.50 64.3 

Longitudinal Bulkheads 907.7 0.010 7.90 71.71 93.2 33.50 3 122.9 5.74 535.1 

ER Bulkheads 179.0 0.010 7.90 14.14 18.4 4.94 90.8 6.95 127.8 

Web Frames 883.0 0.010 7.90 69.76 90.7 32.30 2 929.1 3.80 344.6 

Longitudinal Girders 351.8 0.010 7.90 27.79 36.1 26.60 961.1 1.24 44.8 

Cell Guides 479.2 0.010 7.90 37.86 37.9 33.75 1 277.7 5.73 216.9 

Hatch Covers 623.1 0.010 7.90 49.22 64.0 33.16 2 122.0 10.60 678.3 

Coamings 77.7 0.010 7.90 6.14 8.0 33.95 270.9 10.00 79.8 

Deck 314.0 0.010 7.90 24.81 32.2 39.30 1 267.4 10.00 322.5 

Fire Fighting Piping 74.8 0.010 7.90 5.91 5.9 34.90 206.3 1.20 7.1 

Ladders 14.5 0.010 7.90 1.15 1.1 4.40 5.0 7.20 8.2 

Handrails 31.8 0.010 7.90 2.51 2.5 4.90 12.3 6.20 15.6 

Bridge Bulkheads 52.0 0.010 7.90 4.11 5.3 5.70 30.4 12.08 64.5 

Masts 1.14 2.70 3.08 3.1 36.50 112.3 14.90 45.9 
  

      820.4  26269  4169.1 
  

       LCG [m] 32.02 VCG [m] 5.1 
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     Weight Units Total LCG Weight.LCG VCG Weight.VCG 

        [t] [-] [t] [m] [tm] [m] [tm] 

Equipment 

Navigation Eq. 0.2 1 0.2 7.3 1.5 10.5 2.1 

Main Switchboard 0.2 1 0.2 6.3 1.3 6.7 1.34 

Frequency Converters 0.2 2 0.4 5.5 1.1 6.7 1.34 

Batteries 30 1 30 2 60.0 5.5 165 

Azipod Units 0.219 2 0.438 2.6 0.6 1.26 0.27594 

Bow Thruster 0.73 2 1.468 65.0 47.7 1.8 1.3212 

Fire Fighting Pump 0.087 2 0.174 9.45 0.8 4.1 0.35235 

Anchoring System 50 1 50 70.6 3530.0 7 350 

      82.88  3642.9  521.73 

     LCG [m] 44.0 VCG [m] 6.29 
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ANNEX 5. 
Container Carrier Hull in Model Maker 
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ANNEX 6. 
Passenger Ferry Configuration's Parameters
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Propulsion Alternative 

Cost Emissions EEDI 

CAPEX OPEX 
ESI 

CO2 SOx NOx PM Ref Att. 

[USD] [USD/year] t/year t/year t/year t/year [g/t/nm] [g/t/nm] 

1.  4-Stroke Diesel 3 205 035 815 454 -13.50 5 081 34 117 2 185.9 2,861.54 

2.  4-Stroke Diesel w/ Scrubber 4 399 704 874 269 6.63 5 081 2 117 1 185.9 2,861.54 

3.  Dual Fuel Gas Mode 3 164 835 99 929 20.43 3 856 20 77 3 185.9 325.40 

4.  Diesel-Electric 2 662 212 803 689 -12.68 5 008 33 115 2 185.9 2,706.84 

5.  Dual Fuel-Electric Gas Mode 2 739 712 73 458 21.31 3 756 19 74 3 185.9 201.78 

6.  Hybrid Diesel Electric 2 179 712 886 297 -2.70 3 865 26 89 2 185.9 1,684.53 

7.  Hybrid DF Electric Gas Mode 1 929 712 319 452 21.72 2 898 14 57 2 185.9 103.31 

8.  Pure Battery-Electric 489 712 1 104 012 100 0 0 0 0 185.9 0.00 

9.  Hydrogen Fuel Cells 489 712 4 645 452 100 0 0 0 0 185.9 0.00 
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ANNEX 7. 
Passenger Ferry Rankings
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   Weight    

   CAPEX OPEX CO2 SOx NOx PM    

      0.1 0.2 0.15 0.18 0.25 0.12 Score Position 

1.  4-Stroke Diesel 31 84 0 0 0 18 22 9 

2.  4-Stroke Diesel w/ Scrubber 0 82 0 95 0 75 42.6 6 

3.  Dual Fuel Gas Mode 32 99 24 42 34 0 42.8 5 

4.  Diesel-Electric 44 84 1 1 1 19 24 8 

5.  Dual Fuel-Electric Gas Mode 42 100 26 44 37 1 45 4 

4.  Hybrid Diesel Electric 57 82 24 24 24 38 41 7 

7.  Hybrid DF Electric Gas Mode 63 95 43 57 51 23 58 3 

8.  Pure Battery-Electric 100 77 100 100 100 100 95 1 

9.  Hydrogen Fuel Cells 100 0 100 100 100 100 80 2 

 

 

 
  Weight    

   CAPEX OPEX ESI CO2 PM    

      0.1 0.25 0.3 0.2 0.15 Score Position 

1.  4-Stroke Diesel 31 84 0 0 18 27 9 

2.  4-Stroke Diesel w/ Scrubber 0 82 18 0 75 37 7 

3.  Dual Fuel Gas Mode 32 99 30 24 0 41.8 5 

4.  Diesel-Electric 44 84 1 1 19 29 8 

5.  Dual Fuel-Electric Gas Mode 42 100 31 26 1 44 4 

6.  Hybrid Diesel Electric 57 82 10 24 38 39.5 6 

7.  Hybrid DF Electric Gas Mode 63 95 31 43 23 51 3 

8.  Pure Battery-Electric 100 77 100 100 100 94 1 

9.  Hydrogen Fuel Cells 100 0 100 100 100 75 2 
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ANNEX 8. 
Passenger Ferry Lightweight Estimation
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     Weight Units Total LCG Weight.LCG VCG Weight.VCG 

        [t] [-] [t] [m] [tm] [m] [tm] 

Equipment 

Navigation Eq. 0.2 1 0.2 40.3 8.1 8.65 1.73 

Main Switchboard 0.2 1 0.2 13 2.6 4.2 0.84 

Frequency Converters 0.2 6 1.2 19.46 3.9 4.13 0.826 

Batteries 157.5 1 157.5 25.5 4016.3 4.81 757.575 

Electric Motor 4.08 2 8.16 1.67 6.8 1.7 6.936 

Water Jet 0.89 2 1.78 -0.01 0.0 0.65 1.3 

Seats 0.02 560 11.2 24.27 0.5 4.7 0.094 

      180.24  4038.1  769.30 

  Component 
Area Thickness Density Weight 

w/ 
Stiffeners 

LCG Weight.LCG VCG Weight.VCG 

    [m^2] [m] [t/m^3] [t] [t] [m] [tm] [m] [tm] 

Structure 

Hull 958.5 0.008 2.70 20.70 26.9 24.89 669.9 1.28 34.5 

Stern Panel 27.5 0.008 2.70 0.59 0.8 0.00 0.0 1.95 1.5 

Double Bottom 47.7 0.008 2.70 1.03 1.3 3.00 4.0 1.00 1.3 

Main Deck 636.8 0.008 2.70 13.75 17.9 24.50 438.1 3.10 55.4 

Upper Deck 408.3 0.008 2.70 8.82 11.5 21.70 248.8 5.60 64.2 

Bridge Deck 268.9 0.008 2.70 5.81 7.6 25.56 193.0 8.10 61.2 

Batteries Cover 180.9 0.008 2.70 3.91 5.1 24.90 126.5 8.10 41.1 

Main Deck Bulkheads 254.2 0.008 2.70 5.49 7.1 25.62 182.9 4.10 29.3 

Upper Deck Bulkheads 168.0 0.008 2.70 3.63 4.7 28.84 136.1 6.50 30.7 

Bridge Bulkheads 116.5 0.008 2.70 2.52 3.3 39.70 129.9 10.00 32.7 

ER Bulkheads 318.5 0.008 2.70 6.88 8.9 24.90 222.7 5.60 50.1 

Web frames 371.8 0.008 2.70 8.03 10.4 23.85 249.0 1.90 19.8 

Ladders 15.7 0.008 2.70 0.34 0.4 22.70 10.0 4.40 1.9 

Masts 0.57 2.70 1.54 1.5 38.20 58.8 14.40 22.2 
  

  
    107.5  2670  445.9 

  
  

     LCG [m] 24.84 VCG [m] 4.1 
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ANNEX 9. 
Passenger Ferry Double Hull in Model Maker 
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