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EXECUTIVE SUMMARY 
Project ''Strengthening Transnational CO-operation, Knowledge and Technology 

Transfer in Development of Electric Vessels and Fostering Innovation in SMEs'' 

contributes to the strengthening of the transnational innovation eco-system through the 

establishment of a sustainable network and the implementation of programs focusing 

on the collaborative development and market uptake of innovative electric vessels 

while connecting companies of EEA countries that have a strong maritime tradition and 

current pioneering initiatives in the development of similar vessels. This study was 

initiated to provide the project with a technical assessment on the use of zero – 

emission technologies in maritime transport and ensure identification of existing and 

near-future technology projects and gaps in the development of electric vessels in the 

EEA area. The study is essentially divided into chapters, which cover different 

segments and integration solutions of zero-emission technologies. 

 

The introductory chapter defines modes of transport and zero – emission vessels. 

 

The second chapter defines standards, regulations and strategies for zero-emission 

technologies in the shipping industry. 

 

The third chapter defines innovative materials used in shipping. 

 

The fourth chapter, describes the different zero-emission technologies in transport, 

specific technologies and innovations for zero-emission waterborne transport. 
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 INTRODUCTION 
In recognition of the need to decrease greenhouse gas emissions and air 

pollutants, there is an urgent need to accelerate the development and 

implementation of zero-emission technologies in different modes of transport. 

Implementation of multiple subcategories of zero – emission technologies can 

accomplish demanded reduction of greenhouse gas emissions and air 

pollutants. The transport sector represents almost a quarter of Europe's 

greenhouse gas emissions and it is the main cause of air pollution in many 

countries.  

 

The transport sector has not seen the same emission reduction as other 

sectors and countries located in the EEA have to accelerate the transition 

towards zero-emission technologies in the road, rail, air and especially in 

maritime transport. The maritime and inland waterway transport emitted more 

than 138 million tonnes of CO2 in 2018 [1]. 

 

Figure 1. Ilustration of Air Emissions from Maritime Transport [1] 

Zero-emission vessels, innovations and cutting-edge technologies in maritime 

transport are of great importance for other modes of transport as well. Suppose 

such technologies and innovations become successful and developed, they 

can be applied to other modes of transport, not only in  maritime transport, but 

in road transport, rail transport and air transport as well.  

 

The electrification of transport requires reliable and affordable integration of 

zero-emission technologies in different modes of transport and it is essential 
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for meeting the European Union goals of decarbonization, which are defined in 

strategies, policies and regulations.  

 

Emissions from maritime transport have been of increasing concern and 

maritime transport has not seen the same progress in emission reduction as 

other modes of transport. Maritime transport has emitted around 138 million 

tonnes of CO2 in 2018 and is responsible for over 3 % of  EU CO2 emissions 

[1]. 

 

Transition to zero-emission vessels is at an early stage of development and 

urgently has to accelerate. The present study on the use of electric and hybrid 

vessels has a part in supporting solutions and innovations for sustainable 

zero-emission shipping.  

 

Electrification of maritime transport is complex, because of its diversity of 

vessel types and different ship services. Norway stands out as a leader in the 

development of electric vessels in the focused EEA area, whose expertise 

will be transferred to other interested countries (Croatia, Poland, Baltic States, 

etc.) and upgraded as a result of transnational knowledge-sharing and co-

operation. For successful delivery of the expected project results and outputs, 

the first and essential step to take is to set up a solid technological knowledge 

basis.  

 

The pressure to resolve issues related to global warming, air pollution and the 

degradation of the world's oceans is increasingly directed towards maritime 

transport, because of maritime transport's high environmental and climate 

impact.  

 

Research, innovations, knowledge-sharing and co-operation are essential to 

eliminate greenhouse gas emissions, water and air pollution, in order to 

ensure clean planet for future generations.  

 

The maritime transport key characteristics are: 

- diversity of ship types and ship services; 
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- high energy needs; 

- lack of alternative fuels; 

- lack of infrastructure; 

- age of vessels; 

- international sector and subject to different international regulatory 

frameworks; 

- importance of external and internal trade; 

- strategic dimension in terms of defence and security;  

- access to trade; 

- access to natural resources. 

Innovation and technology development that combat climate change and 

minimise air pollution could lead to digital, automated or autonomous maritime 

transport in the near-future.  Different innovative vessel technologies are 

evolving and it is reasonable that in near-future the costs of fuel cells, batteries 

and hydrogen storage could all reduce significantly, especially if they become 

components of another sector's decarbonisation. Also, there are multiple 

subcategories of zero-emission vessel technologies that can replace 

conventional diesel engines and there are multiple vessel types where these 

technologies could be used.  

 

The study aims to establish technical knowledge basis for the development of 

electric and hybrid vessels that will gather stakeholders and SMEs located in 

EEA. To achieve lower emissions from maritime transport and to extend the 

use of electric vessels through the development of new technologies is the goal 

in the near-future. However the maritime transport is diverse, the size, speed 

and range of vessels varies significantly and the problem cannot be analysed 

as a single technology. Still it should consider the integration of different 

systems in different vessel types. Naval architecture needs to find solutions for 

decreasing the weight of the vessels and for reducing the total energy 

consumption of all vessel systems to a minimum.  

 

Economically, these vessels could be profitable and with their environmental 

benefits electric vessels have a place in future transport, especially in countries 

which need to preserve clean nature.  
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 STANDARDS, REGULATIONS AND STRATEGIES  
International shipping is a large and growing source of greenhouse gas 

emissions. The EU supports global action to reduce greenhouse gas emissions 

but reducing transportation and trade between countries is not an option, as 

transportation and trade are important for international growth.  Reduction of 

greenhouse gas emissions is present in every economic sector and maritime 

transport is already starting to develop and integrate technologies that will 

reduce greenhouse gas emissions. The shipping sector has a considerable 

impact at the EU level and CO2 emissions reported in the EU MRV system 

represent 15 % of the total CO2 emissions from international and domestic 

shipping [1]. 

Table 1. Sources of air pollution in the maritime industry 

MARITIME AIR 
EMISSIONS 

PORT OPERATIONS 

Road vehicles 
Non-road mobile 

machinery 
Port facility energy 

usage 
VESSEL 

OPERATIONS 
Vessels in port 

Vessels at sea 
 

Climate change, air pollution and degradation of the world's oceans are 

problems related to transport, but maritime transport is one of the relevant 

sectors for society and industries. International shipping is an essential part of 

European transport and carries 75 % of external EU trade, and 36 % of intra-

EU trade. Moreover, the EU shipping industry directly employs around 640,000 

people and up to 2.1 million when including the whole supply chain and 

maritime transport has to remain safe and in operation, due to natural disasters 

or exceptional pandemic occurrences[1]. 

 

Exceptional occurrences (e.g. COVID-19) could be a key factor for an urgent 

transition to zero-emission maritime transport. Furthermore, that could be a key 

factor for the integration of near-future technologies such as autonomous 

vessels as well, because maritime transport is a vital part of the supply chain 

during this kind of crisis. The maritime transport must anticipate and monitor 



 

6 
 

the consequences of this crisis and implement new and more integrated 

innovative technologies, because this sector must be committed to realizing 

zero-emissions objectives to the benefit of future generations.  

 

Full decarbonisation necessitates the development of zero-emission vessels, 

which are especially practical for smaller vessels sailing on short-frequency 

routes. Technologies have to be mature before they can be applied to trans-

oceanic vessels. Alternative fuels should become globally available 

expeditiously and maritime transport should make the transition to these 

technologies and fuels as soon as possible. 

 

Risks of climate change and the harm from air pollution sets out a set of 

standards, policies and regulations that aims to take action on climate and 

environmental challenges. The most relevant recent policies, regulations and 

strategies related to climate change, air pollution and the degradation of the 

world's oceans are:  

- ''The European Green Deal'' 
The European Green Deal is a roadmap with actions for making the EU's 

economy sustainable by turning climate and environmental challenges into 

opportunities. The European Green Deal provides actions to ensure that 

Europe will be the first climate-neutral continent by 2050. The strategy aims to 

transform the EU into a fair and prosperous society. Moreover, it aims to protect 

natural capital, the health and well-being of citizens from environment-related 

risks and impacts. Various elements of the Green Deal are: 

 - increasing the EU's climate ambition for 2030 and 2050; 

 - supplying clean, affordable and secure energy; 

 - mobilising industry for a clean and circular economy; 

 - building and renovating in an energy resource-efficient way; 

 - a zero pollution ambition for a toxic-free environment; 

 - preserving and restoring eco-systems and biodiversity; 

 - ensuring a fair, healthy and environmentally friendly food system; 

 - accelerating the transition to sustainable and smart mobility [2]. 
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In terms of The Green Deal, maritime transport should become drastically less 

polluting.  

2030 targets of the European Green Deal focuses on energy efficiency and 

pathways to 

decarbonization: 

 - reducing greenhouse gas emissions by at least 50% (from 1990 levels); 

 - improving energy efficiency by at least 32.5 %; 

 - increase the share for renewable energy by at least 32 % [2]. 

2050 targets of the European Green Deal transform EU's economy into a 

modern, resource-efficient and competitive economy, will require action by all 

sectors of our economy, including: 

 - investing in zero-emission technologies; 

 -inter-connecting energy systems and better integration of renewable 

energy sources; 

 - supporting industry to innovate and promote innovative technologies; 

 - boost energy efficiency and eco-design of products; 

 - decarbonising the energy sector and promote smart integration; 

 - working with international partners to improve global environmental 

standards; 

 - promote EU energy standards and technologies at a global level [2]. 

 

European Green Deal aims to cut transport emissions by 90 % by 2050. 

Emissions from shipping, being an international transportation sector, are 

diverse and cannot be attributed to individual nations. While maritime transport 

is the most carbon-efficient form of commercial transport in terms of CO2 

emissions per tonne cargo moved for one kilometre, shifting to smart and safe 

zero-emission maritime transport is crucial to achieving aims of the European 

Green Deal and it requires a radical change in all modes of transport.  

 

Moreover, measures to incentivise the use of electric shore power from 

renewable energy sources by vessels when docking, electrification of vessels, 

installation of port infrastructure and charging facilities are included.  

- ' 'A Clean Planet for all: A European strategic long-term vision for a 

prosperous, modern, competitive and climate neutral economy '' 
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This long-term strategy embraces prosperous, modern, competitive and 

climate-neutral economy, but also confirms Europe's commitment to lead in 

global climate action and to achieve net-zero GHG by 2050. [3] 

 

Figure 2. Climate change impacts in Europe [3] 

Different modes of transport have to contribute to the decarbonization of the 

mobility sector. Electrification of short sea shipping and inland waterways is 

currently an option, where the power to weight ratio makes it doable and 

presently understandable. Transport electrification using renewable energy 

sources will not be possible with a single technology for all modes of transport. 

Still, it will be possible with a set of different zero-emission technologies. 

Batteries have so far a low energy density and their high weight is not 

convenient for long-distance maritime transport.  More efficient organisation of 

the entire mobility system based on digitalisation, data sharing and 

interoperable standards is of great importance to originate zero-emission 

maritime transport.  Only an integrated system approach can achieve 

demanded emission reductions and that promotes a set of different long-term 

strategy options. This long-term strategy defines pathways for the transition to 

a net-zero economy and different strategic priority areas, such as ''Clean, safe 

and connected mobility'', which is a strategic priority area for joint action to 

accomplish decarbonisation in the transport sector.  

- ''The Sustainable and Smart Mobility Strategy'' 
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The Sustainable and Smart Mobility Strategy, part of The European Green 

Deal, which includes a greenhouse gas emissions reduction related to transport 

by 90 % by 2050. The Sustainable and Smart Mobility Strategy objectives are: 

- increasing the uptake of zero-emission vessels; 

- making sustainable alternative solutions available to the public & 

businesses; 

- supporting digitalisation & automation; 

- improving connectivity & access. 

The Commission intends to take action to meet these targets and to ensure that 

the EU transport sector is ready for a clean, digital and modern economy.  

 

The key areas covered in this strategy are the transport and environment areas 

of shared competence. Climate change and certain negative environmental 

impacts are a trans-boundary problem, where co-ordinated EU action can 

effectively supplement and reinforce national and local action. Moreover, 

mobility and transport keep Europe moving and the economy growing. Without 

transport, the internal market would not function, nor would the European 

industry be competitive[4]. 

- ''FuelEU Maritime – Green European Maritime Space'' 
FuelEU Maritime – Green European Maritime Space initiative is part of the 

European Green Deal. It outlines a clear pathway for the maritime sector to 

deliver projections in the Commission's long-term vision for a prosperous, 

modern, competitive and climate-neutral economy by 2050 as well as the global 

strategy for GHG reduction from vessels, which includes development and 

uptake of zero-emission alternative fuels. The initiative aims at reducing 

emissions from maritime transport by accelerating the uptake of alternative 

fuels, which could be used while vessels are in operation or anchored in the 

port. Moreover, the initiative aims at increasing the share in the fuel mixture of 

international maritime transport of sustainable low and zero-carbon alternative 

fuels including: liquid biofuels, e-liquids, decarbonised gas (including bio-LNG 

and e-gas), decarbonised hydrogen and decarbonised hydrogen-derived fuels 

(including methane, and ammonia). When assessing the policy options, 

objectives will include: 
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- Enhance predictability, facilitate the planning of investments and setting 

a clear pathway for decarbonising the current maritime transport; 

- Stimulate production on a larger scale and reduce the price gap with 

current fuels and technologies, by enforcing technologically mature 

sustainable alternative fuels and zero-emission technologies; 

- Boost demand from ship operators to bunker alternative fuels or 

connect to the electric grid while anchored and solve the 

interdependency issue; 

- Avoid carbon leakage by imposing obligations on all ships trading in the 

EEA area [5]. 

 

Sustainable alternative fuels in maritime transport are the solution to achieve a 

reduction of greenhouse gas emissions and local air pollution, especially in 

SOx, NOx and particulate matter. Moreover, the use of alternatives instead of 

diesel generators for ships at berth will result with noise reduction.   

 

In 2018, maritime transport and ship traffic to or from ports of the EEA was 

responsible for more than 138 million tonnes of CO2 emissions (EU Monitoring, 

Reporting and Verification (MRV) data). This represents around 11 % of all EU 

transport CO2 emissions and 3-4 % of total EU CO2 emissions. CO2 emissions 

from international shipping in the EU are currently around 32% above 1990 

levels. Emissions occurring when vessels were anchored in port amounted to 

around 6% of the total CO2 emissions as reported under the MRV. Also, 

significant environmental impacts, such as emissions of sulphur oxides (SOx), 

nitrogen oxides (NOx), and particulate matter significantly contribute to air 

pollution in coastal areas and port cities, where vessel engines are still being 

used to produce the necessary power during the port visit [5]. 

- ''European Climate Law'' 
The European Climate Law establishes actions to reduce greenhouse gas 

emissions gradually, and it addresses the pathway to achieve the 2050 target. 

The European Climate Law aims to ensure that all EU policies contribute and 

have their part in achieving net-zero greenhouse gas emissions from EU 

countries as a whole. Tackling climate change is an urgent challenge, as 
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climate change is having increasingly severe impacts on our planet's eco-

systems and biodiversity, in addition to our health and food systems [6]. 

 

Various objectives of the European Climate Law are: 

- set the long-term direction of travel for meeting the 2050 climate-

neutrality objective through all policies; 

- create a system for monitoring progress and take action if needed; 

- provide predictability for investors and other economic actors; 

- ensure that the transition to climate neutrality is irreversible [6]. 

 

The European Climate Law explores how climate neutrality can be achieved by 

looking at all the key economic sectors, including energy, transport, industry 

and agriculture.  

 

Shipping is included in the European Climate Law. Shipping is a sector that has 

the ambition for carbon neutrality. European Climate Law will ensure that 

shipping is required to control emissions, pay for emissions and make the 

transition to sustainable zero-emission power systems that the climate 

neutrality trajectory may demand. 

- ''The Paris Agreement Objectives'' 
The Paris Agreement aim is to take action and keep a global temperature rise 

this century well below 2 °C above pre-industrial levels and to limit the 

temperature increase even to 1.5 °C. The Paris Agreement does not establish 

emission reduction and limitation targets for individual Parties. Instead, the 

Paris Agreement formulates an overall climate change goal and calls on Parties 

to contribute to this goal [7]. 

 

Additionally, the Agreement aim is to consolidate the possibilities of countries 

to act on the impacts of climate change. Some of the key objectives of the 

Agreement are listed out below: 

- Long-term temperature goal (an ambitious collective goal to hold 

warming well below  2 °C with efforts to limit warming to 1.5 °C);  
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- Global peaking and climate neutrality (an aim for greenhouse gas 

emissions to peak as soon as possible, and to achieve net-zero 

emissions in the second half of this century);  

- Mitigation (a requirement for mitigation measures of individual countries 

to be expressed in nationally determined contributions (NDCS));  

- Sinks and reservoirs (encourage countries to conserve and enhance, 

sinks and reservoirs of GHGs, including forests and other eco-systems 

in developed and developing countries); 

- Nationally Determined Contributions (mitigation tools, mechanisms 

and targets for countries); 

- Cooperation and Markets (flexible mechanisms and carbon markets 

with the dual purpose of assisting developing countries with achieving 

sustainable development and helping developed countries to comply 

with their mitigation targets); 
- Adaptation and Loss & Damage (a global goal of enhancing adaptive 

capacity, strengthening resilience and reducing vulnerability to climate 

change, commitment to providing enhanced support for adaptation, and 

recognise the importance of averting, minimizing and addressing loss 

and damage connected with the effects of climate change);  

- Finance, Technology, and Capacity-building (Financial and non-

financial support to developing countries from public funds and 

developed countries, which will provide financial resources and 

voluntary support); 
- Transparency of Action (An enhanced transparency framework for 

action and support with built-in flexibility which takes into account  

different capacities with the goal to understand climate change action); 
- Compliance and Enforcement (A non-punitive compliance mechanism 

that is expert-based and facilitative in nature, will require that the 

information submitted by each country undergoes international technical 

expert review) [7]. 

 
The Paris Agreements provides a common framework within which individiual 

countries are invited to define Nationally Determined Contributions, while taking 
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into account the overall goal of the Convention and the Agreement, as well as 

their own capacities [7]. 

The Paris Agreement requires all countries to put forward their best efforts 

through “nationally determined contributions” and to fortify these efforts in the 

years ahead. This includes obligations that all Parties regularly report on their 

emissions and their implementation efforts. 

- ''Initial IMO Strategy on the reduction of GHG emissions from 
ships''; 

The International Maritime Organization (IMO) is the United Nations specialized 

agency responsible for safe, secure and efficient shipping and the prevention 

of pollution from ships. The International Maritime Organisation's (IMO) strategy 

confirms IMO's commitment to reduce greenhouse gas emissions from 

international shipping. [8] 

 

The Initial Strategy identifies that technological innovations and the global 

introduction of alternative fuels and energy sources are key factors in reducing 

emissions in international shipping.  

 

The Initial Strategy is aimed at: 

- enhancing IMO's contribution to global efforts by addressing 

greenhouse gas emissions from international shipping; 

- identifying actions to be implemented by the international shipping 

sector; 

-recognizing the role of international shipping in supporting the 

development of global trade and maritime transport services; 

- identifying actions and measures to achieve objectives, including 

impulses for research, development and monitoring of GHG emissions 

from international maritime transport. 

 

Strategy set out a vision to reduce the total annual greenhouse gas emissions 

by at least 50% by 2050 compared to 2008, whilst pursuing efforts towards 

phasing them out. Additionally, the strategy set out a vision to reduce the 

carbon intensity of international shipping, in terms of CO2 reduction per 
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transport work as an average across international shipping, by at least 40 % by 

2030, pursuing efforts towards 70 % by 2050, compared to 2008. [8] 

 Environmental impacts of maritime transport 

Shipping, shipbuilding, maritime equipment and ports have to be at the forefront 

globally in providing innovative solutions to combat climate change. EEA 

oceans, seas, inland waterways and lakes shape our eco-system and they are 

essential sources of raw materials, food or energy.  

 

The quantity of goods moved by ship is going to increase in line with developing 

economies and global growth. In the maritime industry is challenging to address 

this global growth and the need to increase the number of goods moved by ship 

whilst the globe strives to decarbonise every aspect of daily life. The maritime 

and inland waterway transport are significant sources of air pollution in coastal 

regions or cities with ports. While, maritime and inland waterway transports are 

most efficient transport modes in terms of CO2 per ton kilometre, but due to 

large scale they still generate a substantial amount of emissions and consumes 

an enormous amount of fuel.  

 

Maritime transport has become one of the largest sources of several pollutants, 

such as SOx, NOx, PM, water pollution and noise above or under water, which 

causes harm to human health and eco-systems. Effective and innovative zero-

emission technologies will ensure  regulatory requirements and targets.[1] 

 

Figure 3. The maritime transport air emissions [1] 

Effective and innovative zero-emission technologies are needed to meet 

regulatory requirements and targets. Zero-emission technologies and 

innovations have to be deployed urgently  for inland water transport, since the 
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average lifetime of inland vessels is even longer compared to the lifetime of 

seagoing vessels. However, the transition towards zero-emission maritime 

transport also requires development and investments in innovative 

infrastructure.  

 

Greenhouse gas emissions from maritime transport are expected to increase 

significantly in the future and the increase is expected to happen despite the 

availability of operational measures and existing technologies.  

 

Shipping is an important link in the global supply chain and while shipping may 

still be comparatively less polluting than other modes of transport, 

implementation of zero-emission technologies in maritime transport is 

unavoidable.  

 

Furthermore, each segment of the maritime transport has different technology 

and business models, as well as different needs and challenges towards zero-

emission transition. Each segment of the maritime transport sector has to find 

the most suitable technology solution for itself. Moreover, several policies, rules 

and regulations will be required to achieve zero-emission maritime transport. 

Still, coordination between European, international, national, regional and 

private actions and bodies is essential to achieve zero-emission maritime 

transport. Following sections briefly introduces the main types of emissions to 

air produced by maritime transport. 

 CO2 emissions 
CO2 emissions contribute to global warming by trapping heat in the 

atmosphere, and negatively affects marine ecosystems by increasing the 

acidity of seawater. CO2 emissions from international shipping amount to 

around 800 million tonnes of CO2 per year, making the shipping sector a 

substantial contributor to climate change [1]. The distribution of CO2 emission 

from total shipping (international + domestic + fishing) for 2015 shows Figure 

4. 
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Figure 4. Global distribution of shopping CO2 emissions [9] 

In total, the monitored EEA fleet emitted more than 138 million tonnes of CO2 

emissions in 2018. These emissions originated from 11,653 ships that burned 

fossil fuels to perform over 400,000 voyages, travelled 323 million nautical miles 

and transported the vast majority of EU's external freight trade [1]. Around two-

thirds of the CO2 emissions reported by the monitored fleet comes from voyages 

to or from a port outside the European Economic Area. These incoming or 

outgoing voyages are therefore responsible for the majority of CO2 emissions. 

This is consistent with maritime port freight statistics, which indicate that most 

EU maritime freight transport (62% of goods) involves partners outside the EU 

[1]. 

 

Slightly more CO2 emissions are coming from incoming international voyages 

than emissions from outgoing voyages. This is in line with the pattern of the 

movement of goods in EU ports, where around 60% of goods are unloaded and 

40% loaded. Liquid bulk goods, such as crude oil and oil products, make up a 

substantial proportion of the inward tonnage. Voyages between ports in the 

EEA are responsible for around a third of the reported CO2 emissions (32%), 

which equals around 44 million tonnes of CO2 emissions. Vessels are also 

emitting CO2 emissions when they are securely berthed in port, as most ships 

produce their own electricity on-board to provide services for passengers and 

crew such as air conditioning, to refrigerate perishable goods, or to operate 

machinery to load or unload cargo. According to the EU MRV system, these 

emissions at ports represent around 6% of all reported CO2 emissions, and 

around 8 million tonnes of CO2 emissions in absolute terms[1]. 
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In the shipping sector, CO2 emissions are related to fuel consumption, which 

means vessel types emitting the most CO2 emissions are the biggest 

consumers of fuel (e.g. container vessels in 2018 reported more than 44 million 

tonnes of CO2, which originated from only 1,742 vessels that together reported 

over 5 million hours spent at sea) [1]. 

 

Figure 5. Total CO2 emissions from different ship types [1] 

As illustrated in Figure 5, container ships represented the largest share of total 

emissions in 2018, with over 30% and these ships reported more than 44 million 

tonnes of CO2 in absolute terms. This pollution originated from 1,742 ships that 

together reported over 5 million hours spent at sea. Bulk carriers that represent 

37 % of the monitored fleet (in cargo carrying capacity) emitted approximately 

13% of all reported CO2 emissions (17.5 million tonnes). CO2 emissions from 

tankers (oil tankers and chemical tankers) amount to around 20% of all CO2 

emissions, whereas they transport more than a third of the cargo handled in the 

main EU ports. Ro-ro (roll-on/roll-off) and ro-pax (roll-on/roll-off passenger) 

reported around 20 million tonnes of CO2 emissions. These emissions are 

primarily related to domestic or intra-EU ferry services concentrated in the 

Baltics, the North Sea and the Mediterranean. It is estimated that over 415 

million passengers embark and disembark in EU ports every year [1]. 
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 SOx, PM and NOx emissions  
Sulphur dioxide (SOx) emissions from maritime transport affects air quality in 

coastal and port areas. These emissions result from the onboard combustion 

of oil-based fuel products and they are directly linked to the sulphur content, 

which when emitted causes acid rain. According to the European Environment 

Agency, international shipping is responsible for emitting  9,84 %  sulphur 

dioxide emissions, while domestic shipping is responsible for 1.21 % sulphur 

dioxide (SOx) emissions. Regulations will reduce SOx emissions from 

international maritime shipping, but emissions will still remain much higher than 

other modes of transport and urgent action is needed. The sulphur in fuel 

requirements will cut SO2 emissions by 50-80 % up to 2030, but in the absence 

of additional regulations, emissions will rebound afterwards.  

 

Nitrogen Oxides (NOx) emissions form smog, acid rain, eutrophication, fine 

particles (PM2.5), ground-level ozone and other negative effects that are 

associated with adverse health effects, especially in coastal and port areas. 

NOx emissions will exceed emissions from all land-based emission sources in 

the EU, by 2030, without additional measures and actions taken. Passing 

through the centre of towns and cities, an inland waterway vessel will produce 

approximately 11,000 kg of NOx per year [10]. 

 

Figure 6. Emissions from shipping and projections for 2030 and 2050 [10] 

 Water pollution  
Underwater and abovewater noise from maritime shipping negatively affect 

the marine environment, specifically marine life and eco-systems. Underwater 
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noise levels are indicators of healthy environmental status and such levels are 

adressed in policies, regulations and strategies. The characteristics of the 

underwater or abovewater radiated noise, radiated from a vessel, depends on 

multiple factors (e.g. vessel type and size, speed, horsepower, propeller depth, 

design variability, maintenance and operational parameters). 

 

Emission reduction technology, SOx scrubber, is an exhaust treatment 

device that allows vessels to use alternative cleaner low sulphur fuels. Scrubber 

effectively reduces SOx emissions, because it extracts the sulphur from the 

emission and either stores the residue in a wash-water tank (closed-loop) or 

dilutes and discharges this mixture into the sea. Open-loop SOx scrubbers are 

using an open system, and they dilute and discharge mixture into the sea. 

Discharging mixture into the sea leads to secondary waste streams and harmful 

environmental impacts [10].  

 

Ballast water is essential for the safe operation of vessels and plays a major 

role in enabling vessels to safely operate during loading or unloading cargo, 

with ensuring stability, structural integrity and safe manoeuvring. However, 

ballast water can become a vector for the transfer of invasive organisms from 

one part of the world to another, causing damage and impacting natural 

ecosystems and the economy [10]. 

 

Hull coatings are coated to vessel hulls and marine structures to prevent sea 

life (phytoplanktons & marine plants) attaching themselves, thereby increasing 

friction, slowing down the vessel and increasing fuel consumption. Hull coatings 

prevent sea life attaching themselves to vessel hulls and marine structures, 

which result in reduced resistance of a moving vessel, as well as reducing 

greenhouse gas emissions. However, the antifouling compounds and mixtures 

may release harmful substances into the sea and damage eco-systems and 

possibly enter the food chain [10]. 

 Innovative materials in shipbuilding 
The European maritime industry wants to be more competitive globally and 

innovative materials are needed to improve ships performance and make them 
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more environmentally friendly. In recent years, other industries have made a lot 

of progress in this area. However, the maritime sector is lagging behind in the 

adoption of advanced materials that have a smaller environmental footprint and 

are less costly and easier to maintain. 

 

Lightweight materials allow a greater payload for a given size or weight of the 

vessel, allow higher speeds to be achieved, save corrosion resistance, reduce 

fuel consumption and environmental emissions for a given payload and 

distance travelled. 

 STEEL 

Steel is traditional material for naval ships. It has excellent mechanical 

properties and low cost and it is used more than 150 years in shipbuilding. 

Weight of steel is one of major disadvantage. For the construction of the hull of 

a ship, mild steel containing 0.15% to 0.23% carbon, and reasonably high 

manganese content is used. Sulphur and phosphorus contents in the mild steel 

are kept to a minimum (less than 0.05%) as higher contents of each hamper 

the welding properties of the steel. Furthermore, cracks and such can develop 

easily during the rolling process if the sulphur content is high [11]. 

 

High tensile strength steels are employed in more stressed regions of large 

tankers, container ships and bulk carriers. Also, they are often used for the deck 

and bottom regions of larger tankers. 

Some parts of a ship that are made from steel are: the thickness stringer plate, 

rounded gunwales, sheer strake, bilge strake, main deck plating, bottom 

plating, keel, deck strake in the way of the longitudinal bulkheads and the upper 

strake of longitudinal bulkheads [11].  

 ALUMINIUM ALLOYS 

Aluminium is lighter than mild steel. Using aluminium alloys can be saved even 

60 % of the weight of a steel structure. This is important, especially for 

increasing the cargo-carrying capacity of ships. 
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Aluminium has high corrosion resistance. Corrosion properties can be used 

easily but correct maintenance procedures and careful insulation from adjoining 

steel structures are necessary.  

Furthermore, aluminium has non-magnetic properties and low-cost 

maintenance. 

The most often used aluminium alloys in ship building are the 5083  type for 

plates and 6082 for extrusions [11].  

 

The biggest disadvantage of the use of aluminium alloys is their high initial cost. 

Price is 8 to 10 times higher than price of steel per tonnage. This problem can 

be solved by an increase in the earning capacity of the vessel or a major 

increase in passenger accommodation on the same draft. 

Using aluminium alloys improves the ship stability, reduces ship weight, which 

in turn enhances fuel efficiency. 

 COMPOSITES 

It is a large development of composite applications in the last 20 years. The 

main goal is to produce composites with high mechanical properties and low 

densities that could replace traditional materials such as steel and wood. The 

combination of high-performance polymers with ceramic or polymers fibres of 

high tensile modulus and mechanical resistance, allows the production of new 

composites with a group of specific properties superior to steel, wood, 

aluminium and others [12].  

 

The efficiency of the composite material and its numerous advantages, such as 

high rigidity, weight ratio, lower resistance, excellent corrosion resistance, low 

thermal expansion, good fatigue behaviour portability and low power 

consumption in the process manufacturing, have spread its use in the maritime 

industry. 

 

The main lightweight materials used in ships are fibre reinforced plastic (FRP) 

composites. FRP using glass fibres, Kevlar and carbon fibres have excellent 

structural performance can be optimized with the use of manufacturing 

processes, especially when used sandwich constructions. Boat building in PRF 



 

22 
 

has the advantage of not requiring industrial tools, such as welding machines, 

cutting treadmills and overhead cranes.  

 

FRP composites for marine applications are generally laminated composites. 

These consist of several layers of reinforcement fabric in a polymer resin matrix. 

In the case of sandwich construction there are two skin laminates with a core 

between that keeps the laminates in place and provides a shear connection 

between them. In reinforcement fabrics the main fibre materials are glass (E-

glass, R-glass, S-glass), aramids (Kevlar, Twaron), carbon, polyester, high-

performance polyethylene (HPPE), and various hybrids/combinations [13].  

 

FRP structures provide good strength for low weight. Also, FRP materials are 

easy formed into complex shapes, though it may be difficult to control the fibre 

directions in some cases. FRP suffers little or no corrosion if used properly. 

Stress concentrations are less critical than with metals, provided continuous 

fibre reinforcements are used. Hence fatigue cracking is less of a problem. Most 

FRP materials also have low conductivity. FRP sandwich includes very good 

flexural stiffness and strength for low weight. 

 

Disadvantages of FRP include high initial cost and in many cases, a need for 

adequate fire protection, low elastic modulus, and low through-the-thickness 

strength. 

FRP is used for craft with length up to about 50 m, and aluminium for vessels 

up to about 120 m, while high-strength steel is mainly used for larger vessels. 

PRF enables a more rational and a variety of mechanical properties, combined 

with ease of construction, which most metals do not possess. 

 

Figure 7. presents a comparison between the costs of five type of constructive 

materials in US$/kg. Constructive materials are: steel,wood, alluminium, 

fibreglass with kevlar and fibreglass.   

                                                                                                                                                                                                                                                                                              

The graph shows that steel and wood have a lower cost per kg. Although 

fibreglass with kevlar and fibreglass have much higher costs per kg compared 
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with steel and wood,  they become competitive when using total cost of 

materials over the life of the vessel. 

 
Figure 7. Graph of the construction cost in US$/kg, [12] 

Weight in percentage for each material compared with steel (100% weight) in 

the same vessel is shown in Figure 8. 

 
Figure 8. Graph with the percentage reduction in weight by the type of material for the same vessel, [12] 

A comparison of all the items of fixed costs and operating is shown in Figure 9, 

an overview where the cost is divided in two phases of the life cycle. 

 
Figure 9. Graph comparing the annual cost for a vessel built with materials operating on the same route, 

[12] 
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Analysing only the acquisition cost of the vessel, a vessel of wood is the 

cheapest. Fibreglass vessel, fibreglass with Kevlar vessel and steel vessel are 

approximately on the same level of costs.  

 

However, when analysing the operating cost, the steel vessel has the highest 

cost because of their weight, greater engine power and the resulting higher fuel 

consumption. The analysis of the operation cost over the lifetime of the vessel, 

gives advantages to the lightweight materials vessels. The costs of lightweight 

materials are high in the beginning because of the price of raw material. 

However, lightweight materials are competitive with traditional materials when 

an operation cost for the complete life cycle is analysed. Total costs show that 

the vessel of steel has the highest cost. Steel requires more powerful machines 

because of its weight, which increases fuel consumption and maintenance cost. 

Fibreglass and fibreglass with Kevlar have a lower cost. These composite 

materials are successful in reducing weight where strength and rigidity are also 

very important. Maintenance costs also have a positive influence. Reduction of 

fuel consumption is one of the major criteria for making decision why composite 

can replace traditional materials in ship building.   

 

The use of composites for larger ships has significant consequences for the 

entire design of the ship. If it is lighter, a vessel uses less fuel and produces 

lower emissions. The vessel also requires smaller engines, which means more 

space for additional systems, making for a more versatile platform. And of 

course, composites require considerably less maintenance than a steel vessel. 

Steel is still the most useful material in ship building. The vessel is not designed 

only with one material. Different materials can be used in different parts of a 

vessel. A major step is sustainable and efficient ship construction assembled 

by new materials to help reduce energy and maintenance costs.  

 

One example of new materials in ship building is the possibility to construct 

vessels by natural and environmental materials like jute and hemp that can 

bond with resin. Knitting is produced from these plants and laminates are made 

in combination with resin. Of course that will not be a whole ship made by jute 

and hemp. But 50% is also a great solution. It is about 16-meter long and 6 
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meters wide eco catamaran that can carry approximately 52 people. It would 

be powered by two electric motors of 20 KW each, and 12 KW solar panels 

would be installed on it. With an autonomy of 10 hours and a maximum speed 

of 14 knots, this ship will save emissions of 3.5 tons of carbon dioxide, 4 tons 

of nitrogen oxides and 150 kilograms of polluting particles per year. This is a 

project by Croatian company Marservis with supported by EU Funds. 

 

 
Figure 10. Example of eco-catamaran made by jute and hemp, powered by electric motors and solar 

panels, [14] 

 ZERO-EMISSION TECHNOLOGIES 
Transformation of the global maritime transport into a zero-emission maritime 

transport, through innovative vessel technologies, is the goal for Europe. 

Development of deployable technological solutions which will be applicable for 

utilization of zero-emission technologies is an essential step to take.  

 

Project challenge is to find sustainable zero-emission technologies, which have 

an option to match the capabilities of conventional diesel vessels, while 

eliminating NOx, SOx and particle emissions (PM) and reducing CO2 emissions. 

The transition of the entire maritime transport fleet to a zero-emission transport 

mode is complex, due to the diversified nature of maritime transport.  

 

Elements of transferring zero-emission technologies from one country to 

another and implementation of these technologies are also compared for EEA 

countries (Croatia, Poland and Norway).  
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The scientific objective is to develop and demonstrate deployable technological 

solutions which will be applicable for the decarbonization and elimination of 

other emissions of relevant vessels and maritime services. 

 

The economic objective is implemention of economically viable technologies 

and concepts regarding zero-emission waterborne transport, in order to 

strengthen the competitiveness of European industries in growing green vessel 

technology markets. 

 

The societal objective is to facilitate the development of regulations and policies 

at a national and international level including the development of standards, in 

order to enable the implementation of technological solutions for zero-emission 

waterborne transport. 

 

General objectives in maritime transport by 2030, is to provide zero-emission 

technologies for all main vessel types and enable zero-emission maritime 

transport before 2050. Different technologies need to be developed and 

adapted to different operational needs and ships.  

 

Challenge drivers for zero-emission technology implementation are: 

- Diversity (the large diversity of ship types and operations hinders the 

development of standardised solutions); 

- Lack of alternative fuels (no alternative for fossil fuels in waterborne 

transport, leading to greenhouse gas emissions and other pollutants); 

- High energy needs (Vessels require a huge amount of power over a long 

time frame to be able to sail internationally); 

- International sector (the sector is global by nature and subject to different 

international regulatory frameworks); 

- Age of vessels (the lifetime of vessels is long, slowing down the uptake of 

new technologies); 

- Infrastructure (Operational integration with ports and hinterland is not 

harmonised internally) [10]. 

 

Zero-emission technology options for zero-emission vessels are: 
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- batteries (batteries and electric motor); 

- fuel cell (hydrogen storage, fuel cell and electric motor); 

- hybrid hydrogen (hydrogen storage, batteries, fuel cell and electric 

motor); 

- hydrogen + ice (hydrogen storage, emergency HFO tank and dual-fuel 

internal combustion engine (ICE)); 

- ammonia fuel cell (ammonia storage, reformer, fuel cell and electric 

motor); 

- ammonia + ice (hydrogen storage, emergency HFO tank and dual-fuel 

internal combustion engine (ICE)); 

- biofuel (biofuel tank and internal combustion engine) [15]. 

 ZERO–EMISSION TECHNOLOGIES IN SHIPPING 

 
Zero-emission technologies should no longer be considered as a technology 

for the future, because the world is changing and these technologies are 

becoming commercially available for a diverse range of applications. Different 

vessels have different operating profiles and different technologies must 

respond to specific energy and power demand, while having in consideration 

desired life-time. Different zero-emission technologies are evaluted for marine 

applications. Based on project outcomes, the most interesting of future 

technologies is considered to be battery-powered vessels and hydrogen fuel 

cell-powered vessels. When these technologies have matured, zero-emission 

vessels will be able to sail longer distances.  

 BATTERY VESSELS  

 
This chapter provides a technical study on the use of battery-powered vessels 

in maritime transport. 

Batteries in maritime transport have to ensure necessary power for heavy-duty 

onboard power requirements, such as propulsion and energy for auxiliary 

systems. The transition to battery-electric propulsion is occurring in maritime 

transport.  
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Batteries can provide full propulsion power for short-frequency routes, 

especially in fixed-route ferries. Suitable operational mode for electrical 

operation is shorter ferry routes with a high number of trips, which are quickly 

charged from shore power while the passenger embarks and disembark. Result 

of this technology is zero-emission operation, reduced noise pollution, 

elimination of fuel consumption and reduced maintenance costs.  

 

Battery application onboard ships can have multiple functional roles listed 

below: 

- Spinning reserve (backup for running generators, fewer generators 

needed online); 

- Peak shaving (act as a buffer, level power seen by engines); 

- Optimise load (optimise the operating point of the generators, reduce 

maintenance); 

- Immediate power (instant power in support of generators); 

- Harvest energy (recover energy from cranes, drilling equipment, 

accommodate energy from renewables); 

- Backup power (battery system provides backup power) [16]. 

 

Diversity of vessel types and operating modes are challenges for battery 

technologies, because batteries have to provide different levels of energy 

density or power demand in different types of vessels, while having in 

consideration expected life-cycle of the battery. 

 

Different battery technology combinations improve energy density and safety 

features and in the future vessels will be able to sail longer distances all-electric. 

Conductivity and lifetime issues need to be solved.  

 

The following key expected developments for battery technologies by 2050 are: 

- increasing the availability of technologies to adopt solid-state 

electrolyte; 

- metal-air technology as a key vector for development; 

- battery management system development expected to incorporate 

predictive failure assessment; 
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- life-cycle cost reduction of batteries [16]. 

 

A battery is an electricity storage device, consisting of one or more 

electrochemical cells with external connections for powering electrical devices. 

In maritime transport, battery systems can be implemented in all-electric 

vessels or hybrid vessels, and the potential to use batteries for all-electric 

vessels is growing. The basic components of an electricity storage device 

(battery) are shown in Figure 11. 

 

Figure 11. Components of a battery [16] 

When a battery is supplying electric power, its positive electrode is called the 

cathode and its negative electrode is called the anode. The electrolyte is used 

inside the battery to enable ions or charge carriers to be transferred back and 

forth between these poles by electrochemical reactions.  

 

Cathode and anode are prevented from touching each other with a separator, 

which is placed between the cathode and anode. When electrically conducting 

material connects the poles, electrons will flow from the anode through an 

external circuit to the cathode. Furthermore, when electrically conducting 

material connects the poles, ions will flow through the electrolyte in order to get 

to the cathode. This electro-chemical process allows energy to be stored or 

produced in the battery.  

 

When a battery is connected to an external electric load, a redox reaction 

converts high-energy reactants to lowe-energy products, and the energy 
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difference is delivered to the external circuit as electrical energy. This process 

allows energy to be stored or produced in the battery.  

 

Properties of the batteries are determined with multiple variables, such as type 

of energy carrier material, electrode and electrolyte composition and shape of 

the electrodes. Battery concepts and terms are evaluating the overall effect of 

these various degradation mechanisms.  

- Battery Management System  
The battery management system is the control system dedicated to the battery 

which monitors individual cell voltages and temperatures and calculates the 

state of charge (SOC), permitted power levels and also incorporates balancing 

functions between cells. 

- C-rate 
Batteries provide energy and power balance, because batteries are a fuel tank 

and an engine in one. The size of the fuel tank is the battery energy (measured 

in kWh), while the size of the engine is the battery power (measured in kW), 

and the size of the fuel tank is related to the engine size.  

 

C-rate is an indication of a charge or discharge current level for a battery 

(Amps), normalized to its size (Amp-hours) such that C-rate = Amps/ Amps-

hours.  

- Cp-rate 
Cp-rate is an indication of a power level of a given battery (how much power 

can be produced from a given amount of energy, kW/kWh), normalized by 

capacity similarly to C-rate, but calculated on a power basis such that Cp-rate 

= kW/kWh. [16] 

 

Moreover, Cp-rate is an indication of charging or discharging speed ability 

(indicates how fast can we put in or take out the amount of energy that is 

available in the electricity storage device) for diverse battery types. Bigger 

batteries have more kWh and it will be able to provide higher power levels, 

however operation on higher power levels (higher Cp-rates) for short periods of 

time shortens battery lifetime. Cp-rates for different technology systems are 

shown in Figure 12. 
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Figure 12. Specific Power (W/kg) VS Specific Energy (Wh/kg), [16] 

Lithium-ion Cp-rate curve (shown in Figure 8, curve coloured in purple) shows 

that bigger Lithium-ion batteries (more kWh) are capable of higher power levels. 

- Charge and discharge 
Battery cell design has a major role in the properties of maximum charge and 

discharge current. The cell design can provide operation at high currents, but it 

will then compromise the energy density. Battery cells are categorized as power 

cells or energy cells [16]. 

 

The discharge rate of the battery affects the available energy in the battery, and 

relative capacity decrease of high C-rates is higher for energy cells (the internal 

resistance of the battery is higher in energy cells than power cells). The 

difference between the discharge characteristic of an energy cell and a power 

cell is shown in Figure 13. 

 

Figure 13. Ilustrative curve comparison between an energy cell and a power cell [16] 
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Lithium-ion cells are more sensitive to fast charging than fast discharging. 

Furthermore, fast charging is applied only when it is necessary in order to 

maximize the battery lifetime.  

 

Industries that require maximum energy per weight ratio (e.g. drone 

manufacturers) use the energy cell, while industries that require heavy loads 

and long service life (e.g. vessels) use the power cell at a reduced capacity.  

- State of charge and depth of discharge 
State of Charge (SOC) is an indication of how much energy remaining in a 

battery is available for discharge. State of Charge (SOC) is defined as a 

percentage of the rated capacity of the fully charged battery (e.g. battery is full 

and has maximum energy available for discharge at 100 % SOC, and the 

battery is empty at 0 % SOC). State of Charge (SOC) can be calculated by 

measuring the voltage of the battery and comparing it to the voltage of a fully 

charged battery.  

 

Depth of Discharge (DOD) is an indication of the amount of energy that has 

been withdrawn from the battery (battery is full at 0 % DOD, and fully discharged 

at 100 % DOD).  

 Delta State of Charge (DSOC) is an indication of the relative size of a battery 

cycle. Delta State of charge (DSOC) indicates the difference in max and min 

SOC levels that are relevant for a given operation or cycle (e.g. battery that is 

cycling between 70% and 30% would be experiencing a cycle size of 40 % 

DSOC) of a battery.  

- Energy content 
Two ways of quantifying the energy content of a battery are specific energy and 

energy density. Specific energy (watt-hour per kilogram, Wh/kg) should be 

considered in weight-critical applications, while energy density (watt-hour per 

litre, Wh/L) should be considered in volume-critical applications. Energy density 

depending on specific energy, is shown in Figure 14.  
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Figure 14. Energy density depending on specific energy [16] 

- Battery life 
The selection of anode, cathode and electrolyte as well as keeping control over 

the manufacturing process have an important role in long-lasting battery 

production. However, besides producing a long-lasting battery, usage of the 

battery also plays a significant role, because ambient temperature, battery 

cooling, humidity, charge rate, discharge rate and battery utilization affects the 

cyclic degradation.  

- Effect of cycle size and SOC 
Battery lifetime is affected for different states of charge ranges and it will 

decrease when the delta State of charge (DSOC) increases, which leads to the 

solution that using a larger battery for a given application increases battery 

lifetime. Extracting the full battery capacity from the battery dramatically reduce 

battery lifetime, as it is shown in Figure 15. 
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Figure 15. Cycles to 80 % capacity as a function of DSOC for NMC [16] 

 

Different state of charge (SOC) range in which a battery cycles, have a major 

impact on the lifetime of the battery itself. For example, battery cycling between 

90 % SOC and 50 % SOC, compared to a battery cycling between 40 % SOC 

and 0 % SOC have the same DSOC of 40 %. However, the range in which the 

batteries are operating has different effects on lifetime. The most favourable 

ranges vary between batteries and the illustration is shown in Figure 16. 

 

Figure 16. Illustration of how battery lifetime is affected for different SoC ranges [16] 

Furthermore, the state of charge (SOC) at which a battery rests also affects 

battery lifetime, which means that resting at a favourable state of charge (SOC) 

can extend lifetime.Stand by effects are called calendar effects, which are 

dependent on temperature and SOC, and vary significantly for different 

batteries.  

- Temperature effect 



 

35 
 

The cell temperature affects the lifetime of the battery system. Battery lifetime 

may be extended with keeping the cell temperature within the optimal range (20 

°C – 30 °C). Low temperatures reduce the performance of the battery systems, 

resulting in lower efficiency, lower available capacity, higher internal resistance, 

and reduced allowable power levels. 

- C-rate effects 
Discharge capacity for different charge and discharge C-rates have affect on 

the lifetime of the battery. Too high currents will create lithium plating and cause 

an increase of the cell temperature, which will have a negative effect on the 

lifetime of the battery. Effects of the charging and discharging at various C-rates 

is shown in Figure 16. 

 

Figure 17. Discharge capacity for different charge and discharge C-rates, [16] 

 Key battery technologies commercially available 
The distinction between key battery technologies is a fundamental 

consideration when designing battery-powered vessels, in order to ensure 

levels of quality and performance for different technologies. Primary batteries 

(non-rechargeable) are used once (single-use) and discarded, as the electrode 

material is irreversibly changed during discharge. For example, the alkaline 

battery, which is a type of single-use battery, which derives its energy from the 

reaction between zinc metal and manganese dioxide). Secondary 

(rechargeable) batteries can be discharged and recharged multiple times using 

an applied electric current (e.g. lead-acid batteries, lithium-ion batteries). 

 

Relatively high energy density and power requirements are the challenges for 

battery applications in vessels. Batteries as energy storage systems have 
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important roles for different renewable energy system applications, and 

batteries could be key elements for sustainable zero-emission shipping. 

However it is important to select different battery technologies on the market. 

Selected battery technologies commercially available, with abilities for 
applications in zero-emission vessels are: 

- Lithium-ion; 

- Lead-acid; 

- Rechargeable Nickel; 

- High-temperature sodium; 

- Supercapacitors; 

- Flow batteries [16]. 

Battery technologies that are subject for research and could be used in 
the near-future are: 

- Solid-state; 

- Zinc-ion; 

- Sodium-ion; 

- Calcium-ion; 

- Potassium-ion; 

- Magnesium batteries;  

- Fluoride-ion; 

- Rechargeable metal-air; 

- Rechargeable metal-sulphur; 

- Dual-ion [16]. 

 

Further research is necessary in order to reach the maturity of these near-future 

technologies, such as solid-state combined with metal-air, which is the 

combination that improves specific energy, energy density and safety features 

dramatically. Near-future technology suitable for marine use could be solid-

state combined with metal-air. The combination improves specific energy, 

energy density and safety features dramatically, but conductivity and lifetime 

issues are obstacles that have to be solved before technology utilization.  

 

Solid-state batteries use a solid-state electrolyte. The cathode and the anode 

are the same materials used in typical lithium-ion batteries (e.g. NMC and 
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carbon/graphite). The safety properties, compared to lithium-ion technology, 

are expected to be improved in order with replacing flammable liquid electrolyte 

that is used in typical lithium-ion batteries with a solid-state material. 

 

A solid-state battery gives different possibilities in the design of the battery 

geometry and in the improvements of the packaging efficiency of the cells. It 

facilitates a long life cycle and offers the possibility of employing high-voltage 

cathodes. All these effects increase the practical battery energy density. The 

principle of packaging a solid-state battery is shown in Figure 18.  

 

Figure 18. Packaging of a solid-state battery [16] 

Solid-state batteries suffer from high internal resistance for ion transfer over the 

electrode-electrolyte interfaces and space changes in the interfaces leading to 

ion depletion of the electrolyte.  

 

The key challenge of solid-state batteries is regarded to the volume changes of 

the electrodes during charging and discharging, which causes loss of contact 

between the electrodes and the electrolyte. Ion conductivity of solid-state 

batteries is a challenge that needs to be solved, and then solid-state batteries 

could increase the operational reach for all-electric vessels, even for deep-sea 

vessels.  

 

Advantages of the solid-state batteries are: 

- Safe technology (non-flammable electrolyte and no dendrite 

information); 

- Potential for higher specific energy and energy density. 
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Disadvantages of the solid-state batteries are: 

- low conductivity and high interface resistance; 

- low lifetime; 

- high production cost; 

- poor cold-weather performance. 

-  

Research and development of these near-future technologies could be a key 

factor for sustainable transition to zero-emission transport, especially zero-

emission maritime transport, in which vessels would be able to sail longer 

distances all-electric. However, conductivity and lifetime issues have to be 

solved before this technology can be put into operation. 

 

Development of future battery technologies is focused on finding cheaper 

materials. Technology structural changes could increase the specific energy, 

energy density and specific power. However, these structural changes affect 

the lifetime and safety of the technology. Key challenges in battery technology 

development are to find sustainable technology, while keeping production costs 

low. Higher energy options typically have lower cost, lower lifetime capabilities, 

lower power capabilities and lower thermal stability. Higher power options 

typically provide longer lifetime and better safety but at the expense of cost and 

energy density.  

 Lithium-ion battery (LIB) 

Lithium-ion battery (LIB) is a type of rechargeable battery and commonly 

used in zero-emission vehicles. Lithium is a positively charged energy carrier, 

so it is referred to as lithium-ion. Lithium-ion batteries involve the transfer of the 

lithium-ions in the electrolyte. Illustration of basic principles and components of 

a lithium-ion battery is shown in Figure 19. 
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Figure 19. basic principles and components of a lithium-ion battery [16] 

 When charging positively, lithium-ions travel through a separator from the 

positive electrode (cathode) to the negative electrode (anode). Lithium-ions are 

naturally followed by electrons, which travel through the external electric circuit 

to the negative electrode (anode). When the battery is fully charged and this 

electric potential is stored in the form of lithium-ions collected on the negative 

electrode (anode), it can be utilized as electric energy by connecting a load 

between the terminals (between the anode and the cathode). When the external 

load is connected between the terminals lithium-ions travel through a separator 

from the anode to the cathode. Electrons cannot travel through a separator 

(separator permeates only positive Lithium-ions), and naturally travel from the 

anode to the cathode through an external load circuit.  

Some of the advantages of lithium-ion battery technology are: 
- highest specific energy of commercially available batteries; 

- relatively high cycle life; 

- the highest energy density of commercially available batteries [16]. 

Some of the disadvantages of lithium-ion battery technology are: 
- flammable electrolyte; 

- potentially limited availability of materials; 

- high cost [16]. 

Existing cathode chemistries in lithium-ion batteries are: 
- Nickel manganese cobalt oxide, LiNi1-x-yMnxCoyO2 (NCM or NMC); 

- Lithium iron phosphate, LiFePO4 (LFP); 

- Nickel cobalt aluminium, (NCA); 

- Lithium cobalt oxide, LiCoO2 (LCO); 

- Lithium manganese oxide spinel, LiMn2O4 (LMO) [16]. 
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Anode materials have the potential to improve the performance of existing 

lithium-ion batteries. Existing anode chemistries used in lithium-ion 
batteries are: 
- Carbon; 

- Graphite; 

- Titanate; 

- Silicon [16]. 

 Lead-acid batteries 

Lead-acid batteries (LAB) are used in automotive batteries and industries, 

where standby electrical power is essential. Lead-acid batteries (LAB) use H+ 

ions as energy carriers. The anode is lead (Pb) electrode, the cathode is lead 

dioxide (PbO2), and the electrolyte is an aqueous solution of sulfuric acid 

(H2SO4). The principle is shown in Figure 20. 

 

Figure 20. Illustration of the principle of a lead-acid battery [16] 

During the battery discharge, Pb reacts with HSO4-  ions, forming PbSO4 and 

H+ ions. The hydrogen ions are transferred to the cathode, where they react 

with PbO2 and HSO4- forming H2O and PbSO4. A discharged battery will then 

contain lead sulphate at both electrodes, with diluted sulfuric acid in the 

electrolyte [16]. 

 

Lead-acid batteries are very safe technology, because the electrolyte and 

active materials are not flammable, although the batteries produce hydrogen 

under charging.  

 

The drawbacks from lead-acid battery technology are low specific energy and  

energy density, compared to lithium-ion battery technology. In addition, the total 
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cycle life of the lead-acid batteries is short for deep discharges as well as for 

applications where the lead-acid battery is not fully charged after one cycle, 

because irreversible sulfation of the negative plates will occur and cause 

damage to the battery (solution to overcome this problem could be carbon used 

in the anode) [16].  

Some of the advantages of the lead-acid batteries are: 

- very low cost; 

- very safe, since electrodes and electrolyte are not flammable; 

- commercially available world wide; 

- high specific power. 

Some of the disadvantages of the lead-acid batteries are: 

- low specific energy; 

- low energy density; 

- low cycle life. 

 Rechargeable Nickel batteries 

Rechargeable Nickel batteries  use hydroxide ions (OH-) as energy carriers. 

Rechargeable Nickel batteries electrolyte contains an aqueous solution of 

potassium hydroxide (KOH). However, since equal amounts of OH-,ions are 

released and absorbed at the electrodes during charging/discharging, the ionic 

concentration is not diluted during the electrochemical reaction. This differs 

from lead-acid, where the sulfuric acid is diluted when discharged.  

 

The available types of rechargeable Nickel batteries are: 

- Nickel-cadmium (NiCd);  

- Nickel-metal hydride (NiMH); 

- Nickel-iron (NiFe); 

- Nickel-zinc (NiZn); 

- Nickel-hydrogen (NiH) [16]. 

 High-temperature sodium 

High-temperature sodium batteries use Na+ ions as energy carriers. These 

batteries need molten sodium as a cathode, making it necessary to operate at 

300°C. The electrolyte in these batteries is solid-state beta alumina. 
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High-temperature sodium batteries that are commercially available are: 

- Sodium sulphur (Na-S); 

- ZEBRA (Zero Emission Battery Research Activities (Na-NiCl2)). 

 

High-temperature sodium batteries are manufactured from cheap raw materials 

and have higher specific energy compared to Li-ion batteries. However, 

production of these batteries is more expensive, because of the insulation, 

heating and thermal management [16]. 

 Super-capacitors 

Super-capacitors store electricity in the form of electrostatic energy. Ceramic 

and electrolytic capacitor use a dielectric to store electrostatic energy. Electric 

Double Layer Capacitors (EDLC), also called super-capacitors, utilize a liquid 

electrolyte to create Helmholtz layer at the interface of the solid and liquid. The 

principle of a capacitor is shown in Figure 21.  

 

Figure 21. Illustration of the principle of a super-capacitor [16] 

Super-capacitors have a very long cycle life and high ability to charge or 

discharge quickly, compared to lithium-ion batteries. However, super-

capacitors are limited in terms of the total amount of energy they can store, and 

that stored energy tends to self-discharge when held for long periods of time.  

In maritime transport super-capacitors are suitable for peak shaving, where 

they are constantly charged and discharged or for absorbing loads from heave 

compensation of cranes. Advantages of super-capacitors are high specific 

power, commercially available technology and safety. However, the 

disadvantages of super-capacitors are low specific energy and energy density. 
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The advantages of super-capacitors are: 

- High specific power; 

- Commercial availability; 

- Safety. 

The disadvantages of super-capacitors are: 

- Low specific energy; 

- Low energy density. 

 Flow batteries 

Flow batteries are made of an electrochemical cells that generates a voltage 

between two electrodes as electrons move through an electrolyte. Flow 

batteries work by pumping a charge carrying fluid (the electrolyte) through the 

separated electrodes to generate voltage and current. The electrolyte is stored 

in special tanks, and from these tanks, the electrolyte is withdrawn. The 

electrolyte at the anode is called analyte, while the electrolyte at the cathode is 

called catholyte. The principle of a flow battery technology is shown in Figure 

22.  

 

Figure 22. The principle of a flow battery [16] 

The advantages of the flow batteries are: 

- The energy capacity in flow batteries is limited only to the size of the 

electrolyte tanks; 

- The power capability can be easily increased by adding more cell stacks; 

- Can decouple energy and power characteristics; 

- Low flammability risks. 

 

The disadvantages of the flow batteries are: 



 

44 
 

- Low specific energy and energy density; 

- High cost of electrolytes; 

- Suitable for stationary applications, and not electric vessels; 

- Toxic fluids used in these batteries can generate more toxic substances. 

 

Some of the different flow batteries are: 

- Vanadium Redox Battery; 

- Bromide/polysulphide Battery; 

- Zinc-Bromine Battery; 

- Zinc/Cerium Battery; 

- Lead Acid flow battery; 

- Iron-Chromium battery.  

 FUEL-CELLS 

The marine industry is facing pressure to reduce greenhouse gas emissions, 

and fuel cells could enable the transition to zero-emission vessels. Fuel cells 

are already integrated into vehicles that operate on land. Integration of fuel cells 

into vessels could definitely play a key role in the near-future.  

Hydrogen fuel cells can power vessels used  for coastal and inland waterway 

transport (e.g. ferries, passenger ships, etc.), but the application of fuel cells in 

deep-sea vessels demands further research and development.  

A fuel cell is an electrochemical cell that converts the chemical energy of a fuel 

(e.g. hydrogen H2) and an oxidizing agent (e.g. oxygen O2) into electricity 

through a pair of redox reactions. Fuel cells require a constant source of 

hydrogen and oxygen to sustain the chemical reaction, which means that fuel 

cells can produce electricity continuously for as long as fuel and oxygen are 

supplied.  

The main fuel cell technologies are: 
- Alkaline fuel cell (AFC); 

- Proton exchange membrane fuel cell (PEMFC); 

- High-temperature proton exchange membrane fuel cell (HT-PEM); 

- Direct methanol fuel cell (DMFC); 

- Phosphoric acid fuel cell (PAFC); 

- Molten carbonate fuel cell (MCFC); 
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- Solid oxide fuel cell (SOFC). 

In general, the difference between system efficiencies of fuel cell systems 

power systems will mostly depend on the difference between core fuel cell 

types, since the remaining components, in theory, can be more or less identical. 

The efficiency difference between core fuel cell types is defined by the 

efficiency of the electrochemical reaction taking place in the cell and the 

parasitic losses required for the balance of plant. The total efficiency figure thus 

achieved is normally believed to be representative and comparable for the 

various fuel cell types [17]. 

Common for fuel cell technology solution reviewed is that the focus of the work 

accomplished has been on demonstrating successful integration and operation 

of the fuel cell. Less focus has been paid to optimizing the installation in all 

aspects, including fuel efficiencies [17]. 

 

Selection of the most promising fuel cell technologies for maritime transport will 

be carried out using the following relevant parameters shown in Table 2.  

Table 2. Relevant fuel cell parameters [17] 

Attribute Description 

Module 
Power 
levels 

The reported maximum power level (kW) of the module units. The modules are the building blocks 

of larger systems thus enabling the construction of applications ranging from kW to MW size. The 

parameter is given the weighting 2 in order not to punish smaller unit systems. Such systems can 

easily be modularized similar to batteries. 

Lifetime 
The parameter considers the calendar and operational lifetime, however not taking into account to 

the cyclic life of the application. The parameter is given the weighting 3 to reflect the importance of 

meeting industrial requirements. 

Tolerance 
for cyclic 
operation 

Cyclic operation includes endurance against start/stops as well as transients during operation 

caused by load changes. The parameter is given the weighting 2 as it is considered that any fuel 

cell installation is most likely integrated with batteries for peak shaving and improving overall fuel 

efficiency. 

Efficiency 
The efficiency parameter considers the totality of stand-alone electric efficiency and the potential 

for heat recovery. The parameter is given the weighting 3 to reflect the expected importance of 

fuel-saving when choosing fuel cell in favour of incumbent technology. 

Maturity 
The maturity parameter considers the totality of actual maturity of the core technology and the 

maturity for maritime use. The parameter is given the weighting 3 to reflect the importance that 

this issue represents for the conservative shipping industry. 

Sensitivity 
to 

impurities 
in the fuel 

Cover the issue that some require high degree purity H2, to the extent that aboard reforming of 

e.g. LNG will still require post purification, while other cell types are more flexible. Issues such as 

contamination of the air, relevant e.g. for alkaline fuel cells, is also covered by this parameter. 

Relative 
cost 

This is the relative cost between different FC types. The parameter is given the weighting 3 

considering the ever-present importance of budgets. 
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Emissions 

The emission of harmful substances to air, that could be NOX, SOX, CO2, PM or other. Since the 

emissions are mostly dictated by choice of fuels, the parameter is given the weighting 2 in order to 

reflect that all fuel cell types have the options of running on hydrogen. The issue that some require 

high degree purity H2 while other cell types are more flexible is covered in the sensitivity 

parameter. 

Special 
safety 

aspects 

The rating is given so that the combination of high temperature combined with hydrogen as a fuel 

is discredited. MCFC and SOFC are given the credit that H2 is only present internally in the cell 

and BOP, eliminating separate H2 tanks and distribution systems. The parameter is given the 

weighting 3 to reflect the importance of the safety of new technology. 

Physical 
size 

The parameter is a balance of the energy density of the core cell as well as the needed space 

requirements of the total installation including all ancillary systems. The parameter is given the 

weighting 3 indicating that ship uptake of FC technology is likely biased towards compact systems. 

Fuels 
The parameter is a balance of the flexibility provided by the fuel cell in fuel selection, but also 

sensored against the usability of the fuels for maritime applications. The parameter is given the 

weighting 3 to reflect the importance for ship application 

These parameters were chosen because they are essential and crucial in evaluating if fuel cell 
technologies are suitable for use in maritime transport.  

Comparison of fuel cell technologies evaluated by relevant parameters is given 

in Figure 23. 

 

Figure 23. Evaluation of criteria for fuel cell technologies [17] 

In order with these relevant parameters and evaluated criteria the most 

promising fuel cell technologies are: 

- Proton Exchange Membrane Fuel Cell (PEMFC); 

- High-Temperature Proton Exchange Membrane Fuel Cell (HT-

PEMFC); 

- Solid oxide fuel cell (SOFC) [17]. 

 Proton Exchange Membrane Fuel Cell (PEMFC) 
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The Proton Exchange Membrane fuel cell (PEMFC) is a mature technology that 

has already been used in the maritime industry and applications of PEMFC are 

diverse. This fuel cell technology is promising because of  its   maturity and 

relatively low cost.  

 

The proton exchange membrane fuel cell (PEMFC) is a  technology that 

generates clean electricity from hydrogen through an electrochemical process 

and has been used extensively in many applications (e.g. busses, cars, 

vessels, submarines). Fuel for the PEMFC is pure hydrogen (H2) and oxygen 

(O2), and both are required for the conversion.  

 

The key advantages of PEMFC are: 
- High power density (power generated per unit of weight, volume or area); 

- Compact size and light weight; 

- Longer range; 

- Longer run time; 

- Operation at low temperatures; 

- Quick refueling and possibilities of gaseous or liquid hydrogen storage 

facilities); 

- Modular design for scalable solutions (systems are dispatchable and can 

be dispatched to meet variable power requirements and ability to adapt 

in order with vessel constraints); 

- Stable and reliable power; 

- Low maintenance requirements (low maintenance costs and long 

service life). 

 
The key disadvantages of PEMFC are: 

- need for a platinum catalyst to provide sufficient electrocatalytic activity 

(expensive); 

- relatively higher catalyst loading at both electrodes. 

 

PEMFC works seamlessly with battery systems and they together provide 

efficient zero-emission power. The hydrogen system in vessels is designed in 
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order that fuel cell can operate at the highest efficiency, and the batteries are 

taking the transient power requirements.  

 

This technology can replenish the batteries at times when the vessel is 

operating at low power requirements, but maximum power can be delivered by 

the fuel cell system and the batteries working together as well. 

 

 Size and weight of PEMFC systems are minimized to enable integration on a 

different type of vessels. Safety, stack technology, ease of integration, service 

ability and modular design are key aspects, which should be well analysed and 

developed.   

 

PEMFC operate at low temperature (50-100 °C), which provide high tolerance 

for cycling operation, besides higher temperatures are not feasible as the 

membrane needs to stay humid.     

 

Efficiency is moderate (50-60 %) and heat recovery is not an option in order 

with the operation of the membrane at low temperatures. Sensitivity to 

impurities in the hydrogen (sulphur and carbon monoxide), complex water 

management system (both gas and liquid) and a moderate lifetime are a major 

drawback of the PEMFC technology systems.  

The effectiveness of the platinum catalyst in the PEMFC is seriously reduced 

by carbon monoxide, even if it is present in trace amounts and highly purified 

hydrogen must be supplied to the anode. 

 

PEMFC create electrochemical reactions using positive hydrogen ions as 

carrier ions, and the flow direction of the hydrogen ions is from the negative 

electrode (anode) to the positive electrode (cathode). 

 

Fuel used to power this technology is hydrogen (H2). Hydrogen (H2) enters at 

the anode, where chemical reaction causes the hydrogen molecules to 

separate into positive hydrogen ions (protons, H+) and electrons (e-). 

Additionally, this reaction will release heat.   
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Platinum-based electrodes and the electrolyte is a humidified polymer 

membrane that is an electric insulator and permeates only positive hydrogen 

ions (H+).  The positive hydrogen ions (H+) pass through the electrolyte and 

travel further to the positive electrode (cathode). The electrolyte will not 

permeate electrons (e-), and they remain behind giving the anode a negative 

charge, which creates a voltage difference between the negative anode and the 

positive cathode. Electrons (e-) naturally travel from negative to the positive 

electrode and will follow an external circuit from the anode to the cathode. At 

the same time, oxygen (O2) enters the fuel cell at the positive electrode 

(cathode) and there combines with the electrons (e- have already travelled 

through the external circuit) and the positive hydrogen ions (H+ have already 

travelled through the electrolyte) to produce water (H2O) at the positive 

electrode (cathode). The main chemical reactions that are occuring are the 

following: 
Anode reaction: 

2𝐻𝐻2 → 4𝐻𝐻+ + 4𝑒𝑒− (1) 

Cathode reaction: 
𝑂𝑂2 + 4𝐻𝐻+ + 4𝑒𝑒− → 4𝐻𝐻2𝑂𝑂 (2) 

Total reaction: 
2𝐻𝐻2 + 𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 (3) 

 

This technology is using hydrogen (H2) and oxygen (O2) in order to produce 

electricity, heat and water. 

 

Schematic of a Proton Exchange Membrane Fuel Cell (PEMFC) is shown in 

Figure 24.  
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Figure 24. Schematic of a Proton Exchange Membrane Fuel Cell (PEMFC) [17] 

 

The membranes are hydrated for their use, and it is necessary to find a solution 

to evaporation problems. Platinum catalysts are very sensitive to poisoning, and 

pure hydrogen (H2) and oxygen (O2) has to be used for its operation, that sets 

up restrictions in their use.  

 

The proton exchange membrane fuel cells are especially suitable for portable 

applications, because they are light. Continuous development of PEMFC will 

provide operational flexibility and durability, as well as fuel cell cost reduction. 

PEMFC in shipping industry could provide zero-emissions in maritime transport, 

because it uses hydrogen (H2) and oxygen (O2), and produces only water(H2O), 

electricity and heat.  

 High-Temperature Proton Exchange Membrane Fuel 
Cell (HT-PEMFC) 

The difference between an HT-PEMFC and a traditional PEMFC is the 

operating temperature. HT-PEMFC can operate at temperatures up to 200 °C 

by using a mineral acid electrolyte instead of a water-based one. The main 

chemical reactions and the fuel used are the same as in the traditional PEMFC. 

Operation at higher temperature reduces the sensitivity towards impurities and 

simplifies the water management (water is present only in a gas phase). 

 

HT-PEMFC has higher efficiency compared to traditional PEMFC. Operation at 

higher temperatures creates more excess heat, which can be used for vessel 

internal heating purpose, and that heat recovery system can increase the 
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efficiency. The electrical efficiency of an HT-PEMFC is similar or slightly better 

than PEMFC, 50 - 60 %, but there is a potential to harvest more energy from 

heat recovery with can increase the overall efficiency of an HT-PEMFC system 

[17]. 

 

HT-PEMFC is less sensitive to poisoning by CO and sulphur compared to 

traditional PEMFC. HT-PEMFC has a lower power density, and it is not possible 

to cold start it. Furthermore, high operating temperature eliminates the need for 

an expensive clean-up reactor that usually comes after the reformer and 

demands additional space, while lowering the system efficiency. HT-PEMFC 

has a lower power density, and cold start is not an option. 

 Solid oxide fuel cell (SOFC) 

Solid oxide fuel cell (SOFC) is an electrochemical conversion device that 

produces electricity directly from oxidizing a fuel. Highly efficient, moderately 

sized fuel cells operate at high temperatures (500-1000 °C) and have the ability 

of heat recovery, which can provide the system with the ability to reach about 

85 % fuel efficiency. The fuel cell is flexible towards fuels and reforming from 

hydrocarbons to hydrogen takes place internally in the cell, but using 

hydrocarbon fuel produces CO2 and NOx emissions.  

 

The electrolyte is a porous ceramic material, yttrium stabilized zirconia is 

common and uses a nickel alloy as the anode. The cathode is a normally made 

of lanthanum strontium manganite (material that has the required porosity and 

compatibility with the electrolyte).  

 

The main chemical reactions that are occuring are the following: 
Internal reforming of LNG: 
Steam reforming: 

𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂 + 3𝐻𝐻2 (4) 
Water-gas-shift: 

𝐶𝐶𝑂𝑂 +  𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 (5) 
Total reaction from reforming: 

𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2 (6) 
Fuel cell reactions: 
Anode reaction: 
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2𝐻𝐻2 + 2𝑂𝑂2− → 2𝐻𝐻2𝑂𝑂 + 4𝑒𝑒− (7) 
Cathode reactions: 

𝑂𝑂2 + 4𝑒𝑒− → 2𝑂𝑂2− (8) 
The total reaction for fuel cell: 

2𝐻𝐻2 + 𝑂𝑂2 → 2𝐻𝐻2𝑂𝑂 (9) 
 
SOFC is generally used in large scale power production on shore, with 

capacities up to 10 MW. SOFC enable flexible-fuel usability, and it is able to 

use hydrogen, LNG, methanol and hydrocarbons as diesel.  

 

The reforming to syngas (hydrogen and carbon monoxide mixture) occurs 

within the fuel cell, and adding CO2 at the cathode is not a requirement. 

Hydrogen has to be used as the fuel, in order to eliminate CO2 emissions. 

 
 
Schematic of a Solid Oxide Fuel Cell is given in Figure 25. 

 
Figure 25. Scheme of a Solid Oxide Fuel Cell 

SOFC can be structured and designed in two different geometry possibilities: 

a) Tubular SOFC geometry 

In tubular SOFC geometry fuel cells are formed as a tube. Inner tube and outer 

tube are electrodes, while the electrolyte is located between them. Tubular 

SOFC geometry is more stable towards thermal cycling. 

b) Planar SOFC geometry 

 In planar SOFC geometry each cell is a flat plate. Each flat plate fits upon each 

other. Planar SOFC geomtery is considered a better design, due to a higher 

energy density and easier production.  
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Figure 26. SOFC geometry structure of tubular (a) and planar (b) [17] 
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