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Preface

The Secretary-General of the International Maritime Organization (IMO), an agency
of the United Nations for regulating international shipping, said, “Decarbonizing
international shipping is a priority issue for IMO, and we are all committed to acting
together in achieving the highest possible ambition™ at the Second IMO Symposium
on Low- and Zero-carbon Fuels for Shipping on October 21, 2022. With this spirit,
this book consists of various decarbonization methods for maritime transport from
different perspectives of the contributing authors to act together.

The International Society for Energy, Environment and Sustainability (ISEES)
was founded at the Indian Institute of Technology Kanpur (IIT Kanpur), India, in
January 2014, to spread knowledge/awareness and catalyze research activities in the
fields of energy, environment, sustainability, and combustion. The society’s goal is to
contribute to the development of clean, affordable, and secure energy resources and
a sustainable environment for society and spread knowledge in the areas mentioned
above, and create awareness about the environmental challenges the world is facing
today. The unique way adopted by ISEES was to break the conventional silos of
specializations (engineering, science, environment, agriculture, biotechnology, mate-
rials, fuels, etc.) to tackle the problems related to energy, environment, and sustain-
ability in a holistic manner. This is quite evident in the participation of experts from
all fields to resolve these issues. The ISEES is involved in various activities, such
as conducting workshops, seminars, and conferences, in the domains of its interests.
The society also recognizes the outstanding works of young scientists, professionals,
and engineers for their contributions in these fields by conferring them awards under
various categories.

Sixth International Conference on “Sustainable Energy and Environmental Chal-
lenges” (VI-SEEC) was organized under the auspices of ISEES from December 27
to 29, 2021, in hybrid mode due to restrictions on travel because of the ongoing
COVID-19 pandemic situation. This conference provided a platform for discussions
between eminent scientists and engineers from various countries, including India,
Spain, Austria, Australia, South Korea, Brazil, Mexico, USA, Malaysia, Japan, Hong
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Kong, China, the UK, Netherlands, Poland, Finland, Italy, Israel, Kenya, Tiirkiye,
and Saudi Arabia. At this conference, eminent international speakers presented
their views on energy, combustion, emissions, and alternative energy resources for
sustainable development and a cleaner environment. The conference presented two
high-voltage plenary talks by Prof. Ashutosh Sharma, Secretary, DST and Dr. V. K.
Saraswat, Honorable Member, NITI Ayog.

The conference included 12 technical panel discussions on energy and environ-
mental sustainability topics. Each session had 6-7 eminent scientists who shared
their opinion and discussed the trends for the future. The technical sessions at the
conference included Fuels for Sustainable Transport, Challenges for Desalination
and Wastewater Treatment and Possible Solutions, Engine Combustion Modelling,
Simulation and Sprays, Bioenergy/biofuels, Coal Biomass Combustion for Power
Generation, Microbial Processes and Products, Future of IC Engine Technology and
Roadmap, Air Pollution and Climate Change: Sustainable Approaches, Sustainable
Energy from Carbon Neutral Sources, Biological Waste Treatment, Combustion:
Emerging Paradigm, and Thermochemical Processes for Biomass. A total of 500+
participants and speakers from around the world attended this three-day conference.

This conference laid out the roadmap for technology development, opportunities,
and challenges in energy, environment, and sustainability domains. All these topics
are very relevant for the country and the world in the present context. We acknowledge
the support from various agencies and organizations for conducting the Sixth ISEES
conference (VI-SEEC), where these books germinated. We want to acknowledge our
publishing partner Springer (special thanks to Ms. Swati Mehershi).

The editors would like to express their sincere gratitude to many authors
worldwide for submitting their high-quality work on time and revising it appro-
priately at short notice. We want to express our special gratitude to our
prolific set of reviewers, Prof. Elen Twrdy, Prof. Cengiz Deniz, Dr. Giacomo
Belgiorno, Dr. Gabriele Di Blasio, Dr. Caglar Dere, Dr. Levent Bilgili, Dr. Maja
Stojakovi¢, Mr. Bugra Arda Zincir, and Dr. Omer Berkehan Inal, who reviewed
various chapters of this monograph and provided their valuable suggestions to
improve the manuscripts.

This book provides an overview of the methods for decarbonization of maritime
transport. The book includes a life cycle analysis of alternative marine fuels,
hydrogen-fueled marine engines, investigation of alternative marine fuels for ships,
electrification and hybridization of ferries, carbon capture systems for ships, green
port concept studies, energy efficiency and management implementation, and evalua-
tion of the market-based measures for maritime transport to achieve decarbonization.
Chapters include recent results and focus on current trends in the maritime trans-
port sector. In this book, readers will understand various decarbonization methods
in different areas, such as shipboard applications, ports, and the maritime trans-
port market. Some of the studies are the review of the state of the art, and some
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are analyses that show the possible ways to decarbonize maritime transport effec-
tively. We hope the book will greatly interest the professionals and post-graduate
students involved in fuels, internal combustion engines, the maritime industry, and
environmental research.

Istanbul, Tiirkiye Burak Zincir
Bhilai, India Pravesh Chandra Shukla
Kanpur, India Avinash Kumar Agarwal
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Chapter 1 ®)
Introduction to Decarbonization Geda
of Maritime Transport

Burak Zincir ®, Pravesh Chandra Shukla®,
and Avinash Kumar Agarwal

Abstract Maritime transport is the most important mode of transport. Ninety per
cent of world trade is carried out by sea transportation. Although maritime transport
is the cleanest type of transport considering the amount of carbon dioxide released
per tonne transported, some measures must be taken to comply with the Paris Agree-
ment on Climate Change. The International Maritime Organization, which sets the
rules for international maritime transport, has conducted many studies to control and
reduce emissions from ships. Studies on CO, have recently been accelerated, and
the IMO Initial Greenhouse Gas (GHG) Strategy was announced in 2018. One of the
objectives of this strategy is to reduce CO, emissions by 40% in 2030 and 70% in
2050 compared to 2008. The other aim is to reduce greenhouse gas emissions by 50%
in 2050 compared to 2008. This strategy, announced by IMO, was the first study in
which the maritime sector complied with the Paris Agreement on Climate Change. To
achieve these goals, IMO has identified short-term, mid-term, and long-term candi-
date measures in this strategy and left it to the maritime transport stakeholders to use
one or more of them on their ships. This book in the series is called “Decarboniza-
tion of Maritime Transport” and includes studies on decarbonization in shipping. The
book consists of 10 sections apart from this section which is the introduction section.
The book chapters are selected from studies on candidate measures announced in the
IMO Initial GHG Strategy. The book includes studies on alternative fuels, carbon
capture technology, green port studies, energy efficiency applications on ships, and
market-based measures.

Keywords Decarbonization - Alternative fuels - Life cycle analysis *+ Energy
management + Maritime transport
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1.1 Introduction

Maritime transport is the most important mode of transport. Ninety percent of world
trade is carried out by sea transportation (Deniz and Zincir 2016). According to the
United Nations Conference on Trade and Development (UNCTAD) data, in 2021,
there were 99,800 ships of 100 gross tonnes and above in international maritime
transport (UNCTAD 2021). The vast majority of these ships use poor-quality fuel,
HFO. Although maritime transport is the cleanest type of transport considering the
amount of carbon dioxide released per tonne transported, some measures must be
taken to comply with the Paris Agreement on Climate Change. The International
Maritime Organization, which sets the rules for international maritime transport, has
conducted many studies to control and reduce emissions from ships. Limits have
been set for nitrogen oxides (NO,), sulfur oxides (SO, ), and particulate matter (PM)
released by ships. Some studies have been carried out to reduce carbon dioxide
(CO,) emissions, and measures have been put forward for both newly built and
existing ships since 2011. Studies on CO, have recently been accelerated, and the
IMO Initial Greenhouse Gas (GHG) Strategy was announced in 2018. One of the
objectives of this strategy is to reduce CO, emissions by 40% in 2030 and 70% in
2050 compared to 2008. The other aim is to reduce greenhouse gas emissions by
50% in 2050 compared to 2008 (IMO 2023). This strategy, announced by IMO, was
the first study in which the maritime sector complied with the Paris Agreement on
Climate Change (ABS 2020). To achieve these goals, IMO has identified short-term,
mid-term, and long-term candidate measures in this strategy and left it to the maritime
transport stakeholders to use one or more of them on their ships.

Along with the IMO Initial GHG Strategy, the term decarbonization in maritime
transport has increased its popularity and has been one of the focal points of the
studies. This book in the series is called “Decarbonization of Maritime Trans-
port” and includes studies on decarbonization in shipping. The book consists of
10 sections apart from this section which is the introduction section. The book chap-
ters are selected from studies on candidate measures announced in the IMO Initial
GHG Strategy. The book includes studies on alternative fuels, carbon capture tech-
nology, green port studies, energy efficiency applications on ships, and market-based
measures.

Chapter 2, “LCA Studies on Marine Alternative Fuels”, includes the life cycle
analysis of alternative fuels (ammonia, hydrogen, liquefied natural gas (LNG),
methanol, etc.) that can be used in maritime transport. In the chapter, the studies
that IMO has done on CO, emissions so far are discussed, and the IMO Initial GHG
Strategy is mentioned. Life cycle studies of alternative marine fuels in the literature
have been examined. As a result of the study, it has been stated that there has been
an increase in studies related to alternative fuels since 2000. Although using alter-
native fuels is a good way to reach the IMO’s 2030 and 2050 targets, the current
lack of technological infrastructure seems to be an obstacle. Increasing alternative
fuel production capacity and supply points is important in replacing traditional fuels
with alternative fuels. In addition, it has been stated that focusing on the life cycle
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studies of alternative fuels will more realistically highlight the real environmental
contributions of these fuels.

Chapter 3, “Lifecycle Emissions of Fossil Fuels and Biofuels for Maritime Trans-
portation: A Requirement Analysis”, includes the comparison of biofuels with
conventional marine fuels in terms of the life cycle, which can be used as a transition
fuel in the period of a complete transition to alternative fuels in marine transportation.
In this section, firstly, the IMO Initial GHG Strategy is mentioned. In the next step of
the study, the role of biofuels in maritime transport is revealed based on the current
age distribution of the world fleet. It has been stated that the production methods
of biofuels are classified under three generations, and different production methods
have been put forward. What life cycle means, the life cycle in fossil fuels and the
life cycle in biofuels are explained. The last step of the study compared the life cycle
approaches of traditional fossil fuels and biofuels. It has been stated that biofuels
produced differently have different life cycle evaluations. It has been explained that
biofuels will contribute to maritime transport compared to traditional fossil fuels if
fuels are assessed according to their life cycle impact.

Chapter 4, “Hydrogen Fuelled Engine Technology, Adaptation, and Application
for Marine Engines”, focuses on using carbon-free hydrogen fuel in marine diesel
engines. After explaining the physicochemical properties of hydrogen and comparing
it with other fuels, the combustion methods of hydrogen in internal combustion
engines are explained. The advantages and disadvantages of hydrogen in internal
combustion engines are stated and discussed in its application to marine engines.
Although hydrogen has an advantage in decarbonization, it is not expected to use
neat hydrogen in marine diesel engines in the near future.

Chapter 5, “Investigation and Examination of LNG, Methanol, and Ammonia
Usage on Marine Vessels”, includes determining the strengths and weaknesses of
alternative fuels with SWOT analysis and then comparing these fuels with the
TOPSIS method using various criteria. The study focuses on LNG, methanol, and
ammonia as alternative marine fuels. While applying the TOPSIS method, expert
opinions were used. In the last step of the study, sensitivity analysis was performed,
and the effect of changes in criteria scoring on the results was examined. As a result,
ammonia, LNG, and methanol ranking were obtained.

Chapter 6, “Electrification and Hybridization of Ferries: State of the Art and Case
study”, covers the electrification and hybridization of coastal ferries and passenger
ships. The first part of the chapter explains fully electric and hybrid propulsion
topologies and power management strategies. In the second part of the chapter, a
ship sailing in the Bosporus Strait is considered a case ship. Mathematical models
with electric and hybrid propulsion systems are explained according to the voyage
profile.

Chapter 7, “SWOT Analysis of Carbon Capture, Storage and Transportation for
Maritime Industry”, reviews carbon capture technologies and their application to
ships. In the study, the strengths and weaknesses, opportunities and threats of carbon
capture technologies to be used on ships were examined using SWOT analysis. In the
study, firstly, the IMO Initial GHG Strategy is mentioned, and why CCS is a system
that can be used for maritime transport is explained. Carbon capture technologies
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and methods are explained in detail, and then the use of CCS on ships is analysed
by SWOT analysis. The weak sides of the system are that the system to be installed
on the ship is not mature, has a complex structure, will create an extra load for the
ship’s crew, and the possibility of reducing the cargo carrying capacity. As a result
of the study, it was stated that although CCS has some weaknesses, it can be one of
the important methods to achieve the IMO’s 2030 and 2050 targets.

Chapter 8, “Green Concepts of Ports and Transition Model”, focuses on ports
to decarbonize maritime transport. In this context, a new approach called the green
concept framework was created, and the ports used in the study were evaluated with
this approach with 13 criteria. In addition, the deficiencies in the ports were deter-
mined according to ISO 50001 principles. At the end of the study, recommendations
were made regarding what to do to ensure energy and environmental sustainability.

Chapter 9, “Evaluation of the Green Port Concept for Decarbonized Maritime
Industry”, focuses on the green port concept as in the previous chapter. The content
of the study includes the availability of new green technologies, the availability of
low-carbon or zero-carbon terminal equipment, and the development of other energy-
consuming elements to achieve the green port concept. In the study, the priorities of
the EU ports for the last five years are discussed, and the importance of the green
port concept is mentioned depending on these priorities. ISO standards related to the
green port concept and the studies done by IMO are explained. In the later part of
the chapter, it has been examined what improvements can be made regarding both
port operations and ships arriving at the port in terms of green port applications.

Chapter 10, “Energy Efficiency and Management Onboard Ships”, contains the
energy management framework to increase the operational efficiency of a tanker
selected as the case ship for this study. In the chapter, the ISO 50001 energy manage-
ment standard is explained, and its connection with the applications in the maritime
sector is explained. Then, the energy management framework created in the study
based on ISO 50001 is introduced, and its application on the selected case ship
is explained. As a result of the study, it is stated that ISO 50001-based energy
management systems can be adapted to maritime transport.

Chapter 11, “Evaluation of the Market-based Measures by the IMO Ceriteria:
Effects of Current Dynamics”, begins with the history of market-based measures
(MBMs) and which measures are at the forefront. In the study’s next step, MBMs in
the literature were compared. While making the comparison, nine criteria were used
in creating MBMs by adapting them to today’s conditions. As a result of the study,
it was determined that the bunker levy met seven criteria, while the other important
MBM, ETS, met only three criteria.

The chapters in the book show that there is no single way to decarbonize maritime
transport. One or more measures should be used to achieve the 2030 and 2050
targets the IMO set. Each measure has its strengths and weaknesses, according to
what is stated in the chapters. Maritime industry stakeholders should try to achieve
IMO’s goals by choosing the ones suitable for their fleet or infrastructure from these
measures. Achieving IMO’s goals will also mean reaching the Paris Agreement on
Climate Change goals.

Specific chapters covered in the book include:
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Introduction to Decarbonization of Maritime Transport

LCA Studies on Marine Alternative Fuels

Lifecycle Emissions of Fossil Fuels and Biofuels for Maritime Transportation: A
Requirement Analysis

Hydrogen Fuelled Engine Technology, Adaptation, and Application for Marine
Engines

Investigation and Examination of LNG, Methanol, and Ammonia Usage on
Marine Vessels

Electrification and Hybridization of Ferries: State of the Art and Case study
SWOT Analysis of Carbon Capture, Storage, and Transportation for the Maritime
Industry

Green Concept of Ports and Transition Model

Evaluation of the Green Port Concept for Decarbonized Maritime Industry
Energy Efficiency and Management Onboard Ships

Evaluation of the Market-based Measures by the IMO Ceriteria: Effects of Current
Dynamics.
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Chapter 2
LCA Studies on Marine Alternative Fuels oo

Levent Bilgili

Abstract Maritime decarbonization is considered one of the most current and impor-
tant issues in the maritime industry. The studies on the subject constitute a strong
infrastructure for the rules and regulations that the International Maritime Orga-
nization should put forward as a top authority. Among these studies, papers and
reports examining the subject from a life cycle perspective are of particular impor-
tance. Examining the environmental impacts of alternative fuels used on ships with a
holistic approach from the cradle-to-grave perspective is very important to determine
which method is “really” environmentally friendly. Life cycle assessment not only
allows methods to be compared but also explains which process needs to be environ-
mentally corrected among all the processes of the method. Within the scope of this
study, first, basic information on the impacts of shipping to the climate change and life
cycle assessment was presented, and then, alternative fuels (e.g., ammonia, hydrogen,
liquefied natural gas, methanol, etc.) are examined from a life cycle perspective. Thus,
it is aimed to evaluate the applications of life cycle assessment in the maritime sector
holistically.

Keywords Life cycle assessment - Greenhouse gas + Alternative fuels - Maritime
energy

Abbreviations

CH,4 Methane

CII Carbon Intensity Indicator
CO, Carbon Dioxide

COseq Carbon Dioxide Equivalent
CO Carbon Monoxide

DME Dimethyl Ether
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ECA
EEDI
EEOI
EEXI
F-T
GHGs
GT
GTL
GWP
H,
HFO
ICE
IMO
IPCC
LBG
LCA
LH,
LNG
LPG
MARPOL
MDO
MEPC
MGO
NO,
PM
SCR
SDGs
SEEMP
SO,
SOFC
TEU
UN
VOCs

L. Bilgili

Emission Control Area

Energy Efficiency Design Index

Energy Efficiency Operation Indicator
Energy Efficiency Existing Ship Index
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Intergovernmental Panel on Climate Change
Liquefied Biogas
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Liquefied Hydrogen
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2.1 Introduction

The global demand for energy, which is the foundation of human civilization, has
been on a steady increase from the past to the present, and as of 2018, the total global
supply is at the level of 14,282 Mtoe. Only 18.7% of this amount is obtained from
sources other than fossil-based energy sources, and oil is still the largest resource
with a share of 31.6%. 6.8% of this amount is consumed by the maritime sector IEA
2020). Based on this consumption, ship operations are responsible for the greenhouse



2 LCA Studies on Marine Alternative Fuels 13

gas (GHG) production of 1,076 million tons of carbon dioxide equivalent (CO,eq)
in 2018, which corresponds to an increase of 9.3% compared to 2012. Ships are
also responsible for 2.89% of the total global production of anthropogenic emissions
(Faber et al. 2020). Although the effects of the COVID-19 pandemic have not yet
been determined, the amount of cargo transported by sea increased by 425% between
1970 and 2019 (UNCTAD 2020), and despite the 31.4% increase in the world’s CO,
production between 1971 and 2015, the future looks bleak and dark considering the
76.8% increase in the CO, production of maritime industry (IEA 2017). According to
a study examining different scenarios, it is predicted that even in the most optimistic
scenario, ship-related fuel consumption will increase by 43.5% in 2050 (Eyring et al.
2050). Accordingly, ship-related emissions in 2050 are expected to increase by 90—
130% compared to 2008 and 50% compared to 2018 (Faber et al. 2020). In a recent
study, it was stated that if the ships were a country, they would be in the sixth or
seventh place in the ranking of the countries producing the most CO, (IRENA 2021).
Besides, in the Baltic Sea, shipping activities are estimated to cause €2.9 billion,
which consists of the damage values for marine eutrophication, marine ecotoxicity,
air quality, and climate change (Ytreberg et al. 2021).

According to the latest Intergovernmental Panel on Climate Change (IPCC) report,
global warming emerges as a very urgent problem that requires immediate action
(IPCC 2021), and the United Nations (UNs) have declared the period between 2021
and 2030 as the Ocean Decade of Ocean Science for Sustainable Development
(Intergovernmental Oceanographic Commission 2021). In addition to these regu-
lations within the scope of the International Convention for the Prevention of Pollu-
tion from Ships (MARPOL), International Maritime Organization (IMO) has also
conducted extensive studies on ship-related GHGs. GHGs first entered the agenda
of IMO in 1997, and necessary studies were initiated with the Resolution 8§ text
of the Marine Environment Protection Committee (MEPC). Then, in 2011, Energy
Efficiency Design Index (EEDI), Energy Efficiency Operational Indicator (EEOI),
and Ship Energy Efficiency Management Plan (SEEMP) came into effect. IMO has
published four reports on ship-related GHGs in 2000, 2009, 2014, and 2020, each
updating the previous one (Bilgili 2021; Serra and Fancello 2020). At the 76th MEPC
meeting held in June 2021, Energy Efficiency Existing Ship Index (EEXI) and Carbon
Intensity Indicator (CII) were developed in addition to EEDI.

These rules have been developed and updated so that ships can operate more
efficiently and can be compared with each other in terms of energy efficiency. EEDI
and EEOI are indicators of CO, production of ships at the design stage and during a
single operation period, respectively. The calculation of these values is carried out
through multivariate equations. Thus, a ship has a score while it is being built and
different indicator values for each operation (depending on the load it carries). EEXI
and CII are the updated and improved versions of EEDI and EEOI values.

The Initial IMO Strategy on Reduction of GHG Emissions from Ships, published
in 2018, outlines IMO’s short, medium, and long-term goals. These goals have been
determined in accordance with the UN’s Sustainable Development Goals (SDGs)
and the UN’s 2030 Agenda for Sustainable Development, as stated in the reference
(United Nations 2022), and within the scope of “urgent measures for climate change
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and its effects” in article 13 of this agenda, it is aimed to reduce ship-related CO,
emissions by 40% by 2030 and by 70% by 2050 IMO 2018; IMO 2022). The short
(2018-2023), medium (2023-2030), and long-term (after 2030) targets of IMO on
energy efficiency and emission reduction are presented in Table 2.1. These studies
are in line with the Paris Agreement, which was prepared on December 12, 2015,
and sets the framework for the methods adopted by most countries to ensure that the
global average temperature does not exceed 1.5 °C (UNFCCC 2015).

Life cycle assessment (LCA) is an innovative approach used in the holistic study
of the environmental, economic, and social impacts of a product system. LCA is
an effective method used to obtain realistic results in the calculation of cumulative
effects as well as in determining which process is more harmful or beneficial in
environmental, economic, and social terms by examining all aspects of the product
system.

In this study, LCA studies on alternative fuels used on ships were comprehensively
evaluated, and future predictions were made. The aim of the study is to make a general
compilation and evaluation of LCA studies on alternative marine fuels and to discuss
the compatibility of these studies with IMO and UN targets. Thus, it is aimed to make

Table 2.1 IMO initial strategies (adopted from IMO 2018)

2018-2023 | — Developing the existing energy efficiency framework with a focus on EEDI and
SEEMP,

— Developing technical and operational energy efficiency measures for new and
existing ships,

— Assessment of methane (CH4) and volatile organic compounds (VOCs)
emissions,

— Developing national action plans and policies for the reduction of GHGs in
accordance with IMO rules,

— Using shore-side electricity from renewable sources, establishing infrastructure
for alternative low and zero-carbon fuels,

— Establishing research and development units covering ship propulsion,
alternative low and zero-carbon fuels and innovative technologies to increase
ship energy efficiency,

— Increasing life cycle GHG studies for alternative low and zero-carbon fuels,

— Further studies on emission reduction cost and alternative low and zero-carbon
fuels

2023-2030 | — Developing an application program for the efficient use of alternative low and
zero-carbon fuels,

— Implementing operational energy efficiency measures for new and existing ships,

— Developing new and innovative emission reduction mechanisms

2030- — Following the development of zero-carbon fuels to assess decarbonization in the
second half of the twenty-first century,

— Providing incentives for the development of other new and innovative emission
reduction mechanisms
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a general analysis of the current situation by creating a basis for the studies to be
carried out on the subject in the coming years.

2.2 Summary of the LCA Studies on Alternative Marine
Fuels

Making fuels globally acceptable is all about considering them from a life cycle
perspective, beyond technological, environmental, economic, and social approaches.
It is difficult to accept the fuel as an alternative if it causes high emissions in the
production and supply process or if large agricultural lands are needed for produc-
tion (Gilbert et al. 2018). Or, (so-called) carbon-free alternative fuels may only shift
the carbon emissions elsewhere in the supply chain, instead of cutting them off,
totally (Wang and Wright 2021). Therefore, the life cycle perspective, in which the
production, distribution, and utilization processes of products are examined holisti-
cally, is a very important issue for the calculation of the cumulative environmental
burden of fuels. The studies are put in order chronologically so that the development
can be observed.

In a study in which a 20 kW solid oxide fuel cell (SOFC) system running on
renewable methanol was compared with natural gas/biogas and hydrogen-powered
batteries from the life cycle perspective, it was concluded that the most gas was
formed as a result of the use of biogas, and the use of methanol/biomethanol caused
the greatest environmental damage, especially in terms of global warming (Strazza
et al. 2010).

In a study comparing the environmental effects of the use of liquefied natural gas
(LNG), scrubber, and selective catalytic reduction (SCR) from a life cycle perspec-
tive, 1 tkm transportation of a Ro-Ro ship was determined as the functional unit.
Although the use of LNG provides a significant reduction in nitrogen oxide (NOy)
and sulfur oxide (SO,) emissions, a slight reduction in global warming potential
(GWP) due to methane leakage was observed (Bengtsson et al. 2011).

In a comprehensive thesis conducted in 2013, the environmental performances of
heavy fuel oil (HFO), marine diesel oil/marine gas oil (MDO/MGO), LNG, methanol,
dimethyl ether (DME), and Fischer—Tropsch (F-T) diesel fuels were compared in the
life cycle perspective. In the study, mainly agricultural land use, GWP, and formation
of particulate matter (PM) were examined. One year of operation was used as the
functional unit. According to the results, while the use of LNG significantly reduces
PM formation, it does not offer a change in terms of GWP. The use of methanol, DME,
and F-T diesel reduces the GWP by 56%, 80%, and 78%, respectively. Agricultural
land use is increasing in fuels of organic origin. Final results show that F-T diesel
and DME are the most environmentally friendly fuels (@berg 2013).

The aim of another thesis conducted in 2014 is to compare the environmental
performances of different alternative fuels with the LCA method. In the study, HFO,
MGO, gas-to-liquid (GTL), biodiesels obtained from rapeseed oil and willow, LNG,
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LBGs obtained from natural gas, agricultural wastes, and forest wastes, methanol
obtained from natural gas and biomass were compared. According to the results, the
least energy consumption was realized by LNG, and the least contribution to global
warming was made by methanol obtained from biomass. LNG is superior to other
fuels with zero PM, 5 production. On the other hand, the total energy consumption
of all alternative fuels is higher than HFO, and methanol obtained from GTL and
natural gas contributes to global warming more than HFO (Brynolf 2014).

In a study in which the environmental effects of LNG and methanol were evalu-
ated from a life cycle perspective, it was determined that both fuels are much more
environmentally friendly than HFO, but they do not cause a serious reduction effect
on climate change (Brynolf et al. 2014).

In a study examining the life cycle performance of LNG, it was stated that
LNG provides better results in short-distance transportation due to technological
constraints, it does not seem very suitable for long-term use due to infrastructure
constraints (supply and distribution), and it is not expected to exhibit a climate-neutral
performance before 190 years (Thomson et al. 2015).

In a study in which an 1805 TEU container ship and a passenger-cargo ship
capable of carrying 683 passengers and 256 TEUs sailing in the Taiwan Strait were
evaluated, it was concluded that the general environmental performance of LNG use
is good, but it could not give the expected effect on global warming due to methane
leakage. Most of the NO,, carbon monoxide (CO) and GHGs are generated during
operation, while most of the sulfur dioxide (SO,) and PM gases are generated during
the production phase (Hua et al. 2017).

In a study in which the environmental effects of a general cargo and a tanker
operating with hydrogen and ammonia are examined in life cycle perspective, the use
of HFO provides the worst results in all conditions, while the use of hydrogen provides
better results in the titles of ecotoxicity, GWP, acidification, abiotic depletion, and
ozone layer depletion is higher than ammonia (Bicer and Dincer 2018a).

In a similar study using the same ships, hydrogen again presented very good envi-
ronmental performance (Bicer and Dincer 2018b). In a study examining the envi-
ronmental impacts of HFO, MGO, and alternative fuels (LNG, hydrogen, methanol
and vegetable oil, biodiesel, and bio-LNG from soy and rapeseed) from a life cycle
perspective, although the emissions at the production stages are slightly different,
HFO, MDO, and LNG have similar cumulative amounts of CO,eq per kWh. Simi-
larly, it was observed that methanol produced a high amount of CO,eq per kWh during
the operation phase. Thus, methanol has reached a higher emission value than fossil
fuels. Although the entire production of CO,eq was in the production phase, the
worst performance was presented by liquefied hydrogen. Methanol increased GHG
production by 12—15%, while biofuels and bio-LNG decreased by 57-79% and bio-
LNG by 40-41%, respectively. HFO has arguably the highest emissions of PM and
SO,. Hydrogen does not produce SO, and PM during operation but falls behind
biofuels in a life cycle perspective due to emissions generated during production.
Methanol did not produce SO, and PM in any process. Biofuels have reached higher
values than even HFO in NO, production. As a result, an alternative fuel that simul-
taneously reduces both local emissions and GHGs is not yet available (Gilbert et al.
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2018). In a study on marine biofuels, it was concluded that the region where the raw
material of the biofuel is produced has a significant weight on the total environmental
impact of the fuel due to various reasons (Kesieme et al. 2019).

In a recent study, in which a fuel with 1 x 107 energy capacity is used as a func-
tional unit, LNG and MGO were evaluated from a life cycle perspective, and it was
concluded that LNG produces 5-7 times less local emissions compared to MGO,
and although the methane leakage puts LNG in doubt, it was also observed that the
effect of the leakage on global warming remains at a negligible level (Hwang et al.
2019).

In a study considering only the production and distribution processes of LNG,
methanol, DME, liquid hydrogen, and liquid ammonia, it was concluded that
methanol and DME perform more environmentally friendly than LNG, while
LNG seems more environmentally friendly than both in a life cycle perspective.
Hydrogen, produced with electricity from renewable sources, is a very powerful
alternative. Liquefied ammonia from natural gas also outperforms LNG, DME, and
methanol from a life cycle perspective (Al-Breiki and Bicer 2021).

In a study examining the environmental impacts of the use of MGO, LNG, and
hydrogen on a 12,000 gross tonnage (GT) ferry from a life cycle perspective, it was
calculated that production and distribution of MGO produced 1.7 times more COeq
than LNG, while production and distribution of hydrogen led to very high GHG
production. Moreover, from whatever source it is produced, hydrogen produces far
more GHGs than MGO and LNG. Similarly, hydrogen obtained from coal is ahead
of other fuels in acidification, eutrophication, and PM formation. Hydrogen from
nuclear, electricity, and renewable sources produces fewer GHGs than MGO but
higher than LNG. In the operational phase, hydrogen produces zero GHGs while LNG
does higher than MGO. There is a similar situation in acidification, eutrophication,
photochemical ozone formation and PM formation, and the effect of hydrogen is
zero. The worst overall effect was produced by hydrogen from coal, followed by
hydrogen from electricity. The best results on GHGs were performed by hydrogen
from nuclear fuel and renewable energy, respectively. Accordingly, while hydrogen
meets Tier III targets for NO,, 2020 targets for SO,, and 2050 targets for GHGs,
LNG is far from 2050 targets, and MGO is far from both Emission Control Area
(ECA) Tier III and 2050 targets (Hwang et al. 2020).

In another study, in which the supply chain and operation process are examined
from the life cycle perspective on dual-fuel engines using traditional and alternative
fuels, the use of LNG instead of HFO can increase or decrease upstream energy
use by up to 2% and 3%, respectively. On the other hand, a decrease of 1-21% is
observed in downstream energy use. Although the use of LNG raises doubts due
to the decrease in cargo capacity, continuing use of MDO in auxiliary engines, and
methane leakage, it increases energy efficiency if cargo capacity is kept constant,
especially for tankers and cruise ships (Seithe et al. 2020).

In a recent study, in which all existing alternative fuels and their effects on human
health as well as the environment are evaluated from a life cycle perspective, it was
observed that the most impact on human health in the short, medium, and long term
is presented by LNG, biodiesel, and again LNG, respectively. From the life cycle
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perspective, ammonia produces the most CO,, while biogas produces the least. When
the results are evaluated cumulatively, biogas is in the first place in environmental
terms. It is followed by liquefied petroleum gas (LPG) and ethanol from wood. The
worst fuels are methanol, biodiesel, and ammonia. In the study, it was emphasized
that biogas provides a two-way gain if it is obtained from organic wastes (Bilgili
2021).

According to the results of a study examining the use of natural gas as ship fuel
from a life-cycle perspective, the use of natural gas produces 2% fewer CO, emissions
in the diesel cycle. In total emissions, although methane gas is released much more
than fossil fuels due to leakage, a significant decrease in GHG emissions has been
observed (Manouchehrinia et al. 2020).

A recent study includes the examination of the HyMethShip concept, which
is bunkered with methanol and aims to stop carbon production by decomposing
methanol into H, and CO, before it is burned. It was observed that this prototype
ship significantly reduces acidification, GWP, marine eutrophication, PM forma-
tion, photochemical ozone formation, and soil eutrophication compared to its MGO
counterparts (Malmgren et al. 2021).

In a study in which the environmental assessments of construction, operation,
and dismantling processes of the two sister ships, were evaluated from a life-cycle
perspective. Since the ships are sisters, the construction and dismantling processes
are similar. The main difference is the operation process. According to the results,
while the effects of the ship using diesel fuel on human health and the environment
are higher, the ship using LNG has a greater impact on climate change due to methane
leakage (Cucinotta et al. 2021).

In a recent study on LNG life cycle emissions, it was concluded that the use
of LNG reduces life cycle emissions by 18% (Al-Douri et al. 2021). According to
the results of the study, in which the life cycle calculations of electricity, methanol,
LNG, hydrogen, and ammonia use in ships operating in Croatian inland waters were
realized, it was concluded that the use of electricity gives the most environmentally
friendly results. Methanol has been found to be the most economically efficient
alternative, but a suitable and developed infrastructure must be established to get full
efficiency from methanol (Perc¢ic¢ et al. 2021).

According to the results of a recent study on understanding the overall
performance-benefit/harm balance of LNG use, dual-fuel systems contribute less to
global warming, acidification, and eutrophication. Environmental impact is directly
proportional to engine power. The effects of global warming, acidification, and
eutrophication during the operation are 2 and 10 times higher, respectively, compared
to the production and distribution processes (Jang et al. 2021).

In another study examining the effects of LNG and methanol use on GHG produc-
tion, air quality and cost from a life cycle perspective, spark-ignition, four-stroke low-
pressure dual-fuel, two-stroke high-pressure dual-fuel, two-stroke low-pressure dual-
fuel engines (all operating with the lean mixture), and methanol engines using HFO
and MDO are compared. According to the results, the two-stroke high-pressure dual-
fuel system contributes the least to global warming while methanol offers the highest.
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All systems running on LNG achieved reductions in SO, emissions between 82—
89% compared to HFO. Low-pressure dual-fuel systems and spark-ignition systems
reduce NOy emissions between 83 and 93%, while NO, emissions increase by 14%
in high-pressure dual-fuel systems. All LNG systems cost 20—80% less, but methanol
costs 10-140% higher. The final results show that the best cumulative performance
is produced by the two-stroke high-pressure dual-fuel system, while the methanol is
below the expected performance (Balcombe et al. 2021).

A study based on onboard measurements indicated that while biofuel blends
can reduce life cycle CO, emissions by 40%, CO,, NO,, and SO, emissions can
be reduced by 1.24%, 3%, and ~50%, respectively, during operation (Stathatou
et al. 2022). Another recent study, which covers the comparison of the conventional
internal combustion engine (ICE) and H; ICE in terms of life cycle perspective, indi-
cated that using H; can achieve a 45-72% reduction in global warming potential and
abiotic depletion potential (Ferndndez-Rios et al. 2022). A study discussed the use
of hydrogen in the maritime sector and reviewed the hydrogen storage methods and
hydrogen combustion concepts on a marine diesel engine. Besides, it was indicated
that because hydrogen is highly flammable, the use of hydrogen should be designed
under the Code of Safety for Ships Using Gas or Other Low-flashpoint Fuels (Inal
et al. 2022).

Table 2.2 summarizes the abovementioned studies.

2.3 Discussions and Conclusions

It was seen that the studies on alternative fuels have been increasing since 2000, and
recently, the focus has shifted to ammonia, hydrogen, and methanol (Ampah et al.
2021). Itis stated that the predicted success of IMO’s 2050 targets based on alternative
fuels will come with radical technological transformation, social pressure, financial
incentives, and reform in local, regional, and international regulations (Mallouppas
and Yfantis 2021). In the last MEPC meeting on the decarbonization of ships, it was
emphasized that many zero-carbon ships have to be delivered by 2030 to achieve
the 2050 targets, but it was stated that the current technological infrastructure is
not sufficient IMO 2021). On the other hand, it was stated that liquefied hydrogen
(LH2) and ammonia can cover 79-91% of current cargo operations without causing
any decrease in cargo capacity. This ratio is 93% and 98% for methanol and methane
(Stolz et al. 2022).

Although alternative fuels are seen as the best environmental solution in the short,
medium, and long term, these fuels can be more efficient and effective when used
together with technical transformations such as innovative machine modification.
In this way, a decrease in the number of many pollutants can be observed, and an
increase in energy efficiency can be achieved. There are studies on the effects of
some alcohol-based fuels in particular (Shamun et al. 2020; Belgiorno et al. 2019;
Tanniello et al. 2021; Luca et al. 2022).
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Table 2.2 Summary of the presented studies

Fuels Results

Natural Gas/Biogas/Hydrogen Methanol/biomethanol causes the greatest environmental
impact

LNG LNG usage causes a slight reduction in GWP

HFO/MDO/MGO/LNG F-T diesel and DME are the most environmentally friendly

Methanol/DME/F-T Diesel fuels

HFO/MGO/GTL/Biodiesels LNG performs the best environmental impact

LNG/Methanol/HFO LNG and methanol are far more environmentally friendly
than HFO

LNG LNG is suitable for short-distance voyages

LNG Most of the SO, and PM are produced during fuel
production

Hydrogen/Ammonia Hydrogen provides much better performance in various
impact categories

HFO/MGO/LNG/Hydrogen While methanol increased GHG emissions, biofuels and

Methanol/Vegetable Oil bio-LNG provide a reduction in GHGs

Biodiesel/Bio-LNG

LNG/MGO LNG produces 5-7 times fewer emissions

LNG/Methanol/DME LNG performs the best performance

Hydrogen/Ammonia

MGO/LNG/Hydrogen Hydrogen performs the best performance

LNG/HFO LNG can reduce downstream emissions by up to 21%

Alternative Fuels Biogas presents the best performance in terms of human
health

Hydrogen/MGO Hydrogen reduces various environmental impacts

Diesel/LNG While LNG reduces the impacts on human health, it has a
greater impact on climate change

In light of the above information and the data obtained from the reviewed papers, it
is difficult to say that alternative marine fuels are currently preferable to conventional
fuels. The most important factor is the technological infrastructure, which MEPC also
draws attention to in its last meeting. Fuel production, distribution, supply, and use
processes should be considered as a whole, and it should not be forgotten that the
technological inadequacy in any of them negatively affects the others. All alternative
fuels outperform conventional fuels in terms of operational emissions. Although
additional measures to reduce emissions are needed in some cases, no problem is
expected from alternative fuels in this regard. There is still a long way to go in
financial issues. Improving technological infrastructures will provide access to more
economical fuels, but there is still time for the existing structure to change. Many
problems need to be overcome for the ships to be able to use the mentioned fuels
in a real sense—that is, in international long-distance trade. Above all, accurate and
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precise calculation of the life cycle emissions and costs of fuels is also very important
for revealing the true potential of these fuels.

The inadequate production, distribution, and supply processes of alternative fuels
seriously undermine the superior properties of these fuels over conventional fuels.
Thus, alternative fuels should be evaluated not only in terms of the operation process,
but also as a chemical in a holistic way. During the evaluation process, all views
submitted by the four main stakeholders in fuel acceptance—academia, ship owners,
society, and government—must be carefully considered, and each stakeholder’s
different priorities should be duly considered. Besides, as indicated in a recent study
(Kotakowski et al. 2021), studies in the future should focus more on legislative issues
to provide completeness.

In addition, the social aspects of fuel switches are another problem that has to be
considered. As the use of new fuels expands, new business lines and new risks will
emerge. The setting of standards, salaries, and practices for these risks and lines of
business should therefore be scrutinized with particular care.

The use of alternative fuels generally reduces carbon emissions. However,
nitrogen-based fuels such as ammonia can increase NOy emissions, and the methane
leakage caused by the transportation of fuels such as LNG may contribute more to
global warming. It can be said that all alternative fuels cause a sharp reduction in
SO, and PM emissions. On the other hand, alternative fuels are an important solution
because of the need for innovative solutions to the climate change problem caused
by existing fossil fuels.

The most important driving force in the global adoption of alternative fuels is,
above all, environmental concerns. If fossil fuels were not environmentally risky,
no one would have thought to turn to these fuels, but the only exception could be
economic concerns. Therefore, as long as the pressure created by human being on
the environment continues, the orientation to different energy sources will be an
extremely natural and effective result. From a life-cycle perspective, however, there
will eventually be an economic constraint on the use of fossil fuels, which cannot be
produced but can be obtained naturally from mines or oil fields, as the extraction of
fossil fuels will become more and more costly. Therefore, the orientation toward alter-
native fuels is an inevitable result. Although costs are the most important constraint
in front of this transformation today, difficult problems such as procurement, various
biases, insufficient infrastructure, and low efficiency await us.

Considering the global climate change and other environmental problems that
have occupied the world for a long time, today’s energy problems and economic
constraints, the adoption and spread of alternative fuels become a very complex
problem. Therefore, it is very important to plan every step taken correctly. The
selected alternative fuel should be managed at an economically acceptable level,
produce satisfactory solutions to address environmental concerns, and be safe and
sustainable in terms of energy supply. The holistic solution to all these problems
can be provided by LCA, which is designed to bring holistic solutions to holistic
problems, not with traditional approaches that focus on problems one by one. LCA
is considered to be the most appropriate solution approach for the current situation,
as it includes calculation systems covering economic and social impacts as well as
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environmental impacts. The main problem that the use of LCA can cause is the
difficulties in determining energy roadmaps, which are too complex, databases that
need to be constantly updated and long-term working times.

Examining the reviewed studies holistically shows that we are still in a transitional
stage, which leads the stakeholders to be in quandary, regarding the use of alternatives.
However, LNG is considered a good transition fuel until 2030, and it is indicated
that LNG and methanol may help to reach the determined targets in a short period.
Besides, hydrogen is considered the fuel with the highest potential in the medium
and long term. Although it is projected that emissions from ships will be reduced
until they reach the desired level in line with the UN’s SDGs, current studies and
estimates indicate that more efforts have to be done within the framework of stricter
regulations to reach the targets.

Evaluation of the possibility of conversion of alternative fuels to conventional
fuels was determined as the focus of the study. Accordingly, in light of the reviewed
information, it is recommended that the LCA method should be prioritized so that
the compatibility of alternative marine fuels with the SDGs can be determined more
precisely.
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Chapter 3 ®)
Lifecycle Emissions of Fossil Fuels e
and Biofuels for Maritime

Transportation: A Requirement Analysis

Cagatayhan Sevim ® and Burak Zincir

Abstract Climate change and global warming are among the most important prob-
lems that today’s world is struggling with. Greenhouse gas emissions released into
the atmosphere make these problems even more intractable. The leading organization
of the maritime industry, the International Maritime Organization (IMO), is taking
increasingly restrictive and stricter rules and regulations on the reduction of green-
house gas emissions, as a significant amount of greenhouse gas emissions released
into the atmosphere originate from commercial ships. Therefore, researchers focused
on alternative marine fuels. Although there are many types of alternative marine fuels,
biofuels are the most promising fuel for a smooth transition to zero-carbon alterna-
tive fuels. This is because biofuels can be burned in existing diesel-powered ships
without any modifications or with minor modifications. Existing rules that seek to
control emissions mainly monitor emissions from combustion of the fuel at the end
user but are likely to take into account the entire lifecycle emissions of the fuel in
the coming years. For this reason, in this paper, information about the stages and
processes of lifecycle assessment is given. Then, the lifecycle emissions of fossil
fuels, which are widely used today, and biofuels, which have an important posi-
tion both in the decarbonization of maritime transportation and in the transition to
zero-carbon alternative fuels, are examined. The aim of this study is to emphasize
the importance of the lifecycle assessment model in the steps to be taken to reduce
greenhouse gas emissions in order to overcome the problems on a global scale and
then to compare fossil fuels and biofuels for the maritime industry within the scope
of lifecycle emissions.
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Nomenclature

CO Carbon monoxide

CO, Carbon dioxide

DCS Data Collection System

EEDI Energy Efficiency Design Index

EFTA European Free Trade Association
EMSA European Maritime Safety Agency

EU European Union

GHG Greenhouse Gas

HFO Heavy Fuel Oil

ILUC Indirect Land Use Change

MO International Maritime Organization
ISO International Organization for Standardization
LCA Lifecycle Assessment

LNG Liquefied Natural Gas

LPG Liquefied Petroleum Gas

MDO Marine Diesel Oil

MRV Monitoring, Reporting, and Verification
NO, Nitrogen oxides

PM Particulate Matter

SEEMP Ship Energy Efficiency Management Plan
SO, Sulfur oxides

TTW Tank-to-Wake

UCo Used Cooking Oil

UNCTAD  United Nations Conference on Trade and Development
WTT Well-to-Tank
WTW Well-to-Wake

3.1 Introduction

Transportation is a sector with a high energy need. About 19% of global energy
consumption belongs to the transportation sector (Inal et al. 2022). The transportation
sector includes airways, railways, roadways, and maritime transportation. Maritime
transportation, on the other hand, is the most efficient type of transportation and logis-
tics thanks to the internal combustion diesel engines used (Zincir 2022). According
to data from the United Nations Conference on Trade and Development (UNCTAD),
the commercial marine fleet increased by 3% between January 1 and December 31,
2021. The number of ships of 100 gross tons and above has reached 99,800 at January
2021 (Review of Maritime Report 2021). Shipping, which is an important part of
international trade, is one of the fastest-growing sectors in the world. With the effect
of the developing global economy, the amount of products transported by maritime
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transportation has increased by more than 150% since the 1990s (Baldi et al. 2020).
Approximately, 90% of the products transported in global trade are provided by
maritime transportation (Zincir and Deniz 2021).

Although maritime transportation is cost-effective, 99% of existing ships have
internal combustion engines and use petroleum-derived fuel (Rattazzi et al. 2021).
The amount of fuel consumed in maritime transportation is approximately 300
million tons, which corresponds to 7% of global fuel consumption and 3% of energy
demand (IMO et al. 2014). Heavy fuel oil (HFO) 72%, marine diesel oil (MDO) 26%,
and liquefied natural gas (LNG) 2% constitute petroleum-derived fuels consumed
by ships (Gray et al. 2021). Depending on the petroleum-derived fuel consumption,
maritime transportation emits a substantial amount of greenhouse gas (GHG), and
carbon dioxide constitutes the largest majority of greenhouse gases. Ships emit 0.61%
of worldwide CO emissions, 9.84% of SO, emissions, 14.74% of NO, emissions,
and 6.75% and 3.56% of PM2.5 and PM 10 emissions, consequently, according to the
European Environment Agency (EEA) (2021). In addition, in its fourth greenhouse
gas study, International Maritime Organization (IMO) stated that 2.89% of global
CO,; emissions originate from shipping (IMO 2020).

3.1.1 IMO Actions

The IMO, which sets emissions regulations for marine transportation, tightens them
more strictly every day to reduce shipboard GHG emissions. The most important
greenhouse gas is CO,, and reducing CO, emissions in marine engines is a chal-
lenging issue due to the carbon-containing fuels used and the increasing number of
ships (Dere and Deniz 2020). It has been determined that when the maritime industry
is considered as a country, it would be the sixth largest CO, emitter country in the
world (Balcombe et al. 2018). In order to overcome this issue, IMO adopted the
first greenhouse gas strategy plan in 2018 to reduce greenhouse gases and has set a
goal within this framework (Joung et al. 2020). The primary objectives of the IMO’s
initial strategy plan are to minimize CO, emissions per unit of transport activity by
at least 70% by 2050 compared to 2008 and decrease worldwide ship-source emis-
sions by 50%. This is the first to fully demonstrate the maritime industry’s compli-
ance with the goals of the Paris Agreement (American Bureau of Shipping (ABS)
2020). The strategy plan contains potential short-, mid-, and long-term methods to
accomplish these fundamental goals as well. Short-term measures include the years
2018 through 2023. Mid-term measures encompass 2023 and 2030, while long-term
measures cover 2030 and beyond (Rutherford and Comer 2018). These candidate
measures are given in Table 3.1.

The candidate measures can be implemented without any restriction. To accom-
plish decarbonization in maritime transportation, one or a combination of more than
one candidate measure may be applied. Countries, owners, and operators of ships
are in charge of the decarbonization process. In addition, there are some interna-
tional project initiatives that contribute to the achievement of IMO’s greenhouse
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Short-term candidate measures

Mid-term candidate
measures

Long-term candidate measures

Enhancing the current energy
efficiency framework (EEDI,
SEEMP)

Program for the effective
adoption of zero- and
low-carbon fuel alternatives

Pursue the creation and supply
of fossil-free or zero-carbon
fuels

The creation of operational and
technological energy efficiency
solutions for both new and
used ships

Measures to improve
operational energy efficiency
for both new and old ships

Encourage and assist the
widespread adoption of any
other new or creative emission
reduction techniques that may
be available (s)

Creation of an existing fleet
improvement program

Market-based actions, novel
emission reduction
mechanisms

Speed optimization/reduction

Continued development and
improvement of technical
collaboration and capacity
building

Taking action against volatile
organic compounds

Creation of a feedback
mechanism to allow for the
learning of lessons from the
use of measures

Creation and revision of
national action plans

Technical cooperation and
capacity building should
continue and be improved

Port development and activity
measures

Launch of R&D initiatives in
marine propulsion, alternative
low- and zero-carbon fuels,

and cutting-edge technologies

Rewards for adopting new
technologies first

Creation of robust fuel
lifecycle GHG/carbon intensity
guidelines

Conduct more research on
GHG emissions

gas strategy plan targets. These initiatives are GreenVoyage2050, Global Industry
Alliance (GIA), Global Maritime Network (GMN) of Maritime Technology Cooper-
ation Centers, Germany Asia Maritime Transport Emissions (Blue Solutions Project),
GHG-SMART, NextGEN project, etc. (International Maritime Organization (IMO)

2022).
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The IMQ’s initial GHG strategy includes operational measures, policy measures,
and, more generally, technology-based measures. The use of alternative marine fuels
or fuel cells is one of these strategies, but it is not the only one. Other steps include
status monitoring, efficient shipboard operations, and more efficient ship designs
(Dere and Deniz 2020). The technology-based measure that is prevalent at the
short-, mid-, and long-term measures is the usage of alternative fuels in place of
traditional fossil fuels. The strategy fosters the implementation of alternative low-
carbon and zero-carbon fuels in the short-term and supports initiatives on these fuels
in the mid-term. Then, it works to enhance and implement fossil-free or zero-carbon
fuels in the long run. Researchers are being pushed to look for alternative marine fuels
made from clean and renewable sources as a result of all these new rules, regulations,
incentives, and measurements surrounding emissions.

Decarbonized marine transportation may be achieved using a variety of alterna-
tive fuels, including liquefied natural gas (LNG), liquefied petroleum gas (LPG),
methanol, ethanol, hydrogen, ammonia, completely electric vehicles, and biofuels
(Ryste etal. 2019). Each fuel route has pros and cons when it comes to using it in ships
because of its unique characteristics. Alcohol fuels such as ethanol and methanol,
among these fuels, have the potential to reduce carbon emissions by using them as fuel
additives (Shamun et al. 2020), just like biofuels. Therefore, characteristic features
are decisive for which alternative fuels can be used in maritime transportation in the
short-, mid-, and long-term.

3.1.2 Transition to Alternative Fuels

Today, the most used marine fuels are HFO and MDO. After HFO and MDO, LNG
is the third fuel of choice for marine transportation. In addition, methanol is also the
fourth-most common alternative fuel consumed on vessels (Deniz and Zincir 2016).
The ratio of alternative fuel vessels ordered for construction to all vessels ordered
increased from 6% in May 2019 to almost 12% in June 2021. According to DNV GL,
a reputable classification agency in the maritime transportation industry, there are
216 LNG-fueled vessels currently in operation, and 399 more are being ordered. 10
methanol-fueled vessels are currently in service and 29 more are being ordered, and
there are six LPG-fueled vessels currently in operation and 90 more are being ordered
(Hammer et al. 2050). When we consider all these, we can see that the transition to
alternative fuels in the maritime sector has started and is increasing rapidly.
Although the transition to alternative fuels will be easier for new ships to be
built, it will not be an easy process for existing ships. The vast majority of existing
ships have engines and systems suitable for the storage and consumption of HFO
and MDO, which are still widely used today (Hammer et al. 2050). Ensuring the
operation of these ships with a different alternative fuel may require changes in the
main engine, auxiliary engines, and other systems (in matters such as safety, storage,
transfer, filter, and separation) depending on the nature of the fuel to be used. In this
chapter, biofuels were examined because biofuels have a significant advantage in the
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transition to alternative fuels for decarbonizing maritime transportation thanks to the
ability that they can be blended with petroleum-derived conventional fuels or used
directly as a drop-in in the existing ship infrastructure.

3.2 Role of Biofuels in Transition Period

Engines and ships compatible with zero-carbon alternative fuels (such as hydrogen
ammonia) are in the maritime sector’s future plans in order for the IMO to achieve
its GHG targets. However, using fuels such as hydrogen and ammonia on existing
ships is not an easy task. Because major modifications need to be made in the engine
and systems of the ship. These modifications are costly operations. In order to use
the capital spent on currently operating ships in the most efficient way, it should be
ensured that these ships operate in accordance with the new regulations and rules
until the end of their life. The average life span of a ship is accepted as 30 years (Laso
et al. 2018). From this point of view, most of the existing ships should be operational
for many more years. According to the UNCTAD review of maritime transport 2021
report, almost fifty percent of the existing ships are 14 years old and below. Age
distribution according to the types of ships is given in Table 3.2 (Review of Maritime
Report 2021).

The vast majority of ships given in the table are diesel-powered ships. The old
ones of these ships can be destroyed after completing their life span, but it is an
important issue that the younger ones are operated in accordance with the new rules
and regulations. One of the effective ways to operate these ships in accordance with
the new rules is to use a drop-in transition fuel. Biofuels are alternative marine fuels
that can be used as drop-in ABS (2021a). Finding biofuels that could be easily used
in two-stroke or four-stroke marine diesel engines with little to no modification is
one of the transitional solutions to address the emissions-reduction targets of the
IMO. For this reason, an increasing number of shipping companies have started to
test biofuels or their blends.

Table 3.2 Age distribution of existing ships

Ship type Age of ship (%)
04 5-9 10-14 15-19 More than 20

Bulk carrier 18 37 24 10 10
Container 14 19 32 17 17
General cargo 5 10 16 9 59
Oil tankers 14 17 21 13 35
Others 10 17 17 9 47
All ships 11 18 19 10 41
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The term “biofuel” refers to a broad range of fluids or gases that may be created
from a wide range of biomass or biological wastes. For example, biofuels can be
made from lignocellulosic biomass (such as miscanthus, corn stalks), used cooking
oils (UCO), tallow and microalgae biomass, as well as edible vegetable oils such as
palm, soybean and rapeseed (Mohd Noor et al. 2017; Lin and Lu 2021). According
to the raw material utilized and the manufacturing technique, biofuels are expressed
in three generations. Most of the crops in the first generation are edible food ones.
Lignocellulosic raw materials and non-edible plant oils make up second-generation
biofuels. The biomass of microalgae is used to produce the third generation of biofuel,
and research is currently ongoing (Sevim and Zincir 2022). Biofuels can be produced
from different raw materials as well as by going through different processes (Yuan-
rong Zhou 2020). In Fig. 3.1, biofuels produced from different raw materials by
different processes are illustrated (ABS 2021b).

Biofuels, like conventional fossil fuels, are fuels containing carbon. As can be seen
in Fig. 3.1, many different biofuels are obtained according to the raw material and
production process used in their production. For this reason, the emissions of the final
biofuel obtained as a result of combustion are also different. In experimental studies,
gains were obtained in carbon emissions as a result of combustion, depending on
the mixing ratio (Abed et al. 2019; Kaya and Kokkiiliink 2020). However, in exper-
imental studies, there have been cases where there has been an increase, especially
in CO, emission values (Xue et al. 2011). The main gain of biofuels in terms of
emissions comes out with the lifecycle assessment thanks to the ability of carbon

Raw Material ’—b Processing —» Int;lmedlale —» Processing —h—! Biofuel
roduct |

Vegelable Oil

Tank Oil

Green Crude

Fig. 3.1 Biofuel production pathways from different raw materials
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uptake (Sevim and Zincir 2022). When we use petroleum-derived fuels, we burn
fossilized hydrocarbons that are not related to the atmosphere no longer and release
the carbon content into the atmosphere in gaseous form. Thus, we increase the rate of
CO,, which is the most important greenhouse gas, in the atmosphere and take action
that exacerbates the problems of global warming and climate change. The situation
is different for biofuels. The raw materials used to obtain biofuels are plants that are
capable of biogenic carbon capture with the ability to photosynthesis. Thanks to this
ability, biofuels are considered carbon neutral (Khan et al. 2021). Carbon—neutral
fuels such as biofuels have an essential place in the sustainable energy transition and
green economy.

3.3 Emissions Monitoring and Reporting Infrastructure

The exhaust emissions from combustion aboard ships are the main focus of the
existing monitoring and regulatory infrastructure in marine transportation. The moni-
toring, reporting, and verification of CO, emissions from maritime transportation
are currently governed by two regulations. The first of these is the European Union
MRYV Regulation (EU MRV). The MRV regulation came into effect on July 1, 2015.
The European Union, along with the MRV regulations, has also led the way in
producing more effective solutions to the IMO within the legal framework (Boviatsis
and Tselentis 2019).

Another method is the IMO Data Collection System (IMO DCS). IMO adopted
the new regulation for ships to monitor and report their fuel consumption, and on
March 1, 2018, IMO DCS came into effect (Rony et al. 2019; IMO 2018). Table 3.3
gives the characteristics of MRV and DCS systems.

The introduction of the MRV and DCS systems has created an important data
source on the decarbonization of shipping and has shed light on future steps to be
taken. MRV and DCS are on the same line as seen in Table 3.2. The most striking
difference is that DCS is applied in all international ports, while MRV is applied only
in the ports of EU and EFTA countries (Zincir and Deniz 2021).

Even if there is not a formal mandate yet, it makes more sense to assess the
net carbon emissions of fuels using an LCA approach. Because the main purpose
is to solve problems such as global warming and climate change, and in order to
solve these problems, the density of greenhouse gases in the atmosphere should
not increase. We cannot solve the greenhouse gas problem in the atmosphere by
only taking into account the exhaust emissions resulting from combustion. The LCA
approach is to evaluate not only the exhaust emissions resulting from combustion
but also the whole production process of the fuel, transportation, and the emissions
as a result of combustion (Osman et al. 2021).
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Table 3.3 Features of MRV and DCS systems

IMO DCS EU MRV
Entry into force 1 March 2018 1 July 2015
Initial monitoring period 2019 2018
Procedure Data collection plan Monitoring plan
Verification Authorized organizations or Verifiers who are accredited
flag administrations independently
Target ships Ships with a gross tonnage of | Ships with a gross tonnage of
5000 or more 5000 or more
Scope International EU and EFTA ports
Centralized fuel consumption | IMO management database of | EMSA database (THETIS)
database fuel consumption (GISIS)
Reporting Total fuel consumption Fuel consumption (port/sea)
Distance traveled Carbon emissions
Hours underway Actual cargo carried
Design deadweight Voyage distance
Sea time not include
anchorages

3.4 Lifecycle Assessment in General

The concept of lifecycle assessment emerged in the late 1980s from competition
among manufacturers attempting to persuade users about the superiority of one
product choice over another. It became clear that several techniques were being
adopted in relation to the essential components in the LCA analysis as additional
comparative studies with divergent conclusions were published. These components
are boundary conditions, data source, and definition of the functional unit. The Inter-
national Standards Organization (ISO) has prepared a set of LCA standards under the
environmental management series to standardize these approaches and techniques
(By Reilly-Roe and A Ltd 2012). This standard is ISO 14040, and it has also devel-
oped as the 14041-14043 standards in 1997-2000, which also states its requirements
for each phase. These phases are as follows:

i. Goal and scope definition.
ii. Inventory analysis.

iii. Impact assessment.

iv. Interpretation.

These standards, valid until 2006, were re-evaluated and revised, and updated
for LCA principles (ISO 14040:2006), for requirements (ISO 14044:2006). In
addition, ISO has published guidelines (ISO 14047-14049) to assist in the good
implementation of the LCA (Tanzer et al. 2019).

By using the LCA model for fuels, the lifecycle emissions of fuel can be estimated.
The LCA approach used to determine the net carbon emissions of fuels is analyzed
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[ WELL-TO-TANK | [ TANK-TO-WAKE | [ WELL-TO-WAKE |
Emission from
combustion

in 2 parts. Emissions caused by combustion on the end user are known as tank-to-
wake (TTW) emissions, while emissions from fuel generated from scratch up until
it reaches the ultimate consumer are known as well-to-tank (WTT) emissions. The
value obtained by summing WTT and TTW emissions is the net carbon emission
effect of the fuel and is called well-to-wake (WTW) (ABS 2021a). It is visually
schematized in Fig. 3.2.

There are different forms of these nomenclatures in the literature. For example,
cradle to grave for WTW, well to pump for WTT (Carneiro et al. 2017). The important
point is not the nomenclature, but knowing the fact that emissions from production
and transportation make up the Ist part, emissions from combustion or using it as
an energy source make up the 2nd part, and their sum is the net carbon emissions of
fuel.

Emission from
production and

transportation

Fig. 3.2 Lifecycle emission of fuel

3.4.1 LCA Approach for Fossil Fuels

Fossil marine fuels have been used predominantly in the maritime industry for many
years. The maritime industry switched from coal to marine diesel oil in the 1920s
and then to HFO in the 1950s (Balcombe et al. 2018). However, at the point that we
have reached, the tightening emission rules to reduce carbon intensity have focused
on emissions from these fuels. The LCA approach is generally applied to alterna-
tive marine fuels. Since HFO and MDO are reference fuels for shipping, the LCA
approach applied to these fuels is important because it is comparable to that of alter-
native fuels (Bengtsson et al. 2008). Figure 3.3 illustrates the LCA approach to a
petroleum-derived fuel.

The first stage begins with the extraction of crude oil, which is the raw material. It
continues with the transportation of the extracted crude oil to the oil refinery and the
production of products such as heavy fuel oil and diesel oil for the marine industry
and kerosene, gasoline, and LPG for the other transportation sectors. Afterward, the
process of storing and transporting the obtained fuel has completed the WTT phase
with its delivery to the end users. There is energy consumption in all of these stages.
Electricity is mostly used in oil extraction and refining processes. Even the source
of the electrical energy used and how it is produced affect net carbon emissions. The
electricity produced on a regional and country basis can be renewable energy (wind,
solar, etc.), as well as nuclear, coal power plants, or natural gas conversion power
plants. As a result, it is important to know the amount and proportionally the source
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Fig. 3.3 Life cycle of conventional fossil fuels

of the electricity used in these stages. Diesel oil is mostly used as an energy source
during the transportation, storage, and distribution stages of the fuel. For this reason,
the emissions of the fuel used in these stages should also be taken into account when
trying to determine the net carbon impact of marine fuel.

3.4.2 LCA Approach for Biofuels

Although the LCA approach in biofuels is similar to that of fossil fuels in general
terms, it contains some differences (Keller et al. 2022; McKone et al. 2011). The
raw material of fossil fuels can be directly extracted from oil wells. However, the
raw materials to be used in biofuels require cultivation (Liu et al. 2018). The LCA
process for biofuels essentially has three key phases. Phase 1 involves the cultivation
of biomass, phase 2 involves the manufacturing of biofuel, and phase 3 involves the
consumption of biofuel. Each phase needs energy, and the majority of this energy
comes from diesel oil. For example, tractors and agricultural equipment to grow
and harvest biomass, heavy-duty vehicles used to transport raw materials, interme-
diates and produced fuel, etc. Each step results in the emission of carbon into the
environment.

Figure 3.4 illustrates the LCA approach for biofuels. As can be seen from Fig. 3.4,
biomass cultivation is the Ist stage and includes the harvesting of the crops planted
using agricultural land with agricultural machinery and transportation to the biofuel
production facility after harvesting. The second stage is the production stage of
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Energy consumption
in every phase

Agricultural land Biomass
use pretreatment
Transportation to
the final consumer

Convert biomass
to biofuel

Transportation to
processing unit

Biofuel seperation

Carbon emission to the
atmosphere

Fig. 3.4 Life cycle of biofuels

biofuel. The biomass arriving at the production facility is pre-processed to obtain
an intermediate product. This intermediate product is then converted into biofuel.
You can observe in detail the raw materials, pre-processes, intermediate products,
and obtained biofuels in Fig. 3.1 above. The third stage includes the delivery and
combustion of the biofuel to the end user.

When determining the net carbon effect of biofuels with the LCA approach, the
biogenic carbon capture ability of the biomass used in the production of raw materials
should also be taken into account. Plants perform photosynthesis by using the free
CO; in the atmosphere, thanks to their unique ability. In this way, they contribute
positively to the net carbon emission of the biofuel obtained from the biomass of these
plants, by reducing the concentration of CO,, one of the most important greenhouse
gases in the atmosphere.
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The indirect land-use change (ILUC) should also be taken into account when
assessing the lifecycle assessment of biofuels. When cropland that was once utilized
for food and feed is exploited to gather biomass, ILUC results (Sevim and Zincir
2022). New agricultural areas will be required to satisfy this need since the human
and animal populations will continue to grow. Wetlands and forests will be turned into
agricultural land due to the demand for more agricultural land (Juncker 2019; Gas
et al. 2015). However, because of their capacity to absorb biogenic carbon through
photosynthesis, forests play a significant role in the natural carbon cycle. Because
of this, it is undesirable to convert forests to agricultural lands, and the ILUC has a
negative effect on a fuel LCA (Finkbeiner 2014).

3.4.3 LCA Approach Comparison of Biofuels and Fossil
Fuels

Although fossil fuels and biofuels have basically the same lines in terms of LCA
approach, there are points where biofuels differ due to their unique properties. Table
3.4 gives a comparison of fossil fuels and biofuels in terms of LCA approach. While
the red color has a negative meaning on the net carbon emission effect of the fuel,
the green color indicates that it contributes positively. The stages of energy use are
separated as WTT and TTW, and other effects are also indicated.

When we examine WTT emissions according to the table, it is similar to evalu-
ating fossil fuels and biofuels in the storage, distribution, and transportation stages.
However, the raw material procurement and production stages are not similar. While
the raw material of fossil fuels is extracted from the oil well, processes such as
growing and harvesting the plant to be used for the raw material of biofuels are
required.

On the other hand, the production process differs according to the raw materials
used in biofuels and the final product to be obtained. For this reason, varying amounts

Table 3.4 Comparison of LCA approach

Conventional fossil fuels Biofuels

Well-to-tank emissions Extraction raw materials Cultivation raw materials
Production (refining) Production process (differs in the

type of biofuel)

Fuel storage and distribution | Biofuel storage and distribution
Transportation Transportation

Tank-to-wake emission Combustion of fuel Combustion of biofuel

Other impacts None Biogenic carbon uptake
None ILUC

Total GHG emissions (WTW) | Sum of the above Sum of the above
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of energy consumption and emissions occur depending on which raw material and
production pathway are used. In fossil fuels, the refining process of crude oil is
more mature and stable. Thus, the energy and emissions consumed in the production
processes of fossil fuels can be determined more easily. TTW emission resulting
from the combustion of the fuel in the engine is an important point for both fuels. It
varies according to the emission performance of the fuels as a result of combustion.

It is sufficient to calculate WTT and TTW emissions when determining the net
carbon impact of fossil fuels. For biofuels, there are other points that need to be taken
into account. First of all, since the raw materials used to obtain biofuels are plants
capable of photosynthesis, it captures the free CO; in the atmosphere until harvest
time and incorporates it into its own structure. This unique carbon capture ability of
plants has a positive impact on the net carbon emissions of biofuels under the LCA
approach.

But on the other hand, there is the ILUC effect, which affects negatively. The
ILUC effect is related to the raw material used in the production of biofuels. When
plant oils that can be used as food are used as raw materials, the ILUC effect is
high. These biofuels are 1st generation. However, the ILUC effect of waste oils used
in the food industry is zero. Because there is no direct use of agricultural land for
fuel production. In addition, agricultural wastes such as corn stover have no ILUC
effect. Also, energy crops such as miscanthus, which can easily grow in steep lands,
grasslands, and pastures, can even show a negative ILUC effect which is positive
for the LCA of biofuel (Pavlenko and Searle 2018). The total GHG emission impact
for biofuels is estimated by calculating the total value, including WTT and TTW
emissions, as well as other impacts.

3.5 Summary

This chapter focuses on the importance of the fuel lifecycle assessment approach
for the decarbonization of the maritime industry. First of all, the current situation
in maritime transport has been revealed with the announced fuel consumption, the
number of ships, and the GHG emission data released. The actions taken by IMO
to decarbonize maritime transportation and the initial strategy plan of IMO are
mentioned. Then, the transition process to alternative fuels and the importance of
biofuels in this process are highlighted. Afterward, a comparative analysis of current
emission monitoring and reporting regulations was included, and the LCA approach
was explained for the main target. Finally, the application of the LCA approach on
fossil fuels and biofuels has been evaluated with a comparative table. This chapter’s
main outcomes are as follows:

e Maritime, which is an important part of international trade, is growing rapidly.
The increasing number of ships as a result of growth leads to an increase in the
amount of fuel consumed and greenhouse gases released into the atmosphere.
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The IMO adopted its initial strategy plan in 2018, outlined its main objectives, and
announced short-, mid-, and long-term candidate measures. Alternative marine
fuels are expressed in all time periods of the candidate measures. Day-by-day
IMO adopts stricter rules and regulations to reduce greenhouse gas emissions
from shipping.

The transition period to alternative fuels has begun in maritime transport. The
most preferred alternative marine fuels to conventional marine fuels are LNG and
methanol, respectively. The number of LNG and methanol-fueled ships ordered
for construction is also increasing.

Although the transition to alternative fuels will be easier for newly built ships,
the transition to existing ships, which have engines and systems compatible
with conventional marine fuels, will not be so easy. Because, depending on the
characteristics of the alternative fuel, major and costly modifications may be
required.

Biofuels, thanks to their diesel oil-like characteristics, can be used pure or blended
with conventional fuels in engines, without making any changes to the ship’s
engines and systems, or by making minor modifications. Thanks to this feature,
biofuels have the potential to play an important role in the transition period of
existing ships in maritime transportation to alternative fuels.

Considering the age distribution of the existing ships, assuming that the life of
an average ship is 30 years, approximately half of them can be operated for
another 15 years. Leveraging the unique role of biofuels in the transition period
to alternative fuels is essential for the efficient use of capital spent on these ships.
Exhaust emissions from combustion on ships are the main focus of the current
monitoring and reporting infrastructure. Today, there are two regulations that
provide this, namely EU MRV and IMO DCS, and there is no significant difference
between them.

Although there is no official directive yet, it will be much more solution-oriented
to evaluate the net carbon emissions of fuels with the LCA approach for the
solution of problems such as global warming and climate change, which is the
main goal. Because the LCA approach aims to determine not only emissions as
a result of combustion but also the entire life cycle of the fuel and the net carbon
effect on the atmosphere.

The LCA approach adopts the estimation of total net GHG emissions, taking
into account all emissions from the process from scratch to fuel consumption at
the end user. WTT stands for emissions from production and transportation, and
TTW stands for emissions from combustion. When other effects are added to
these values, the total GHG emission effect is found.

The LCA approach to biofuels is slightly different from fossil fuels. Since the raw
materials to be used to obtain biofuel are plants capable of photosynthesis, they
capture the free CO; in the atmosphere until the harvest time and add it to their
structures. This unique biogenic carbon capture ability contributes positively to
the total GHG emissions of biofuels and is crucial in achieving a carbon—neutral
balance.
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¢ Another difference is the ILUC effect, which is negative. It occurs with the use of
agricultural land that was previously used for food to obtain biomass. However,
advanced biofuels contain raw materials that do not have an ILUC effect. Turning
to raw materials without ILUC effect can be a problem solver at this point.

Acknowledgements This work was supported by the Research Fund of Istanbul Technical Univer-
sity (Project ID: 43655). The authors declare that they have no known competing financial
interests.

References

Abed KA, Gad MS, el Morsi AK, Sayed MM, Elyazeed SA (2019) Effect of biodiesel fuels on
diesel engine emissions. Egypt J Pet 28(2):183—188. https://doi.org/10.1016/j.ejpe.2019.03.001

ABS (2021a) Sustainability whitepaper—biofuels as marine fuel (May), 28

ABS (2021b) Low carbon shipping setting the course to pathways to sustainable shipping

American Bureau of Shipping (ABS) (2020) Setting the course to low carbon shipping - pathways
to sustainable shipping, p 104

Balcombe P et al (2019) How to decarbonise international shipping: options for fuels, technologies
and policies. Energy Convers Manag, vol 182, no December 2018, pp 72-88. https://doi.org/10.
1016/j.enconman.2018.12.080

Baldi F, Moret S, Tammi K, Maréchal F (2020) The role of solid oxide fuel cells in future ship
energy systems. Energy 194. https://doi.org/10.1016/j.energy.2019.116811

Bengtsson S, Andersson K, Fridell E (2008) Life cycle assessment of marine fuels. A comparative
study of four fossil fuels for marine propulsion

Boviatsis M, Tselentis B (2019) A comparative analysis between EU MRV and IMO DCS—the need
to adopt a harmonised regulatory system. In: 16th international conference on environmental
science and technology, no. September, pp 2018-2019

By Reilly-Roe P, A. Ltd (2012) Life cycle analysis of transportation fuel pathways IEA advanced
motor fuels annex 40

Carneiro MLNM et al (2017) Potential of biofuels from algae: comparison with fossil fuels, ethanol
and biodiesel in Europe and Brazil through life cycle assessment (LCA). Renew Sustain Energy
Rev 73(January):632—653. https://doi.org/10.1016/j.rser.2017.01.152

Deniz C, Zincir B (2016) Environmental and economical assessment of alternative marine fuels. J
Clean Prod 113(X):438-449. https://doi.org/10.1016/j.jclepro.2015.11.089

Dere C, Deniz C (2020) Effect analysis on energy efficiency enhancement of controlled cylinder
liner temperatures in marine diesel engines with model based approach. Energy Convers Manag
220:113015. https://doi.org/10.1016/j.enconman.2020.113015

European Environment Agency (EEA) (2021) Emissions of air pollutants from transport https://
www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transp
ort-emissions-of-air-pollutants-8

Finkbeiner M (2014) Indirect land use change—help beyond the hype? Biomass Bioenergy 62:218-
221. https://doi.org/10.1016/j.biombioe.2014.01.024

Gas G, LC Assessment, Change DL, Bhatia SC (2015) Indirect land-use change issues relating to
biofuels

Gray N, McDonagh S, O’Shea R, Smyth B, Murphy JD (2021) Decarbonising ships, planes and
trucks: an analysis of suitable low-carbon fuels for the maritime, aviation and haulage sectors.
Adv Appl Energy 1:100008. https://doi.org/10.1016/j.adapen.2021.100008

Hammer LS et al (2021) Maritime forecast 2050, energy transition outlook


https://doi.org/10.1016/j.ejpe.2019.03.001
https://doi.org/10.1016/j.enconman.2018.12.080
https://doi.org/10.1016/j.enconman.2018.12.080
https://doi.org/10.1016/j.energy.2019.116811
https://doi.org/10.1016/j.rser.2017.01.152
https://doi.org/10.1016/j.jclepro.2015.11.089
https://doi.org/10.1016/j.enconman.2020.113015
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transport-emissions-of-air-pollutants-8
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transport-emissions-of-air-pollutants-8
https://www.eea.europa.eu/data-and-maps/indicators/transport-emissions-of-air-pollutants-8/transport-emissions-of-air-pollutants-8
https://doi.org/10.1016/j.biombioe.2014.01.024
https://doi.org/10.1016/j.adapen.2021.100008

3 Lifecycle Emissions of Fossil Fuels and Biofuels for Maritime ... 43

IMO (2020) Fourth IMO greenhouse gas study: executive summary. In: IMO greenhouse gas study,
vol 4,no 1, p 46

IMO Data Collection System Overview (2018). https://www.verifaviashipping.com/uploads/files/
VERIFAVIA%20SHIPPING%20_%20IMO%20DCS.pdf. Accessed 29 June 2022

IMO et al (2014) The third IMO greenhouse gas study 2014. International Maritime Organization
(IMO), p 327. https://doi.org/10.1007/s10584-013-0912-3.

Inal OB, Zincir B, Deniz C (2022) Investigation on the decarbonization of shipping: an approach to
hydrogen and ammonia. Int J] Hydrogen Energy 47(45):19888-19900. https://doi.org/10.1016/
j-ijhydene.2022.01.189

International Maritime Organization (IMO) (2022) Cutting GHG emissions from shipping - 10
years of mandatory rules https://www.imo.org/en/MediaCentre/PressBriefings/pages/Decade
OfGHGACction.aspx

Joung T-H, Kang S-G, Lee J-K, Ahn J (2020) The IMO initial strategy for reducing greenhouse gas
(GHG) emissions, and its follow-up actions towards 2050. J Int Marit Saf, Environ Aff, Shipp
4(1):1-7. https://doi.org/10.1080/25725084.2019.1707938

Juncker J-C (2019) ILUC. In European Commission Delegated Regulation C, 2055 final, pp 2013—
2015

Kaya C, Kokkiiliink G (2020) Biodiesel as alternative additive fuel for diesel engines: An exper-
imental and theoretical investigation on emissions and performance characteristics. Energy
Sources, Part a: Recovery, Utilization and Environmental Effects 00(00):1-23. https://doi.org/
10.1080/15567036.2020.1774685

Keller H, Fehrenbach H, Rettenmaier N, Hemmen M (2022) Extending LCA methodology for
assessing liquid biofuels by phosphate resource depletion and attributional land Use/land use
change. In: Klos, Z.S., Kalkowska, J., Kasprzak, J. (eds) Towards a sustainable future — life
cycle management. Springer, Cham. https://doi.org/10.1007/978-3-030-77127-0_11.

Khan N, Sudhakar K, Mamat R (2021) Role of biofuels in energy transition, green economy and
carbon neutrality. Sustainability 13(22). https://doi.org/10.3390/su132212374

Laso J, Vazquez-Rowe I, Margallo M, Crujeiras RM, Irabien A, AldacoR (2018) Life cycle assess-
ment of European anchovy (Engraulis encrasicolus) landed by purse seine vessels in northern
Spain. Int J Life Cycle Assess 23(5):1107-1125. https://doi.org/10.1007/s11367-017-1318-7

Lin C-Y, Lu C (2021) Development perspectives of promising lignocellulose feedstocks for produc-
tion of advanced generation biofuels: A review. Renew Sustain Energy Rev 136:110445. https://
doi.org/10.1016/j.rser.2020.110445

Liu H, Huang Y, Yuan H, Yin X, Wu C (2018) Life cycle assessment of biofuels in China: status
and challenges. Renew Sustain Energy Rev 97(March):301-322. https://doi.org/10.1016/].rser.
2018.08.052

McKone TE et al (2011) Grand challenges for life-cycle assessment of biofuels. Environ Sci Technol
45(5):1751-1756. https://doi.org/10.1021/es103579¢

Mohd Noor CW, Noor MM, Mamat R (2018) Biodiesel as alternative fuel for marine diesel engine
applications: a review. Renew Sustain Energy Rev 94(February 2017):127-142. https://doi.org/
10.1016/j.rser.2018.05.031

Osman Al, Mehta N, Elgarahy AM, Al-Hinai A, Al-Muhtaseb AH, Rooney DW (2021) Conversion
of biomass to biofuels and life cycle assessment: a review, vol. 19, no. 6. Springer International
Publishing. https://doi.org/10.1007/s10311-021-01273-0

Pavlenko N, Searle S (2018) A comparison of induced land- use change emissions estimates from
energy crops, no. February

Rattazzi D, Rivarolo M, Massardo AF (2021) An innovative tool for the evaluation and comparison
of different fuels and technologies onboard ships. In: E3S web of conferences, vol 238. https://
doi.org/10.1051/e3sconf/202123808001

Rony AH, Kitada M, Dalaklis D, Olger AL Ballini F (2019) Exploring the new policy framework of
environmental performance management for shipping: a pilot study. WMU J Marit Aff 18(1):1—
24. https://doi.org/10.1007/s13437-019-00165-z


https://www.verifaviashipping.com/uploads/files/VERIFAVIA%20SHIPPING%20_%20IMO%20DCS.pdf
https://www.verifaviashipping.com/uploads/files/VERIFAVIA%20SHIPPING%20_%20IMO%20DCS.pdf
https://doi.org/10.1007/s10584-013-0912-3
https://doi.org/10.1016/j.ijhydene.2022.01.189
https://doi.org/10.1016/j.ijhydene.2022.01.189
https://www.imo.org/en/MediaCentre/PressBriefings/pages/DecadeOfGHGAction.aspx
https://www.imo.org/en/MediaCentre/PressBriefings/pages/DecadeOfGHGAction.aspx
https://doi.org/10.1080/25725084.2019.1707938
https://doi.org/10.1080/15567036.2020.1774685
https://doi.org/10.1080/15567036.2020.1774685
https://doi.org/10.1007/978-3-030-77127-0_11
https://doi.org/10.3390/su132212374
https://doi.org/10.1007/s11367-017-1318-7
https://doi.org/10.1016/j.rser.2020.110445
https://doi.org/10.1016/j.rser.2020.110445
https://doi.org/10.1016/j.rser.2018.08.052
https://doi.org/10.1016/j.rser.2018.08.052
https://doi.org/10.1021/es103579c
https://doi.org/10.1016/j.rser.2018.05.031
https://doi.org/10.1016/j.rser.2018.05.031
https://doi.org/10.1007/s10311-021-01273-0
https://doi.org/10.1051/e3sconf/202123808001
https://doi.org/10.1051/e3sconf/202123808001
https://doi.org/10.1007/s13437-019-00165-z

44 C. Sevim and B. Zincir

Rutherford D, Comer B (2018) International maritime organization’s initial greenhouse gas strategy.
In: International council on clean transportation (ICCT), no. April 2018, p. 8, 2018, https://the
icct.org/publications/IMO-initial-GHG-strategy

Ryste JA, Wold M, Sverud T (2019) Comparison of alternative marine fuels, pp 1-65

Sevim C, Zincir B (2022) Biodiesel and renewable diesel as a drop-in fuel for decarbonized maritime
transportation. In: Agarwal AK, Valera H (eds) Potential and challenges of low carbon fuels
for sustainable transport. Springer, Singapore, pp 319-345. https://doi.org/10.1007/978-981-16-
8414-2_10

Shamun S, Belgiorno G, Di Blasio G (2020) Engine parameters assessment for alcohols fuels
application in compression ignition engines. In Alternative fuels and their utilization strategies
in internal combustion engines, Y. C. and M. N. N. and A. A. K. Singh Akhilendra Pratap and
Sharma, Ed. Singapore: Springer Singapore, 2020, pp. 125-139. https://doi.org/10.1007/978-
981-15-0418-1_8.

Tanzer SE, Posada J, Geraedts S, Ramirez A (2019) Lignocellulosic marine biofuel: Technoeco-
nomic and environmental assessment for production in Brazil and Sweden. J Clean Prod 239.
https://doi.org/10.1016/j.jclepro.2019.117845

United Nations Conference on Trade and Development (UNCTAD) (2021) Review of maritime
report 2021. http://unctad.org/en/PublicationsLibrary/rmt2015_en.pdf

Xue J, Grift TE, Hansen AC (2011) Effect of biodiesel on engine performances and emissions.
Renew Sustain Energy Rev 15(2):1098-1116. https://doi.org/10.1016/j.rser.2010.11.016

Yuanrong Zhou NP (2020) The potential of liquid biofuels in reducing ship emissions/International
Council on Clean Transportation. Int Council Clean Transp (September, 2020). https://theicct.
org/publications/marine-biofuels-sept2020

Zincir B (2022) Ammonia for decarbonized maritime transportation. In Clean fuels for mobility, A.
K. and B. G. and S. P. C. di Blasio Gabriele and Agarwal, Ed. Singapore: Springer Singapore,
2022, pp. 171-199. https://doi.org/10.1007/978-981-16-8747-1_9.

Zincir B, Deniz C (2021) Methanol as a fuel for marine diesel engines. In: Alcohol as an alternative
fuel for internal combustion engines, Shukla PC, Belgiorno G, di Blasio G, Agarwal AK (eds).
Singapore: Springer Singapore, 2021, pp. 45-85. https://doi.org/10.1007/978-981-16-0931-2_4


https://theicct.org/publications/IMO-initial-GHG-strategy
https://theicct.org/publications/IMO-initial-GHG-strategy
https://doi.org/10.1007/978-981-16-8414-2_10
https://doi.org/10.1007/978-981-16-8414-2_10
https://doi.org/10.1007/978-981-15-0418-1_8
https://doi.org/10.1007/978-981-15-0418-1_8
https://doi.org/10.1016/j.jclepro.2019.117845
http://unctad.org/en/PublicationsLibrary/rmt2015_en.pdf
https://doi.org/10.1016/j.rser.2010.11.016
https://theicct.org/publications/marine-biofuels-sept2020
https://theicct.org/publications/marine-biofuels-sept2020
https://doi.org/10.1007/978-981-16-8747-1_9
https://doi.org/10.1007/978-981-16-0931-2_4

Chapter 4 )
Hydrogen Fueled Engine Technology, oo
Adaptation, and Application for Marine
Engines

Caglar Dere

Abstract In the last few years, there is a noteworthy increase in the number of ships
that use alternative fuels apart from diesel as LNG, methanol, etc., to meet the carbon
emission mitigation strategies. Hydrogen (H,) is a contemporary promising fuel
solution to cope with strict carbon emission limits. The adaptation of conventional
to alternative fuels with a familiar technology, the internal combustion engine (ICE)
technology, is a reasonable solution for near future carbon strategies because of
being a relatively prevailing technology compared to other hydrogen sourced power
generators. This chapter analyzes the potential transition of the H, fuel engines
according to the combustion capability of hydrogen in marine engines. The lack
of knowledge of hydrogen combustion and ignition in the reciprocating engines is
still a main challenge of the hydrogen engines. Hydrogen combustion properties
and induction into ICEs are evaluated considering advantages and challenges. The
applications show that LNG-powered engines significantly have similarities with
hydrogen engines and enable the transition of H, combustion in the marine engines.
On the other hand, hydrogen engines suffer from low volumetric efficiencies and
pre-ignition problems but they are capable of operate from ultra-lean to ultra-rich
combustions. Thanks to the turbochargers, the stoichiometry levels are obtainable
for engines to satisfy the high-power. Adding the hydrogen into the cylinder with
liquefied/gas phase is the issue to be determined with ease of vaporization and the
mixing. The combustion comes with near-zero CO, and soot advantages. However,
neat H, combustion in marine engines is still far from the final product.

Keywords Decarbonization in maritime -+ Hydrogen injection + Hydrogen
combustion + Hydrogen engines applications + Marine engines
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Abbreviations

BDC  Bottom Dead Center

CNG  Compressed Natural Gas
EGR  Exhaust Gas Recirculation
GHG  Greenhouse Gas

HFO  Heavy Fuel Oil

ICE Internal Combustion Engine
IMO  International Maritime Organization
LNG Liquefied Natural Gas
RoRo  Roll-on/Roll-off

TDC  Top Dead Center

NO,  Nitrogen Oxides

4.1 Introduction

There is a fossil fuel dependency to meet the energy demand of the industry and trans-
portation today. For an environmental concern, there is a continuous improvement
need in exhaust emissions so as to reduce climate effect of power generation. The
need drives the power generation sources to alternative fuels. There are many fuels
with less carbon content which causes less carbon footprint on the environment, as
natural gas, methanol, etc. (Zincir et al. 2019). Additionally, alcohol-based fuels, as
ethanol and methanol, also have potential in use to reduce carbon emissions in ICEs
(Shamun et al. 2020; Ianniello et al. 2021). However, among these alternative fuels,
hydrogen is the fuel, containing zero carbon, being renewable, and having unique
combustion properties that looks promising fuel for future. Hydrogen as an energy
source for transportation purposes is not widely used today. However, it has a great
potential as an energy source, to be stored and transported with various methods, in
the following decades. Therefore, it is expected that hydrogen as a fuel can steer the
future of the internal combustion engines and transportation sector, both in land and
sea, because of its non-carbon content, emitting no carbon dioxide, unburned hydro-
carbon and carbon monoxide emissions. It can be expected that there is a negligible
rate of carbon-based emission due to the inevitable operation of lubrication oil for the
safe and reliable operation of internal combustion engine. The lubrication of piston
liners in order to prevent wear and provide sealing, limited amount of lubrication oil,
can remain on liner walls inside the cylinder. In the combustion phase, the remained
oil can burn and emit negligible amount of carbon emission.

The wide usage area of hydrogen is in industrial applications. The situation is
different in transportation sector. The vehicles use hydrogen which are not propelled
by internal combustion engines. The most common type of hydrogen-powered vehi-
cles uses fuel cells, and hydrogen enters an electric contact and creates a positive
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charge in the system. This is a promising practice in future of the marine propul-
sion (Inal and Deniz 2020). However, comparing hydrogen fuel cell with hydrogen
fueled engines, hydrogen internal combustion engines are advantageous on initial
cost, power density, and hydrogen purity to be supplied to the engine (Tsujimura and
Suzuki 2017). Today, there is a need in both in the number of hydrogen-powered
generators and the large power densities. So as to satisfy the requirement in near
future, internal combustion engine with hydrogen fuel looks reasonable with a more
cost effective way than fuel cells.

Hydrogen as a direct fuel replaces conventional fuels and carbon-based alterna-
tive fuels and can be used as both single and assistive fuel in internal combustion
engines. Alternative fuels are in use together with conventional fuels as well as
hydrogen-assisted operations, carried out with other fuels. The systems are devel-
oped to decrease the carbon emissions of fossil fuels and improve their combus-
tion efficiency of marine engines. The hydrogen enrichment in internal combustion
engines is carried out with diesel engines, diesel/natural gas dual-fuel engines, and
natural gas engines. Engines with spark-ignition (SI) are more prone to require less
effort conversion to run on hydrogen (Verhelst et al. 2009).

This chapter will focus on hydrogen fueled internal combustion engines and its
applications to marine engines. Marine engines are relatively large-scale engines
compared to other internal combustion engines. Its operating parameters can differ
as mean effective pressure, maximum cylinder pressures, combustion temperatures,
and exhaust gas properties. When the adaptation of internal combustion engine to
hydrogen-powered engine is on the issue, the problems to cope with, back fire, pre-
ignition problems, knock, and rapid pressure rise as a result of rapid heat release
of hydrogen because of its combustion properties. It is highly probable that these
problems are encountered when adaptation of marine diesel engine is on the subject.

On the other hand, the pure hydrogen combustion in internal combustion engines
suffers from reduced volumetric efficiency, lower energy amount in per volume
comparing to other conventional fuels, long period of auto-ignition, and high self-
ignition temperature (An et al. 2013). By the reason of the disadvantages, hydrogen
studies had headed for hydrogen-doped operations rather than using it as pure.
Although this phenomena prevent the reduction of carbon emissions completely,
as like using LNG or alcohol-based alternative fuels, it allows use thanks to its appli-
cability in terms of application. The prevailing practice is burning hydrogen with
diesel in dual-fuel combustion mode. In this approach, hydrogen is included in the
system by a carburation, injection during intake process or injection into the cylinder
(Saravanan and Nagarajan 2010b).

Hydrogen production is still cost more than a conventional fuel and the whole
process, and considering production of the fuel is not completely zero carbon yet.
The combustion properties of hydrogen make hydrogen which is a suitable fuel for
in internal combustion engines. The flame speed is 5—6 times higher than diesel and
being combustible with a wide range of concentrations, which is in the range of 4% to
75% concentration by volume (Akal et al. 2020). The combustible volumetric share
of hydrogen corresponds 0.1 to 7.1 in terms of equivalence ratio (Wu and Wu 2012)
that allowing combustion at the lower equivalence ratios and having zero carbon
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Table 4.1 Comparison of hydrogen properties with other fuels (Yip et al. 2019; Zhen et al. 2020;
Kobayashi et al. 2019; Herbinet et al. 2022)

Property Hydrogen |Methanol |Ethanol | Ammonia
Carbon content (mass%) 0% 37% 52% 0%
Density (kg/m®) 0.0899 795 790 0.7
Lower heat value (MJ/kg) 120 20.26 27 18.6
Auto-ignition temperature (K) 858 738 698 924
Stoichiometric air—fuel ratio 343 6.5 9 6.06
Laminar flame speed (m/s) 2.37 0.52 0.39 0.07
Adiabatic flame temperature (K) 2382 2143 2193 1800
Minimum ignition energy in the air (mJ) | 0.02 0.14 0.23 -
Quenching distance (mm) 0.6 1.85 1.65 7
Gasoline Methane Diesel
Carbon content (mass%) 84% 75% 86%
Density (kg/m?) 730-780 0.83 830
Lower heat value (MJ/kg) 44.8 50.05 42.5
Auto-ignition temperature (K) 623 813 523
Stoichiometric air—fuel ratio 17.2 17.4 14.5
Laminar flame speed (m/s) 0.37-0.43 0.38 0.37-0.43
Adiabatic flame temperature (K) 2300 2225 2300
Minimum ignition energy in the air (mJ) 0.24 0.28 0.24
Quenching distance (mm) 2 2.03 -

content, drive the hydrogen fuel as a promising solution for future IC engines. The
properties of hydrogen and some other conventional and alternative fuels are given
in Table 4.1.

The flammability limits for H, have a wide range operation capability, comparing
to diesel fuel particularly. Since the diesel engines’ fuel-air ratio operating limits
are significantly restricted by improper combustion, smoke, and unburned hydro-
carbon emissions at higher equivalence ratios as 0.7-0.9, the capability of hydrogen
of sustaining the combustion under very lean conditions, and outcomes of combus-
tion with reduced pollutant emissions that are offered under such conditions are be
considered advantageous (Saravanan and Nagarajan 2008).

Increased hydrogen concentration causes rapid pressure changes in power stroke
of internal combustion engines, which is seen as combustion pressure rise for each
crank angle. The operating parameters of the engine must be re-set according to
hydrogen combustion properties in internal combustion engine. The high-speed
combustion of hydrogen causes rapid heat release in combustion phase. As injection
timing must be re-arranged to adjust maximum pressure and its timing. In the recent
years, by the reason of prevailing combustion characteristics of hydrogen, researchers
interested in combustion and storage of hydrogen. Hydrogen has a potential to be
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used as a single fuel in internal combustion engines, and some studies were carried
out to reveal its potential about combustion performance and characteristics (Verhelst
and Wallner 2009).

The hydrogen induction methods into an internal combustion engine are listed
below,

e The carburation system.
e Manifold injection (timed manifold/port injection or continuous injection).
e Direct injection(high/low pressure injection).

The working principles of the injection techniques are demonstrated in Fig. 4.1,
as carburation technique, port injection, and direct injection.

The systems that differ on induction system have own advantages and disadvan-
tages. The engine power range, efficiency, safety, and emissions can be affected
from the induction system characteristics. Manifold injection without timing and
mixing air—fuel with carburation can be regarded as vintage technology considering
hydrogen injection techniques. In the next part, the hydrogen addition methods into
an internal combustion engine are introduced.

4.2 Hydrogen Induction

4.2.1 Carburation

Below this part, the common hydrogen induction technics are mentioned as carbu-
ration, port injection, and direct injection for hydrogen operations. They have their
own individual advantages and disadvantages for their operations. Despite the ease
of application of prior, the more flexible operation of the latter method creates
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self-interest for each method. Regarding the choice of the induction method, the
size of the engine, required maximum power output, and the available technology
implementation are determiner factors.

4.2.2 Port Injection

Port/manifold injection (timed P/M injection) systems are reasonable way to adapt
a compression ignition and spark-ignited engines to neat hydrogen and hydrogen
assisted operations. It does not require any major modification in the engine system.
On the issue about safety, backfire and rapid heat release phenomena can be elimi-
nated by adjusting the timed manifold injection satisfactorily (Deb et al. 2015). The
injection is supplied after the exhaust valve closing (scavenging period), to ensure
that, to minimize hydrogen blow up to exhaust manifold and supplied hydrogen not
to mix with hot exhaust gases to prevent unintended ignition. Additionally, the air
flow during scavenging provides cooling effect on the hot spots of cylinder internal
parts. Low-power density, because of large unit volume of hydrogen and backfire
problems, creates drawbacks for the port injection of hydrogen in to internal combus-
tion engines. Low volumetric energy source also reduces the maximum power output
of the engine because of lack of fuel/air mixture flow amount. On the other hand,
the injection of low-temperature hydrogen also helps to cool inlet air. The fuel mixes
with air and decreases air temperature together with unit volume. When the cryogenic
hydrogen is used in the injection system, the output power level can be achievable
up to gasoline engine’s power.

In case of any temperature rise or unintended ignition, the hydrogen injection
system is equipped temperature probe/safety controller mechanisms and flame trap,
flashback arrestor to prevent backfire damages. Additionally, the system comprises
pressure reducers to adjust hydrogen source high pressure. The disadvantages of
hydrogen used in port injection technique create a need to study on direct injection
technique so as to avoid from the disadvantages.

4.2.3 Direct Injection

Spark-ignited H, engines allow smooth operation even at low loads and lean condi-
tions. The high combustion speed leads high intensity heat release within a couple of
crank angles near TDC and provides higher thermal efficiency for an ICE. However,
the rapid combustion together with pre-ignition phenomenon could outcome in
knocking and backfire problems, at high engine loads particularly (Mohammadi et al.
2007). It can be regarded that knocking is a crucial issue for an internal combustion
engine. With the injection of the fuel through ports or manifolds, there is a high poten-
tial risk of backfire and knocking. Additionally, the unit mass of hydrogen occupies
more volume than any conventional fuel; for instance, 30% volume of mixture is
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Fig. 4.2 Demonstration of spark-ignited H, internal combustion engine with direct injection

hydrogen when compared to 1-2% is gasoline. The problems can also result in slight
decrease in the brake thermal efficiency due to the heat loss, because of early heat
release-based higher combustion temperatures. In order to overcome such problems,
direct injection of hydrogen rather than port fuel injection in compression stroke in
to the cylinder with high-pressured system is performed by researchers (Yu et al.
2016; Kim et al. 2005).

Spark-ignited hydrogen engines with a controlled direct injection strategy and
controlled ignition system is demonstrated in Fig. 4.2. In the system, during the
limited period of the compression stroke, pressurized hydrogen injected in the
cylinder.

The injection time, injection period, fuel amount, and pressure can be controlled
by controller. The injection position and pressure must provide an adequate mixture
for the ignition. The fuel injection can be during the intake period, early and late
period of the compression stroke. The injection during the intake period can affect
volumetric efficiency, though (Mohammadi et al. 2007). Additionally, the injection
of hydrogen decreases the intake charge temperature; hence, uncontrolled ignition,
namely knocking, can be less likely to occur (Boretti 2020). In this way, higher
compression ratios and pressures become achievable without improper combustion.
The challenge of direct injection strategies is to optimize compression ratio to perform
proper combustion, injection timing so as to let enough mixing time air and hydrogen.
Still the ignition time is problem which is heavily depends on load and charge condi-
tions, injection timing can be advanced or retarded for low loads to high loads by
considering operational parameters. Still, spark plug is important element in direct
injection engines. Another parameter for the engines is the location of spark plug
and position of injectors as location and angle (Wallner et al. 2009).
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4.3 Neat Combustion of Hydrogen

Spark-Ignited H, Engines

Hydrogen is highly resistive to the auto-ignition. As seen in the Table 4.1, the auto-
ignition temperature of hydrogen is higher than the other fuels. Therefore, opera-
tional range of pure hydrogen combustion for a compression ignition engine is very
limited even in the very high compression ratios, and the problem is far from coming
to a solution without any external energy source. Despite having high auto-ignition
temperature, even a low ignition energy is enough to start combustion. The external
energy source can be a pilot fuel “diesel fuel in common practice” or spark. Consid-
ering the pure combustion of hydrogen, a carbon contained fuel not preferred to
be used in the operation to achieve zero carbon emissions. Therefore, an additional
ignition source, needed as a trigger, spark plugs are used to give required energy in
to cylinder contents’ reaction.

Despite hydrogen combustion generating quite low emissions, with the ignition
assist of pilot conventional fuel or spark-ignition together with additional advan-
tages being near-zero carbon dioxide exhaust content, nitrogen oxide emission is the
determining factor for the combustion adjustment of hydrogen in an internal combus-
tion engine. Since the combustion temperature is higher with hydrogen, compared
to diesel because of the mentioned reasons as rapid combustion capabilities, the
thermal NO, production is greater. Additionally, another factor for NO, is a fuel-air
ratio which plays a crucial role at greater than 0.5 equivalence ratio demonstrated in
Fig. 4.3. Therefore, the lean combustion capability of hydrogen allows the operating
of engines at lower power outputs which decreases the power density of the power
plant (White et al. 2006).

Beyond the limit of unit equivalence ratio, seen in the “x” axis, the NO, generation
decreases rapidly. The figure also shows rich combustion capability of H, fuel. While

Fig. 4.3 NO, production 10°¢
regarding to equivalence
ratio for neat Hy combustion,
adapted from Inal et al. I 03 |
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low NO, emission levels can be achieved with hydrogen lean combustion, the reduced
NO, emission levels can also be achieved with rich mixture combustion.

4.4 Hydrogen-Doped Operations in Dual-Fuel Engines

4.4.1 The Gasoline-Hydrogen Engines

In the gasoline engines, hydrogen addition can contribute to the power output energy
share of the engine. Because of the less consumption of carbon-based fuels, the carbon
dioxide emissions can be diminished by the help of hydrogen-assisted operations.
Induction of hydrogen can be determined according to stoichiometric fraction or
energy share equivalence in combustion.

The gasoline-hydrogen engines can be port fuel injection type or direct injection.
As mentioned above in direct injection chapter, the direct injection strategy allows
to reach higher power outputs than port fuel injection technology with an accept-
able efficiency levels. The addition of hydrogen increases the combustion pressure
and temperatures. Due to the increased combustion temperatures, NO, emission
level increases. However, there is a significant amount of reduction in carbon and
hydrocarbon emissions in hydrogen-doped operations. Exhaust gas recirculation can
be also implemented to hydrogen-doped operation of gasoline engines. In order to
satisfy volumetric efficiency levels, hydrogen is directly injected into the combustion
chamber while gasoline is injected at the port. Hydrogen helps the fast combustion
of gasoline, increases the reactivity, and increases the efficiency. In particular, lean
combustion capability of gasoline is significantly enhanced while satisfying good
emission levels.

4.4.2 The LNG-Hydrogen Engines

Natural gas, having less carbon content than diesel, and relatively clean combustion
capability look as a preferential and potential fuel for today and near future. It is
also resistive to knocking which is very important in internal combustion engines.
Hydrogen operation in internal combustion engines prones to knocking and the
combination of hydrogen with a fuel which has a resistance to knocking can be
considered as an adequate combination. Individually, natural gas has combustion
disadvantages as slow burning and cycle-to-cycle fluctuations. Adding hydrogen to
natural gas decreases the cyclic variation of natural gas combustion and increases
the engine efficiency, together with advancing and shortening the combustion heat
release phase (Zhang et al. 2020). The burning velocity of pure methane and the 50%
each hydrogen-methane mixture comparison is demonstrated in the Fig. 4.4.
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The laminar burning velocity of natural gas is significantly increased with the
help of the hydrogen addition. The mentioned problems above could be overcome
by the hydrogen-doped operation. Additionally, natural gas powered engines have
similarities with hydrogen-powered operations as like in spark-ignited engines.

4.4.3 Blending with Conventional Fuels (CNG)

Blending hydrogen with natural gas at certain fractions before the injection then
usage of the blend in dual-fuel engine with the help of pilot diesel injection is one of
the concept of hydrogen-doped operations. The sketch of the system is demonstrated
in Fig. 4.5. This concept also called as tri-fuel operation that combination of H,-CNG
and diesel. CNG as an alternative fuel, with high calorific value, being resistive to
knocking, relatively low CO, footprint comparing to diesel and adequate combus-
tion capability make the fuel an alternative fuel (Chen et al. 2019). However, as a
disadvantage of CNG, low flame propagation speed can be improved by mixing with
a gas that has a high velocity of flame propagation (Huang et al. 2006). The fraction
of hydrogen in the blend affects the emission formation as well as ignition delay and
combustion properties. Adding hydrogen in to natural gas and afterward ignition of
the blend with a pilot diesel fuel shows different combustion characteristics than
standard dual-fuel operation. Ignition delay can increase because of the increased
volume of hydrogen in the blend of natural gas. Particularly, at the advanced timings,
more stabilized combustion occurs, and a part of diesel diffusive combustion can be
shifted to premixed combustion phase in the concept of combustion (Lee et al. 2020).

Hydrogen addition in to the natural gas in a certain extend keeps the modifications
away from the engine which is operated in dual-fuel operation natural gas/diesel.
Diesel injection natural gas-diesel a-operation is a widespread practice in internal
combustion engines. The operation can be carried out with the same way as injection
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of diesel spray to ignite the mixture. Most of the combustion energies sourced from
natural gas-hydrogen mixture.

4.4.4 The Diesel-Hydrogen Engines

Application of hydrogen fueled compressed ignition engines with diesel is a reason-
able solution considering diesel fuel’s low auto-ignition temperature. Diesel fuel is
used to ignite the hydrogen air mixture. The diesel fuel is injected into the cylinder
on to the mixture, while piston moving toward to top dead center. Although the
combustion is initiated with diesel fuel, the main fuel is hydrogen, to be mixed with
the air. The in-cylinder content, hydrogen/air mixture, can be prepared with carbu-
ration technique and induced in to the cylinders with intake manifold or ports. On
the other hand, port injection technique proposes better combustion properties than
carburation technique. Additionally, hydrogen can be introduced in to cylinder with
injectors, as seen in Fig. 4.6, with a pressurized line from hydrogen tank with an
assistance of pressure regulator. In order to avoid blow by of hydrogen, the hydrogen
is injected after closing of exhaust valve during compression stroke. While hydrogen
combustion is initiated by diesel pilot injection, compared to diesel combustion, it
has quite advantageous combustion properties. According to studies, at the reduced
loads, enhanced heat release rate combined with cylinder pressure increment, there-
fore, thermal efficiency improvement was observed with the induction of hydrogen
in diesel engines (An et al. 2013).

The amount of induced hydrogen and the energy share ratio fuels do not remain
same throughout engine load. The percentage of energy share and amount differ
with the required loads. In the hydrogen diesel operations, the energy share of diesel
can also be greater (Saravanan and Nagarajan 2010a) as well as the energy share
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of hydrogen in some operations. The compression ratio has a crucial role on NO,
formation. Last but not least, hydrogen addition in diesel operations has an obvious
favorable effect on smoke because of enhanced combustion performance (Shinde
and Karunamurthy 2022).

4.5 The Discussion of Drawbacks and Advantages of H,
Fueled Operations in Internal Combustion Engines

The hydrogen with its unique combustion and chemical properties needs a different
processes than other conventional fuels. The pure H, fuel applications suffer from
volumetric efficiency in carburation and port injection methods while direct injection
surmounted this problem. It is obvious in the previous studies for neat and doped
operations that the integration of H, fuel into the diesel operation leads the advantages
as better combustion process, which comes with higher thermal efficiency, reduced
carbon and soot emissions with higher NO, emission. By the increase of H, energy
share in the internal combustion engine, the NO, emission level is prone to increase by
the nature of NO, generation mechanism, at increased temperatures, because of rapid
combustion phenomenon near top dead center. There is instantaneous increase in both
in-cylinder temperatures and pressure from ignition point to maximum pressure point
in-cylinder. The in-cylinder temperature starts to decrease after max pressure point
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with the movement of the piston to BDC, the dramatic decrease causes to cease in
NO, reaction (Heywood 1988) consequently, NO, emission remains as combustion
product on account of small period of elevated in-cylinder temperatures. In order
to minimize and optimize the NO, generation, studies conducted by implementing
exhaust gas recirculation (EGR) with different volumetric share in intake air (Wu
and Wu 2012).

In order to control NO, production, with EGR, exhaust gas has a high heat capacity
because of vapor content and is used to decrease maximum combustion temperatures.
Since the marine engines which have high compression ratios and high maximum
pressures, comparing to land based or small-scale diesel engines, the in-cylinder
temperatures are relatively high. Water injection strategy is another way to meet the
NO, emission levels. With a small amount of additional fuel consumption, around
2%, 87% of reduction in NO, emission can be achieved with water injection strategy
(Shinde and Karunamurthy 2022). Fuel injection strategy is also a type of NO,
reduction methods, however, it is not considered as successful as water injection
method in the NO, reduction techniques. Thanks to the EGR, which allows more
fuel amount injection, more power densities can be achieved with the same size
of engine. However, the power equivalent of the same engine is difficult to reach
with pure hydrogen operations because of decreased volumetric efficiency levels.
An additional increase in power output capability of engine is to provide more air
into the engine. Because of the unintended combustion phenomena and operational
deficiencies for instance; backfire, emissions, etc., supercharging with exhaust gas
recirculation provide better power output capability and reduced emission levels
regarding to NO, can be achieved even in a port fuel injection engines (Verhelst
et al. 2009). Because of the reason that the hydrogen can burn in a short period,
the combustion can be considered as constant volume combustion due to its high
burning velocity. The characteristic combustion feature of hydrogen allows better
performance in terms of efficiency at reduced loads comparing to conventional fuels.
So as to sum up, Table 4.2 shows a brief information about the hydrogen pros and
cons.

On the other hand, the advance of spark-ignition near top dead center, the increased
in-cylinder temperatures lead to loss more heat to the other mediums. It is obvious that
increasing cylinder pressure leads to increase power output and thermal efficiency.
Comparing the liquid fuel volumetric share, 1-2% of air in-cylinder, for an engine, the
hydrogen volumetric share around 30% in port fuel injection operations. Although
being low volumetric efficiency levels, brake thermal efficiency is slightly higher in
hydrogen fueled operations; moreover, the higher brake thermal efficiency comes
with reduced torque levels.
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Table 4.2 Advantageous and
disadvantageous properties of
hydrogen

C. Dere

Advantages

Disadvantages

Zero-carbon content (reduced
carbon emissions)

Volumetric efficiency
(induction problems)

Rapid combustion
characteristics

Storage problems

Better combustion process
(@H; doped operations)

NO, emissions

Higher thermal efficiency
(@H; doped operations)

Piping and transportation of
fuel

Higher heat loss (increased
combustion temperature)

Low ignition energy
(unintended combustion)

Wide range of stoichiometry

Reduced output power

combustion

Safety risk

4.6 Discussion of H, Fuel Applicability in Marine Engines

In the application for the marine engines, there are some investigations that the
required output power of main engine of the ship is generated with neat hydrogen or
combination of fuels.

A ship, roll-on/roll-off (RORO) type, is the subject of the research. The engine of
the ship was operated with hydrogen, the efficiency could be achieved around 32%,
and the relatively reduced efficiency is because of the high-temperature combustion-
based cooling loses in the hydrogen engine (Seddiek et al. 2015). Additionally,
that was observed as a result of the research that the operational load significantly
affects cooling loses, while lean combustion operation has lower cooling loss than
near stoichiometric combustions (Shudo et al. 2001). In the previous part, it was
mentioned that the lean operation provides reduced NO, levels because of the reduced
in-cylinder temperatures. Thanks to the reduced combustion temperatures, low heat
loss could be achieved in the hydrogen fueled operation. A large volume or engine
size is required to meet the required power for a ship, with sufficient air induction
and fuel. Another study was carried out with two fuels as natural gas and hydrogen
combination, in a marine engine. A turbocharged operation had been conducted for
provide a lean-burn combustion. The model/simulation method had been utilized
to demonstrate the combustion phenomena in marine engines (Sapra et al. 2020).
The results show parallel indicators with other hydrogen engine operations. Another
natural gas engine study conducted by researchers (Leng et al. 2020) for a large-scale
engine. The hydrogen enrichment to the operation had been implemented by pre-
chamber initiated jet ignition for a large bore engine. The study also had been carried
out with computational methods. The hydrogen-doped operation with a variable
fraction and methane combustion had been modeled with the help of fluid dynamics
software. While as the hydrogen fraction increases, the carbon emission decreases,
and the NO, emissions increase. The reasons are presented in the previous sections
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as thermal generation of NO,. The reformed exhaust gas recirculation system is
adopted in another marine natural gas engine together with hydrogen enrichment (Li
et al. 2019). Together with the proposed system with the specified air—fuel ratios,
the elevated rates of reformate exhaust gases the flame development, combustion
duration, and the efficiency of the combustion could be improved.

In a two-stroke marine diesel engine, another hydrogen-assisted duel fuel oper-
ation had been conducted (Pan et al. 2014). Hydrogen enrichment had been imple-
mented to the diesel engine with intake manifold integration, and a significant advan-
tage had been seen at the idle speed when low-power requirement is needed that
allows higher hydrogen ratio used in the combustion comparing the diesel engine
consumption. The constraint can be derived from the injection technique, imple-
mented on the engine. As an outcome of the study, significant reductions can be
achieved when hydrogen contributes significantly in the inlet fuel energy portion. In
other cases, as higher power outputs, the effect of hydrogen decreases as the fraction
by energy share. Another study looked into the combination of hydrogen and heavy
fuel oil combustion (HFO) in a marine diesel engine (Serrano et al. 2021). In the
study, water injection was recommended as a NO, emission reduction solution to
meet the NO, emission criterion. This research was also conducted in software envi-
ronment for marine diesel engine. The research includes a modeling methodology
for combustion prediction. With the dataset of HFO combustion for two-stroke low-
speed (125 rpm) marine diesel engine with 16 MW power rate, the modeling inves-
tigation and validation were performed. The studies’ findings are parallel with other
internal combustion engine findings. Hydrogen shows similar combustion behavior
in large-scale marine engines, however, operational parameters differ as maximum
pressure and power. The temperature of the component naturally is affected by
the combustion temperature. The injection techniques, mentioned in the previous
section, were applied to marine engines. The expected drawbacks had been seen.
Since the applicability of a new technology to onboard “marine engine in operation,”
some computational studies were carried out. They also show similar findings with
small-scale engines.

The last but not least, storage of hydrogen has a critical role in the hydrogen
applicability to the sea transportation in future. Storage of hydrogen is uneconomical
both in storage with high pressure, low temperature, or with aid of metal hydrides and
requires high-energy demand while storing or releasing (Andersson and Gronkvist
2019). When it is compared to other conventional fuels, stored with a liquid form, it
can be said that the prominent problem in the use of hydrogen is storage (Inal et al.
2021). There are also alternative ways to store hydrogen as with ammonia, methanol,
or LHG forms, the hydrogen content can be used by extracting the hydrogen of the
compounds. Onboard applicability and the readiness level of storage technology and
safety issues must be considered storage of hydrogen in future.



60 C. Dere

4.7 Conclusion

In all engines’ dual-fuel operations, hydrogen addition increases the combustion
speed, and high rate of heat release in a short period leads rapid pressure and
temperature rise. They come with increased efficiency. Additionally, some studies
showed that hydrogen addition increases the total heat release of the same amount
of conventional fuel.

In the case of the hydrogen which is induced together with an air/fuel mixture,
increasing the engine output power leads problem as backfire because of increased
energy input to the engine. This is the challenge of overcoming the issue of high output
and low emission trade-off in these systems. Marine engines, due to its power density,
its operational parameters, and regarding in-cylinder temperature and pressures, are
higher comparing to small-scale engines. In the increased power, outputs cause flame
reflux from hotspots of the engine to the engine intake manifold during valve opening
period. Therefore, control of valve timing is an essential control parameter to disable
such kind of risk considering efficient induction period. Adjustment of valve timing
can affect volumetric efficiency, particularly in retarded operations, but supercharging
has a compensating effect on reduced volumetric efficiency, thus increased load can
be achieved.

The marine engines required high-power output need boost of air in order to
achieve high power. For the hydrogen operation, the engine fueled with hydrogen, to
be introduced entirely into the engine market, it has to show the same advantages as
like other conventional fueled engines such as high-power output, power density, low
NO, emissions, and high efficiency accompanied by its own advantages being near-
zero carbon emissions. In order to provide the advantages together, there would be
operations needed as implementing supercharging to achieve desired air/fuel ratios,
low-temperature combustion so as to mitigate NO, production. The boosting helps
to reduce maximum temperatures in cylinder and enables to supply enough fuel into
the engine while keeping air/fuel ratios at desired levels.

Future application in maritime sector and NO, emissions is also as important as
CO, emissions. For this purpose, any power generator should comply with the NO,
limitations governed by MARPOL. The treatment systems gain importance in this
step. NO, emissions can be reduced with a significant level with NO, scrubbers.
After all engine solutions to burn hydrogen, with a more effective and safely way,
reduction of NO, can be achieved thanks to the scrubbers. When the efficiency is
on the issue, storage of hydrogen is another issue to be solved. Since the storage
of hydrogen requires high energy demand or high heat energy to release from solid
storage forms, the whole efficiency level of the system is highly dependent to the
storage process, which will be one of the main barriers to hydrogen usage in maritime
transportation.
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Chapter 5 ®)
Investigation and Examination of LNG, e
Methanol, and Ammonia Usage

on Marine Vessels

Caglar Karatug ©, Bulut Ozan Ceylan®, Emir Ejder®,
and Yasin Arslanoglu

Abstract This study aims to evaluate the use of LNG, methanol, and ammonia
on ships as an alternative marine fuel. In this sense, firstly, the SWOT analysis is
conducted, so the strengths and weak sides of the alternative fuels are determined. In
the second step of the study, various criteria such as safety, cost, exhaust emission,
global warming potential, sustainability, storage, and technical competence are spec-
ified, and the alternative fuels are analyzed with the TOPSIS method based on the
identified criteria. As a result of the obtained judgments from the marine experts, the
safety of fuel, its global warming potential, and its storage feature is determined as the
most influential comparison weights. In addition, ammonia is determined as the best
fuel option based on the 2.92 similarity value while values of LNG and methanol are
calculated 2.21 and 2.18, respectively. Then, a sensitivity analysis where the various
cases were created by improving the weights of criteria by 25% and applying the same
weight value for each criterion is conducted to reveal the criticality of the criterion
weighting. According to this analysis, it is observed that the analysis is highly sensi-
tive to the global warming potential criteria. In line with this information, beneficial
and significant key findings to policy-makers, stakeholders, and maritime companies
are presented from the perspectives of short-term and long-term emission reduction
strategies.

Keywords Maritime - Alternative marine fuel - SWOT - TOPSIS - Sensitivity
analysis
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Abbreviations

AHP Analytic hierarchy process
LCA Life cycle assessment
BOG Boil-off gas

LNG Liquefied natural gas

CI Compression ignition

LD Light duty

DICI Direct injection compression ignition
DI Direct injection

ECA Emission control area

MCDM  Multi-criteria decision-making

GHG Greenhouse gas

MDO Marine diesel oil

HFO Heavy fuel oil

SWOT Strengths, weaknesses, opportunities, and threats

MO International maritime organization

TOPSIS  Technique for order of preference by similarity to ideal solution

5.1 Introduction

Maritime transportation is a significant part of the global cargo supply chain and
provides 80% of world trade (UNCTAD 2017; Elidolu et al. 2022). Eight billion
tons of international trade goods have been carried by shipping every year (Du et al.
2011). Ensuring high-volume transportation, high-powered ship diesel engines with
various integrated complex systems were used in the ship engine rooms (Ceylan et al.
2022a, b). As a result of the high fuel consumption required by these high-power
diesel engines during ship transportation, exhaust gas emissions are generated. The
International Maritime Organization (IMO) which steers the shipping sector has been
stated in the 3rd greenhouse gas study that approximately 300 million tons of fuel
which are mostly heavy fuel oil (HFO) were consumed annually (IMO 2014). As a
result of the combustion of the HFO, serious amounts of pollutants such as CO,, SOy,
and NOy have been emitted into the atmosphere (Ceylan et al. 2022b; Karatug and
Arslanoglu 2022). It has been presented by the IMO that the portion of the maritime
sector in global anthropogenic emissions is 2.89% in 2018 (IMO 2020).

Due to the harmful effects of these types of emission gases, IMO introduced some
emission-related rules (IMO 1997). Additionally, the IMO defined the decarboniza-
tion strategy of the maritime sector (IMO 2018) to reduce pollution caused by ships.
Accordingly, it is aimed to reduce total annual greenhouse gas (GHG) emissions
by at least 50% by 2050, compared to 2008. To decrease the amounts of SO,, after
1 January 2020, the sulfur content limit of the fuel is reduced from 3.50% m/m to
0.50% m/m for ships that navigate on open seas as shown in Fig. 5.1, while it is
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Fig. 5.1 IMO sulfur limits
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determined as 0.01% m/m for ships where navigate in emission control areas (ECA).
Also, some limits for the NO, were defined accordingly. These strict rules force
shipping companies and operators to research emission reduction approaches and
implement these methods in their ships. In this sense, different research areas such
as the use of alternative energy sources (Karatug and Durmugoglu 2020), exhaust
gas treatment applications (Deng et al. 2021), and investigation of green alternative
fuels (Deniz and Zincir 2016) stand out in the maritime sector.

In the 4th IMO GHG study, it was presented that HFO is still the most widely
used marine fuel with 79%. On the other hand, it is understood that the use of marine
diesel oil (MDO) and liquefied natural gas (LNG) as main fuels in the world fleet
has increased with the last sulfur limitation that came into effect in 2020. It was also
stated in the study that methanol is the 4th most common marine fuel. In addition to
these fuels, ammonia is one of the promising fuels for the maritime industry due to its
carbon-free structure and its compliance with the decarbonization target determined
by IMO (Kim et al. 2020a).

Each of the specified alternative marine fuels has both different advantages and
disadvantages. In this study, LNG, methanol, and ammonia, which are recently been
intensively researched as alternative marine fuels, were examined with strengths,
weaknesses, opportunities, and threats (SWOT) analysis. Then, some criteria to be
important for the preference of the alternative marine fuel have been determined
and analyzed by the technique for order of preference by similarity to ideal solution
(TOPSIS) method which is one of the most common multi-criteria decision-making
(MCDM) methods. Lastly, a sensitivity analysis was performed to observe the impor-
tance level of each criterion for the similarity values of each alternative marine fuel.
As a result of the analysis, ammonia is found as the best fuel alternative, while the
most critical comparison criterion is stated as global warming potential. The LNG
has currently practical implementation, so its technical competency is superior to
methanol. However, the closeness of the similarity values of the LNG and methanol
could be interpreted as methanol can be an alternative to LNG when its technical
competence is sufficiently developed.

For researchers interested in this field and maritime companies, the proposed
methodology enables both firstly, to evaluate the advantages and disadvantageous
sides of the alternatives within the SWOT analysis and secondly, to determine the
best option according to the general intention of the expert consortium. In addition,
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different from the relevant literature, the inclusion of SWOT analysis in the proposed
approach has enhanced the influence level of the selection of fuel alternatives via
methodology by handling each fuel option from different points of view.

5.1.1 Literature Review

There are some studies about alternative fuels in the literature. They have been
either examined individually or analyzed comparatively. Pucilowski et al. (2017)
investigated the methanol-fueled heavy-duty direct injection compression ignition
(DICI) engine combustion characteristics by using the start of injection effect. Zincir
et al. (2019a) use an experimental approach to investigate how intake temperature
affects the low load limits of partially premixed combustion of the same alternative
fuel (methanol). Iannaccone et al. (Iannaccone et al. 2020) evaluated LNG under some
environmental and safety factors and proposed that compared to the diesel-fueled
system, the LNG system was 41% and 61% more effective in terms of environment
and safety, respectively. Ammar (2019) evaluated the application of a methanol dual-
fuel engine for a container ship from an environmental and economic perspective.
He presented that the dual-fuel system would provide savings in 12 years, while
reductions occurred in emission releasing. Hansson et al. (2020) evaluated ammonia
as a future marine fuel. They stated that although it is a potential fuel due to its low
environmental damage, significant technical applications should be structured and
developed.

Perci¢ et al. (2021) carried out the economic analysis of different alternative
marine fuels using the life cycle assessment (LCA) method. They stated that although
methanol is the most cost-effective fuel, the necessary system bunkering infrastruc-
ture should be developed. Al-Breiki and Bicer (2020) realized the energy and exergy
analysis of the three fuels studied in the study and calculated boil-off gas (BOG) ratios
of them. They found that the most loss of fuel occurs in LNG systems. McKinlay et al.
(2021) calculated that the maximum power demand per voyage is 9270 MWh, based
on raw shipping data. Accordingly, ammonia, hydrogen, and methanol systems that
can provide this power have been designed, and these systems are examined under
sub-headings: storage infrastructure, desired design range, and both. Xing et al.
(2021) discussed future alternative marine fuel options and presented that renew-
able methanol is the most promising fuel option globally, and ammonia is useful in
domestic and short-sea shipping.

Wan et al. (2015) carried out a hybrid methodology based on SWOT analysis and
the analytic hierarchy process (AHP) to evaluate the development of LNG-fueled
ships in the inland waters of China. Some studies, on the other hand, examined
duel fuel or more fuel blends instead of focusing on a single fuel. Di Blasio et al.
(2017) used a dual fuel (methane-diesel) for the investigation of the performance,
emissions, and particle size distributions of light duty (LD) diesel engine. Fraioli
et al. (2017) carried out another dual-fuel study. They investigate the combustion of
methane and diesel fuel mixture on LD diesel engines by utilizing multidimensional
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simulations. Balasubramanian et al. (2021) used waste cooking oil biofuel and diesel
blends to investigate the emission, performance, and combustion of a single-cylinder
compression ignition (CI) engine. Kumar et al. (2021) carried out diesel and methanol
fuel mixture combustion, performance, and emission analysis in CI Engine. Shamun
et al. (2018) carried out performance and emissions analysis of diesel, biodiesel, and
ethanol blends in a single-cylinder LD CI engine. With a similar approach, Belgiorno
et al. (2018) investigate the performance of diesel, gasoline, and ethanol blends in
an LD CI engine.

The rest of the paper is organized as follows. The brief information for specified
marine fuels, SWOT analysis, TOPSIS method, and methodological approach is
presented in Sect. 5.2. The case study is conducted in Sect. 5.3. In the final, the key
findings of the paper are presented in Sect. 5.4.

5.2 Materials and Methodology

5.2.1 Alternative Marine Fuels

The utilization of alternative marine fuel sources instead of HFO is a significant
method to reduce emissions. There is a strong trend toward the use of alternative
fuels with the intent of reducing the environmental impacts of shipping. Today, many
researchers are conducting various scientific research on this current issue (Hansson
et al. 2019; Paulauskiene et al. 2019; Perc¢i¢ et al. 2020; Lunde Hermansson et al.
2021; Chu et al. 2019). Within the scope of this study, brief information about the
use of LNG, ammonia, and methanol as marine fuels has been given in this section.

5.2.1.1 Liquefied Natural Gas

LNG is an environmentally friendly fuel type in the gas state that has been started to
use as the main energy source of many vessels. Additionally, it can be used with other
fuels in dual-fuel engines (Bilgili 2021). With the recent international restrictions,
developing technology, and maritime field economics, LNG is becoming attractive
marine fuel. LNG provides a 25% CO; reduction compared to HFO (Iannaccone et al.
2020). After the combustion process, a low rate of NO, and PM has been produced
by LNG usage compared to the HFO and also, and it is not released SO, (Kim et al.
2020b). Moreover, LNG has a fair price when compared to other alternative marine
fuels. However, LNG also has some risks, for instance, it must be stored in very well
insulated tanks and needs more storage space. Therefore, this may cause additional
costs. The other disadvantage of LNG is that this fuel alone cannot comply with the
international requirements of 50% CO; reduction (DNV GL 2019).
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5.2.1.2 Methanol

The other alternative marine fuel is methanol. With the IMO 2020 regulations, it can
be used to reduce emissions. Methanol, CH3OH, is a simple oxygenated hydrocarbon
that ranks in the top five of the most traded chemicals in the world (Verhelst et al.
2019; Zincir et al. 2019b). It is a liquid and a sulfur-free corrosive fuel. It easily burns
with CO; and H, O, emitting no SO, and low NO, and PM. Methanol can be obtained
from natural gas or coal. The simplest alcohol, methanol, has a low flash point, and
it is a very risky marine fuel due to toxicity. It is a highly flammable gas because
its calorific value has been calculated as 20,000 MJ/t (Bilgili 2021; Gilbert et al.
2018). Methanol is used in some successful marine trials and commercial projects
as fuel (Liu et al. 2019). It has a low flash point at 11 °C, which does not comply
with the safety of life at sea convention of IMO. However, according to the studies, a
double-wall design of methanol components can solve this problem (Ammar 2019).

5.2.1.3 Ammonia

Ammonia (NH3) is an increasingly studied, sustainable fuel for global use in future.
It is a carbon-free alternative fuel that is utilized in many sectors such as healthcare,
plastics, textiles, cosmetics, nutrition, and electronics (Hansson et al. 2020). Addi-
tionally, ammonia can be used in diesel engines, gas turbines, and fuel cells (Kim
et al. 2020b).

Ammonia includes 1 nitrogen and 3 hydrogen atoms. In addition to its carbon-
free structure, it is also a sulfur-free molecule. Therefore, combustion products of
ammonia do not contain CO, CO,, or SO, emissions. After the ignition, only water
and nitrogen products are formed. Ammonia is liquefied by 10 bar pressure at room
temperature, or by —33 °C atmospheric pressure. Ammonia, which produces around
175 million tons per year worldwide, compared to liquid hydrogen, transportation,
and pipeline transfer technology, is advanced for the current industry (MacFarlane
et al. 2020). It is considered a strong alternative to hydrogen fuel (Bilgili 2021).
However, ammonia is hardly ignited fuel, and compared to the other alternative
fuels, it is toxic for both humans and the environment. Additionally, considering the
fuel system and its components, ammonia is a corrosive substance (Zincir 2020).

5.2.2 SWOT Analysis

SWOT analysis can be performed with the analysis of the current situation as a
whole and its internal and external environment (Olabi et al. 2022). This analysis
aims to reveal the current situation, determine priorities, and identify strategic issues
for progress and development. Analyzing the internal environment is a method that
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allows revealing the opportunities and threats by analyzing the external environ-
ment while identifying the strengths and weaknesses (Stavroulakis and Papadim-
itriou 2017). Strengths are the capabilities and assets that enable the situation to gain
an advantage over its competitors and are both practical and efficient. On the other
hand, weaknesses refer to situations where it is more inadequate, inefficient, ineffec-
tive, and powerless than its competitors. Variables consist of technological, social,
cultural, economic, and global environmental elements, and the positive results of
these elements for current situations are opportunities. Threats include situations that
occur due to the change in external environmental factors, which may prevent the
business from continuing its existence or cause it to lose its competitive advantage
(Hossain et al. 2017; Al-Haidous et al. 2022; Efe et al. 2022). The SWOT analysis
identifies critical internal and external factors, allowing weaknesses to be reduced
and strategic planning for threats to be created effectively while taking strengths and
opportunities into account.

5.2.3 TOPSIS Method

The TOPSIS method, based on the idea of approaching the ideal solution, allows the
identification or selection of the optimal choice in any situation requiring decision-
making by computing the positive and negative ideal solution distances (Wang et al.
2022). The method can handle very constrained decision criteria and effectively
solve the decision problem. In addition, the TOPSIS method enables the creation of
a standardized matrix, often derived from expert experience, in determining weights
for criteria. TOPSIS facilitates analysis by assigning functions to evaluations and
digitizing them, allowing for joint decision-making in problems involving many
criteria and alternatives (Yang et al. 2022). The most prominent feature is that the
importance weights of the criteria are different from each other. It is a convenient
method for solving problems effectively and thus provides the ability to deal with
uncertainty in decision-making (Bin Din et al. 2022; Zhang et al. 2022; Chrysafis et al.
2022). The algorithmic phases of the TOPSIS methods were presented as follows:

Step 1: The decision matrix is an M x N dimensional matrix created by the decision-
maker after the decision options, and evaluation criteria are determined.

a(ij)yxn 5.1)

where N and M are the numbers of decision options and evaluation criteria.

Step 2: A standard decision matrix (normalized matrix) is created. If the value
of any element of the decision matrix is O, the value of the relevant component in
the standard decision matrix will also be 0. The normalized decision matrix can be
defined as follows:
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Cl,‘j
V2L (xij)2

Step 3: A weighted standard decision matrix is created. Weight values for evaluation
criteria are determined. A weighted standard decision matrix is formed by multiplying
the elements of the matrix with their respective weight values.

(5.2)

(,l,'j =

Xij:aij XW[j (53)
W
Wij = —x~ 5.4)
Zj:le
N
D owi=1 (5.5)
j=1

Step 4: Positive ideal and negative ideal solution values are obtained.

§* = max, X;; (5.6)
S™ =min™, X;; (5.7

Step 5: The distance values to the positive ideal and negative ideal solution values
are obtained.

i = sz_l(xi_i _ 52 (5.8)
N
d- = \/Z,-_l (X;; —S57)2 (5.9)

Step 6: The distances of each alternative from the positive and negative perfect
solutions are calculated.

d
Ssy =—=,1=1,2,3,..., 5.10
V=gt n (5.10)

where 0 < Sgy < 1 is the share of the distance to the ideal solution in the total
distance. Accordingly, Sy decision options close to 1 are preferred primarily.
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5.2.4 Methodical Approach

While alternative fuels are a major topic in the marine industry, there are diverse
perspectives on which fuel would be the most beneficial. In this study, frequently
used LNG, methanol, and ammonia fuels in the literature were evaluated, and the
best alternative was determined. For this purpose, the methodological approach of
the study was designed. In this framework, the methodological approach of the
study consists of two steps. The first step includes the SWOT analysis of specified
alternative marine fuel types. The second stage of the study continues with the help
of the data obtained by revealing the strengths-weaknesses and threats-opportunities
of the fuels. This step of the study includes the evaluation of alternative marine
fuels with the MCDM method. To conduct analysis, some criteria were determined
based on SWOT analysis conducted and research on relevant literature (Hansson
et al. 2020, 2019; Balcombe et al. 2019; Inal et al. 2022; Inal and Deniz 2020;
Andersson et al. 2020). The TOPSIS approach was used to analyze fuel options
based on the criteria such as safety, cost, exhaust emission, global warming potential,
sustainability, storage, and technical competence. Experts were asked to score the
importance of each criterion and three fuel types based on these criteria. Finally, the
best fuel alternative was determined once the score was received. The methodical
approach of the study was demonstrated in Fig. 5.2.

Engineers and academicians who have worked on ships using various fuel types
were employed as experts in the study. Table 5.1 shows the profiles of the experts
who participated in the study.

5.3 Case Study

In this paper, firstly, the specified alternative fuels were examined by SWOT analysis.
Thus, the advantageous and disadvantageous aspects were determined, and the main
criteria to be considered in the selection of alternative fuels were revealed. Secondly,
a useful strategy to select the most suitable alternative marine fuel is presented. The
LNG, methanol, and ammonia have been analyzed based on some criteria such as
safety, cost, exhaust emission, global warming potential, sustainability, storage, and
technical competence through the TOPSIS method.

5.3.1 SWOT Analysis of Alternative Marine Fuels

The SWOT analysis was performed using some studies from the literature, and the
results were used to identify the strengths, weaknesses, opportunities, and threats of
alternate marine fuels. The obtained results are presented in Appendix 5.1.
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Step 1: SWOT analysis of alternative marine fuels
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Fig. 5.2 Methodical approach of the study
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Table 5.1 Expert profiles of the study

Experts Ship experience Current position

Expert 1 Chief Engineer Shipping Company-Oceangoing Chief Engineer
Expert 2 Chief Engineer Shipping Company-Oceangoing Chief Engineer
Expert 3 Chief Engineer Shipping Company-Oceangoing Chief Engineer
Expert 4 First Engineer National Maritime Authority-Port State Control Officer
Expert 5 First Engineer University-Academician

Expert 6 First Engineer Shipping Company-Oceangoing First Engineer

Expert 7 Second Engineer University-Academician

5.3.2 TOPSIS Application

In the second part of the methodology, the specified alternative marine fuels were
analyzed by TOPSIS. The alternative fuels were evaluated based on some significant
criteria related to alternative selection such as safety, cost, exhaust emission, global
warming potential, sustainability, storage, and technical competence.
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Table 5.2 Performance scores for criteria

Criteria Performance scores

Importance of criteria 1-Worst 5-Best

C1- Safety 1-Worst 5-Best

C2- Cost 1-Most expensive 5- Most economic
C3- Exhaust emission 1-Worst 5-Best

C4- Global warming potential 1-Worst 5-Best

CS5- Sustainability 1-Worst 5-Best

C6- Storage 1-Worst 5-Best

C7- Technical competence 1-Worst 5-Best

The analysis was realized based on the scores received by marine experts who are
marine engineers or academicians in the maritime field. Four of the marine experts
work on ships, and they have operational experience with different types of marine
fuel. Two of the marine experts have sea service experience and currently, work at
the university. One of the marine experts is the first engineer and works as the port
state control officer. In the first stage, marine experts were asked to judge the criteria
and criterion weights based on the information presented in Table 5.2.

The decision matrix was formed by taking the average of the scores obtained from
the experts. The constituted decision matrix is as in Table 5.3.

The aggregated decision matrix was normalized using Eq. 5.2. Then, a weighted
normalized decision matrix was created by introducing weights of each criterion to
normalized values. It is presented in Table 5.4.

Based on values in Table 5.5, the best $* and worst S~ alternatives are determined
and presented in Table 5.6.

The next step of the analysis is the calculation of distances between the target alter-
native and both the best alternative and worst alternative. These calculations were
realized using Eqgs. 5.8 and 5.9. After calculation of the distances, the similarity value
Sgy to the worst alternative for each alternative was determined. While Sgy = 1

Table 5.3 Decision matrix

Criteria Weight Alternatives
LNG Methanol Ammonia

Cl 3.86 3.71 3.14 2.71
C2 3.00 3.29 3.29 2.14
C3 3.29 3.14 3.14 4.00
C4 3.86 2.00 2.57 4.29
(68 3.14 3.14 3.14 2.86
Co 3.43 2.43 3.86 3.14
Cc7 3.14 371 2.71 2.00
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Table 5.4 Weighted normalized decision matrix
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Criteria Alternatives
LNG Methanol Ammonia

Cl1 2.57 2.18 1.88

C2 1.93 1.93 1.26

C3 1.73 1.73 2.20

C4 1.43 1.84 3.07

C5 1.87 1.87 1.70

C6 1.50 2.39 1.95

C7 2.33 1.70 1.25
Table 5.5 Best and worst alternatives

Criteria S* S-

Cl1 2.57 1.88

C2 1.93 1.26

C3 2.20 1.73

C4 3.07 143

C5 1.87 1.70

C6 2.39 1.50

C7 2.33 1.25
Table 5.6 Determination of best alternative

Alternatives d* d- Ssv
LNG 1.92 1.45 2.21
Methanol 1.51 1.31 2.18
Ammonia 1.52 1.76 2.92

means that the alternative is the best solution, Sgy = O represents that the alterna-
tive is the worst solution. The best and worst distances of each alternative and their
similarity values are presented in Table 5.6.

5.3.2.1 Sensitivity Analysis

Sensitivity analysis is an important application for MCDM studies. It provides an
important projection of how effective the identified criteria are on the result obtained.
In particular, the scores obtained in an MCDM application developed based on expert
opinion are subjective, no matter how much they are obtained from experts that work
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Table 5.7 Formed cases for sensitivity analysis

Case Description Weight of criterion
Cl c2 |C3 c4 |C5 co |C7

Base case Base condition weighting |3.86 |3.00 |3.28 |3.85 [3.14 |342 |3.14
Equal weights | Equal weighting 3.39 339 (339 339 339 339 [3.39
Case 1 Cl1 + 25% weighting 4.83 |3.00 |3.28 [3.85 |3.14 |342 |3.14
Case 2 C2 + 25% weighting 386 |3.75 [3.28 |3.85 |3.14 |3.42 |3.14
Case 3 C3 + 25% weighting 3.86 [3.00 |4.11 |3.85 |3.14 (342 |3.14
Case 4 C4 + 25% weighting 386 |3.00 [3.28 |4.83 |3.14 |3.42 |3.14
Case 5 C5 + 25% weighting 386 |3.00 [3.28 |3.85 |3.93 |342 |3.14
Case 6 C6 + 25% weighting 386 |3.00 [3.28 |3.85 |3.14 |4.29 |3.14
Case 7 C7 + 25% weighting 386 |3.00 [3.28 |3.85 |3.14 |3.42 |3.93

in the relevant field. Therefore, the results could vary in the evaluation conducted
by a different consortium of experts (Inal et al. 2022). At this point, the sensitivity
analysis reveals the effect of the changes in the weights of the criteria on the result
obtained and enables the determination of critical criteria. In the sensitivity analysis,
the various cases were created by improving the weights of criteria by 25% and
applying the same weight value for each criterion. The formed cases for sensitivity
analysis and weights of criterion for each case are illustrated in Table 5.7.

The same calculations with the base case have been made for each formed case.
The effects of changes on the distance to best and worst alternatives and similarity
value were observed. The changes that occurred as a result of the calculations made
within the scope of the sensitivity analysis are illustrated and presented in Fig. 5.3.

The rank of the preference of the specified alternative marine fuels was mostly
observed as Ammonia > LNG > Methanol. However, it should be underlined that
LNG and methanol have generally close similarity values in cases created. It is
observed that the similarity value of the methanol is raised with increasing the weight
of the storage criteria since the storage of methanol could be achieved with a small
arrangement for the existing ships. For ammonia, the global warming potential is
revealed as the most dominant criterion. The increase of this criterion weighting by
25% in case 4 perceptibly raised the similarity value of ammonia. This situation is
directly related to ammonia’s carbon-free structure.

5.4 Conclusions

The importance of reducing emissions from the maritime sector is growing every
day. Using alternative marine fuels on ships offers excellent benefits for shipping
companies in terms of reducing pollution. Furthermore, choosing the appropriate



78 C. Karatug et al.

Sensitivity Analysis
4.00
3.50
3.00 v___/\_\_
250 - .
2.00 —-
1.50
1.00
0.50
pas Base ual
e \fgghts Casel | Case2 | Case3 | Cased | Case5 | Case6 | Case?7
NG d* 192 1.75 192 192 195 228 192 203 192
mem LNG d 145 1.52 154 154 145 145 1.46 145 1.66
Methanol d* 151 141 154 151 155 1.77 151 151 158
wes Methanol d— 131 134 133 14 131 135 132 1.47 135
m=— Ammonia d* 152 158 161 16 152 152 152 155 1.72
mmm Ammonia d_ 1.76 158 1.76 1.76 18 215 1.76 1.79 1.76
wg=LNG Similarity 221 239 | 235 234 22 209 | 222 217 252
==g==Methanol Similarity | 2.18 23 2.19 233 215 2.11 2.19 244 221
=== Ammoma Sumilanity | 292 258 286 2.86 298 356 292 294 2.79

Fig. 5.3 Results of sensitivity analysis

alternative fuel for both short-term and long-term investments may have significant
benefits for the shipping industry.

In this study, a framework has been presented to determine the best alternative
marine fuel option for marine vessels. LNG, methanol, and ammonia were consid-
ered throughout the analysis as alternative marine fuels. In the first part of the study,
the stated fuels were analyzed by the SWOT analysis method. Thus, the advan-
tages and disadvantages of these fuels have been identified. In addition, a process to
determine the criteria that are important during the preference of alternative marine
fuel use on board has been conducted with the SWOT analysis and research on
the relevant literature. Within the scope of the methodology, safety, cost, exhaust
emission, global warming potential, sustainability, storage, and technical compe-
tence were considered, and specified fuels were examined based on these criteria by
the TOPSIS approach. Some marine professionals who work as marine engineers at
various levels on board or academicians working in maritime education were asked
to score criteria to conduct the analysis. The obtained judgments are analyzed, and
the best option was determined. A sensitivity analysis was carried out to reveal the
effect of the criterion weighting for the alternatives, and key findings were presented.
The main outcomes of the study are as follows:
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® Among the comparison criteria, the safety, global warming potential of the fuel,
and its storage are found most important criteria.

e Among the fuel alternatives, ammonia is determined as the best alternative, while
it is observed that LNG and methanol shared highly close similarity values as a
result of the TOPSIS analysis.

e Although ammonia is a very promising fuel option for the maritime industry to
eliminate ship-borne pollutants, there are some essential issues to be dealt with
about its application.

e [.NG has currently superiority within more technical competence, and the sector
is familiar with its usage since complying with sulfur restrictions while methanol
could be more adapted than its current status with a small arrangement in existing
ships in the recent future.

® Asaresult of the sensitivity analysis, it is understood that the conducted analysis
is very sensitive to the changing of C4.

e Within the scope of the study, a hybrid methodology that includes SWOT analysis
and a multi-criteria decision-making approach is presented to determine the best
alternative fuel option. Compared to the relevant literature, the inclusion of SWOT
analysis in the methodology has strengthened the accuracy and effectiveness of
the approach.

e For researchers interested in this field and maritime companies, the proposed
methodology enables both firstly, to evaluate the advantages and disadvantageous
sides of the alternatives within the SWOT analysis and secondly, to determine the
best option according to the general intention of the expert consortium.

This study allows a beneficial framework for maritime companies to determine
suitable alternative marine fuels for their ships in the fleet. On the other hand, the
proposed methodology has a limitation in which it may be shaped according to the
desire and intention of the expert consortium because it covers subjective judgments
about the specified fuel options, comparison criteria, and their importance weights.
In future studies, this study will extend by including more alternative marine fuel
options and realizing analysis with various MCDM strategies. Also, we are planning
to evaluate ammonia more deeply in future studies by considering ammonia fuel
options such as those produced from natural gas or electrolysis based on renewable
electricity and for use in fuel cells.
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Appendix 5.1: SWOT Analysis of Marine Alternative Fuels

Types of fuels | Strengths ‘Weaknesses Opportunities Threats
LNG e Itreduces SO and | « It has a lower ¢ There are two ¢ Methane slip
PM emissions by energy density different types of | ¢ Boil-off
90-95% than fuel oils engines: low
e It can reduce CO, |+ Larger volumes of | pressure and high
emissions by LNG are required pressure
approx. 25% to produce the  Otto and diesel
* There are same energy processes can be
regulations for the | content as applied
use of LNG fuel conventional fuel | ¢ It can reduce
¢ The reserve oils operational costs
estimate is more | « LNG storage tanks | * Flexible fuel
than 250 years are usually located | changeovers can
e Itis cheaper than on outer surfaces be made between
fossil fuels on the deck fuel oil and LNG
« Itis non-explosive |« It does not * The supply chain
in a liquid state singularly meet for bunkering is
« It is not toxic IMO’s carbon under
« It is not corrosive reduction strategy development
« Safe gas operation * Cost-effective
clean fuel
Methanol « It has a lower « It has a lower e Itcanbeusedon | e Itis toxic and
carbon ratio than energy density ships by making poisonous
conventional fuels than fuel oils minor * Overexposure can

It can reduce CO,
emissions by
approx. 25%

It provides an
effective reduction
in SOx and PM
emissions due to
the clean-burning
properties of
methanol

It has been
approved by The
IMO Maritime
Safety Committee
that it can be used
as fuel on ships

It is easier to store
and use on ships
than other
alternative fuels
It is liquid at
ambient
temperature

Larger volumes of
methanol are
required to
produce the same
energy content as
conventional fuel
oils
Exhaust treatment
systems may be
required to
achieve IMO Tier
IIT emission levels
« It does not meet
the IMO carbon
reduction strategy
singularly
e It may be
flammable when
compared to
others because its
flammable range
in the air is
between 6% and
36.5%
Special fire
extinguishing
equipment should
be used

modifications to
existing systems
« It has been used
around the world
for many years.
Existing
infrastructure can
be modified to
supply ports and
ships
« It can be easily
stored with small
arrangements to
be made in the
existing fuel tanks
on the ships
It is currently
considered the 4th
most common
marine fuel

cause death

It is corrosive to
certain materials
Methanol vapor is
heavier than air.
For this reason, it
may accumulate at
points such as tank
bottoms and pose
arisk to seafarers

(continued)
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(continued)
Types of fuels | Strengths Weaknesses Opportunities Threats
Ammonia « It proposes a ¢ Due to its ¢ The use of « Itis considered a
zero-carbon structure, it ammonia fuel is dangerous
emissions requires a high being developed substance due to
composition for proportion of pilot | for dual-fuel (DF) its toxic nature
the maritime fuel for ignition engines * Depending on the

industry

It meets IMO’s
initial GHG
emission strategy
It can be stored as
a liquid on ships at
20 °C and 8.6 bar
(relatively higher
temperature and
lower pressure)

It has lower
flammability when
compared to
others because its
flammable range
in air is between
15.15% and
27.35%

« It has a lower
energy density
than fuel oils

¢ Larger volumes of
ammonia are
required to
produce the same
energy content as
petroleum-based
fuels

« For the safety of
seafarers,
exposure levels
should be limited

e It has poor

combustion

properties in
internal
combustion
engines

SCR system can

be installed to

reduce NOx
emissions

Fuel infrastructure

for bunkering is

insufficient

Fuel applications

on ships are

complex and have
high costs
compared to other
systems

It can be produced
from fossil fuels
using methods
such as carbon
capture or
renewable energy

concentration
exposed, it can
irritate the eyes,
lungs, and skin or
be life-threatening
by direct contact
The IGF code
does not cover the
use of NH3

It is not
compatible with
all materials due to
its corrosive effect
Due to its
characteristics,
there is an increase
in NOx emissions
as a result of
combustion in
engines

It causes CO,
release in global
terms since the
current production
process is realized
by HFO or coal

Sources Hansson et al. (2020), Xing et al. (2021), Wan et al. (2015), Chu et al. (2019), Gilbert et al. (2018),
Alvela et al.( 2018), Valera and Agarwal (2019;) ABS (2020a), Mallouppas and Yfantis (2021), Cheliotis
et al. (2021), MAN Energy Solutions (2020), Ampah et al. (2021), Karatug et al. (2022), ABS (2021) ABS
(2020b), Natural Resources Canada (2013), Salarkia and Golabi (2021)
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Chapter 6 ®)
Electrification and Hybridization oo
of Ferries: State of The Art and Case

Study

Omer Berkehan Inal ®, Jean-Frédéric Charpentier ®, and Cengiz Deniz

Abstract Zero-emission maritime transportation is the ultimate goal of the shipping
industry. In this aim, new regulations lead to technical constraints which lead the naval
industry toward efficient and environmentally friendly power and propulsion systems.
Especially, minimizing the impacts of the ships operating in the coastal, harbor, or
urban areas is a key feature considering environmental and human health concerns.
Shortly, ferries or passenger ships operating in these areas will face reaching zero-
emission constraints. Using electricity as a main vector of energy is one of the
most promising ways to reach these goals. In particular, full electric or hybrid solu-
tion using multi-source energy systems appears to be a very relevant solution. This
chapter is devoted to the study of the electrification and hybridization of ferries and
passenger ships operating in coastal and urban areas. The first part of the chapter aims
to review the fully electric and hybrid propulsion topologies and power management
strategies that can be used for ferries and passenger ships operating in coastal or
urban areas. Several relevant examples of vessels using this kind of technology are
presented. Particular focus will be on full electric solutions based on batteries/fuel
cells/supercapacitors as main energy sources and possible energy management strate-
gies. In the second part of the chapter, a case study will be presented based on the spec-
ifications and mission profile of the Istanbul Ferries crosses the Bosporus straight.
Several possible technical solutions are studied by giving mathematical models of
the equipment respecting the state of the art in the first part.
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Nomenclature
CF Carbon Factor
DG Diesel Generator

EEDI Energy Efficiency Design Index
EMS Energy Management System

ESS Energy Storage System

FC Fuel Cell

GHG Greenhouse Gas

ICE Internal Combustion Engine

IMO International Maritime Organization

PEMFC Proton Exchange Membrane Fuel Cell
PeaT.max Maximum Battery Power

PsaT.min  Minimum Battery Power

Ppar,ope  Optimal Battery Power

PpG.max  Maximum Diesel Generator Power
Ppg.min  Minimum Diesel Generator Power
PpG, opt Optimal Diesel Generator Power
Prcmax  Maximum Fuel Cell Power

Prc opt Optimal Fuel Cell Power

Pt Total Power
SEEMP  Ship Energy Efficiency Management Plan
SFC Specific Fuel Consumption

SOC State of Charge

6.1 Introduction

Transportation is one of the vital elements of world trade. In 2017, the United States
Energy Information Administration (EIA) published a study on the energy consump-
tion of the transportation industry, according to the data, the transportation sector
consumes 110 quadrillions BTU in 2015, and it is estimated that it will rise to 140
quadrillions BTU in 2040. By the way, maritime transportation is responsible for
90% of global transportation with 90% of outer and 40% of inner freight (Deniz and
Zincir 2016; Fan et al. 2018). This high amount of transportation requires an energy
source and this causes a huge amount of fuel consumption. The shipping industry
mainly uses high sulfur content fossil fuels, and International Maritime Organiza-
tion (IMO) states that ships approximately consume 300 million tons of fossil fuels
annually. This consumption causes to emit greenhouse gases such as NOx, PM,
VOC, and SOx emissions. Maritime transportation corresponds to 3.1% when the
total CO, emissions worldwide are considered (Balcombe et al. 2019). In this connec-
tion, greenhouse gas emissions are important subjects for the shipping industry in
the meaning of long-term commerce and sustainability. The IMO works on radically
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eliminating ship-sourced emissions by updating and/or establishing new rules and
regulations, such as Energy Efficiency Design Index (EEDI), Ship Energy Efficiency
Management Plan (SEEMP) in the International Convention for the Prevention of
Pollution from Ships (MARPOL) Annex VI (IMO 2015). While the main goal of
international shipping is to minimize emissions, inland shipping is also highlighting
zero-emission transportation for environmental and public health concerns. However,
the mentioned emissions are inevitable, while the fossil fuels like marine diesel oil
and heavy fuel oil are still used in the shipping industry (Inal and Deniz 2021). For
this reason, more effective solutions or alternative power sources should be found
to replace internal combustion engines in the maritime industry. Electric and hybrid
propulsion is one of the possible solutions in the way of decarbonized shipping. The
United Nations state that today 55% of the world’s population lives in cities, and
this number is expected that to increase to 68% by 2050 (UNCTAD 2020). There-
fore, the emissions of the passenger ships and ferries operating in urban areas gain
importance. In this perspective, to reduce ship-sourced emissions, minimization of
fossil fuel consumption is the key strategy. At this point, hybrid energy sources are
prominent in ships like the automotive industry.

Hybrid propulsion can decrease the fuel consumption of the marine diesel engine
by supplying additional power to the system (Bennabi et al. 2017; Dedes et al. 2016;
Inal et al. 2022a, b). A classical hybrid propulsion system consists of several different
energy storages such as batteries, supercapacitors, and power generation equipment
such as diesel engines, and fuel cells. Since the working characteristics of these
types of equipment are different, a proper analysis should be carried out according
to the operation profile of the ship to find the optimal hybrid design and power
management strategy. Sections II and III of this chapter include deeper information
about the mentioned equipment and their selection strategies.

This chapter explains the use of hybrid and electric propulsion systems which
can be a solution for decarbonized maritime transportation. The chapter contains a
description of hybrid propulsion topologies, power management strategies, possible
energy sources, and a case study, respectively. Lastly, the chapter’s conclusion
discusses the role of hybrid and electric propulsion in maritime transportation.

6.2 Hybrid Systems and Power Management Strategies

Hybrid systems mainly consist of two different systems, firstly, energy storage
systems (ESS) like batteries, supercapacitors, and flywheels. Secondly, power gener-
ation units like fuel cells, marine diesel engines, solar panels, and wind turbines. The
components can have various connection topologies (serial or parallel) according
to ship architecture and operation profile. On the other hand, power management
strategies are another important factor for an effective hybrid system. There are
mainly two approaches; rule-based and optimized energy management. This section
gives detailed information about hybrid system components, topologies, and power
management strategies.
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6.2.1 Hybrid System Components

Hybrid system components can be mainly divided into two: energy storage and power
generation. On the energy storage side, batteries, and supercapacitors are reviewed.
For power generation, marine diesel engines, and fuel cells are the main energy
sources.

6.2.1.1 Batteries

Battery technology has been improved significantly in recent years by adopting
electrical energy in mobile applications like the automotive industry. Batteries are
the major energy storage technology owing to their technological maturity, lower
cost, and higher energy density compared to other energy storage devices. Among
various types, Li-ion batteries are the major dominator of the sector thanks to their
relatively higher lifetime and considerably lower cost compared to other types. Table
6.1 gives the comparison of the characteristics of the popular battery types.

Batteries are mostly popular in the shipping industry by offering great hybridiza-
tion solutions. More specifically, power density, lifetime, cost, state of charge, and
size are the main constraints for batteries to expand their market share for maritime
transportation. For this purpose, there are many kinds of research and analyses on the
battery-diesel generator and battery-fuel cell hybrid powering systems besides the
fully electric ships. For instance, a fuel cell-battery hybrid configuration is analyzed
for a coastal ship from many perspectives such as cost, lifetime, power, and energy
density. The optimization of the configurations has been carried out to find the most
effective solution (Wu and Bucknall 2020). Another case study on a dry bulk ship
shows that battery—diesel hybrid configuration has the potential to reduce greenhouse
gas emissions by 14% by reducing fuel consumption (Dedes et al. 2012). Batteries
are not the only hybrid power element but also have an important role for fully
electric ships. For example, the world’s first all-electric car ferry, MF Ampere is an
important project considered a milestone in electric ship technology and has been
working since 2015 in Norway (Karimi et al. 2020).

Table 6.1 Characteristics of battery types (Inal et al. 2022a; Aneke and Wang 2016; Ma et al. 2020;
Nuchturee et al. 2018)

Battery type Energy density (kWh/kg) Efficiency (%) Lifetime (Cycle)
Lead-acid 30-50 x 1073 70-90 500-1000
Nickel-cadmium 50-75 x 1073 60-65 2000-2500
Nickel metal hydride 60-100 x 1073 65-90 750

Li-ion 100-200 x 1073 85-90 600-2000




6 Electrification and Hybridization of Ferries: State of The Art and Case ... 93
6.2.1.2 Supercapacitors

Supercapacitors are in demand thanks to their fast charging and discharging abilities
although they have a limited energy density. Supercapacitors have higher capacitance,
power density, and cycling capacity than conventional types. Their usages are relevant
when the operation profile of the application requires a high load transition to buffer
the system power requirements (Zhou et al. 2013). The operation characteristics of
the ship are vital for the selection of the energy storage device. If the system requires
the ability of high load transition in a short time, supercapacitors can be beneficial,
however, if the system requires high energy density with having stabilized power
supply, batteries seem more advantageous. Generally, supercapacitors are in use
together with batteries to enhance the system’s power supply capacity. For example,
for different operation profiles of an offshore supply vessel, a battery-supercapacitor
hybrid system reduces fuel consumption and greenhouse gas emissions (Nebb et al.
2012).

6.2.1.3 Diesel Engines

Marine diesel engines are the conventional, most experienced, and most common way
to generate power for ships. Approximately, marine diesel engines operate at 48—52%
efficiency by using heavy fuel oil and marine diesel oil (Dere and Deniz 2020). The
experience level, reachable spare parts, and industrial developments are the greater
pros of marine diesel engines. Currently, the major problem with diesel engines is
the emissions due to fossil fuel usage. The ship-sourced emission limitations are the
leading obstacles that will be faced by these engines. In this aim, alternative fuels and
hybrid systems are under investigation. In the scope of this chapter, hybridization
opportunities of the diesel engine are mainly reviewed. The cost of fuel, high-power
capacity, and reliable operational conditions allows a diesel engine to be an important
part of a hybrid ship propulsion system (Bassam 2017). The hybridization of the
marine diesel engine with energy storage systems is the key approach to increasing the
total system efficiency. The design characteristics of marine diesel engines are to work
above 60-70% load to reach optimal operation points where the fuel consumption is
minimized. However, partial and unsteady loads cause inefficient working conditions
and an increase in fuel consumption and emissions (Dere and Deniz 2019). Therefore,
the generic power management strategy with diesel engine hybridized systems is
to supply the stored electric energy during the operations with load transition like
maneuvering or departure by minimizing the load fluctuation of the diesel engine
without reducing the load (Huang et al. 2021).

6.2.1.4 Fuel Cells

Fuel cells are electrochemical devices that convert the chemical energy of the fuel
to electric energy without requiring any additional energy conversion like internal
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combustion engines (Barbir 2005; Inal and Deniz 2020). The direct energy conversion
ability allows fuel cells to reach higher overall efficiency. Fuel cells generally use
hydrogen but liquefied natural gas, diesel oil, or methanol also can be used after a
reforming process. Fuel cells are promising options for the shipping industry owing
to their emission-free power generation ability. The main reason for the produced
clean energy is that it uses hydrogen as a fuel. In this chapter, fuel cells are considered
power generation units due to similar working principles as diesel generators. They
can produce power as long as the fuel is supplied and this form the major difference
from the batteries.

Fuel cells can be classified according to their electrolyte types. The proton
exchange membrane fuel cells are the leading fuel cell types among five others
thanks to their technological maturity and wide application area (De-Troya et al.
2016). Fuel cells’ power capacity is at the kW level, but there are several industrial
types (high-temperature working types) that can generate power at the MW level
(Biert et al. 2016). Fuel cells are modular, so the physical properties are changeable
according to the system’s requirements. The selection of the fuel cell type is highly
dependent on the ship’s physical properties and operation profile. Generally, fuel
cells are more suitable for short-sea shipping like inland sea transportation. There
are various research projects and analyses for different types of fuel cells in ships. For
instance, the FellowSHIP project, one of the pilot projects for the fuel cell application
in ships, was carried out from 2003 to 2018 to investigate the hybrid fuel cell-battery
system for an offshore supply vessel (Tronstad et al. 2017). The system worked for
18,500 h without emitting any NO,, SO,, and PM.

6.2.2 Hybrid System Topologies

Hybrid systems can be configured under three different topologies. Generally, hybrid
systems consist of various energy storage devices and power generation units which
are described in the previous section. The difference between configurations is the
energy distribution way from the energy sources to the propeller. The serial, parallel,
and serial-parallel architectural combinations form the main categories. To simplify
the description in this paper, electrical sources are considered as DC electric sources
connected to a DC grid but the use of an AC grid is also possible.

6.2.2.1 Serial Configuration

The serial configuration is the most mature topology for ships compared to
other configurations (Geertsma 2019). In this configuration, all energy sources are
connected bus bar (or main grid) via converters. An example of this configuration is
given in Fig. 6.1. In this example, an energy source, a fuel cell, a renewable energy
source, and an internal combustion engine are connected to the main bus bar via
converters. The propellers are driven with electric motors which receive the required
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Fig. 6.1 Serial hybrid configuration (Inal et al. 2022a)

energy from the bar. In addition, other loads such as navigation equipment, HVAC,
or lighting are also connected to the main grid.

The main advantage of this configuration is the capability of supplying power
for various operation modes. The total electrical energy of the system is collected
in the main grid and distributed to the required load. This system allows for
multiple working modes with different power generation and load combinations.
This topology has a relatively long operational life, and zero noise and emission
are available. In contrast, multiple energy conversions and loss of energy during
conversions are the major drawbacks (Nguyen et al. 2020).

6.2.2.2 Parallel Configuration

Parallel configuration differs from the serial configuration with a direct mechanical
link from the diesel engine to the propellers. The electrical components of the hybrid
system are similar to the serial configuration. Energy storage devices and other elec-
tric generators like fuel cells are connected to the main grid. The major advantage of
this configuration is the availability of both electrical and mechanical propulsions.
Also, both sizing optimization, zero-emission, and higher efficiency are allowed with
this configuration. The weaknesses of the mechanical propulsion like weak maneu-
vering capacity or diesel engine inefficiency during low loads can be eliminated with
a proper power management strategy. On the other hand, the additional mechanical
links, and the need for robust control for higher efficiency can be counted as their
disadvantages. This configuration is shown in Fig. 6.2.
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Fig. 6.2 Parallel hybrid configuration (Inal et al. 2022a)

6.2.2.3 Serial-Parallel Configuration

The hybrid (serial-parallel) configuration is the combination of both topologies. In
this configuration, the internal combustion engine (generally diesel engines for ships)
is connected directly to the propeller via a gearbox. Meanwhile, another gearbox
connects the engine to the main electric grid. Therefore, this hybrid system allows
the system to work serially and also parallelly. The architecture of the hybrid system
is more complex than the other configurations, so, it requires a more detailed energy
management strategy but is relatively flexible. The system contains both mechan-
ical and electrical propulsion availability, and it can reach higher efficiency at load
transitions. However, complex system architecture causes higher costs compared to
other types. The generic system overview is given in Fig. 6.3.

6.2.3 Power Management Strategies

Hybrid propulsion systems have multiple energy sources and consumers. The
elements of the systems have different operational characteristics and dynamic behav-
iors during the ship’s operations. Therefore, establishing a proper energy manage-
ment strategy is very important for hybrid propulsion ships to ensure safe and efficient
operation. In general, costs, system performance, lifetime, and efficiency are the func-
tions of the established energy management strategy (Garcia et al. 2010). For the same
system, two different energy management strategies can have two different results
during the operation. According to the aim of the system, an appropriate strategy
would give the minimum fuel consumption to minimize the emission at the system’s
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Fig. 6.3 Serial-parallel hybrid configuration (Inal et al. 2022a)

most efficient point. Hence, mainly there are two energy management strategies for
hybrid ships: rule-based and optimized control strategies (Balsamo et al. 2017).
The rule-based control strategy is based on the control parameters from previous
experiences. This strategy is static and robust but mostly weak for dynamic systems.
The main reason for this weakness is sourced from the hardness of determining
the optimal point for changes. The external factors for ships like wind or waves
manipulate the expected operation and change the power need of the system dynam-
ically. In this case, depending on the system complexity, smart control strategies like
fuzzy logic gain importance for time-varying problems. For instance, in research for
an all-electric ship, fuzzy logic showed better performance against a proportional-
integral-based energy management strategy at the state of the charge of the batteries
(Khan et al. 2017). But, instead of establishing an accurate mathematical model,
fuzzy logic rules require expertise in the system behavior and mission profile.
Optimized control strategies show better performance the dynamic systems
compared to rule-based energy management strategies. Global and real-time opti-
mizations are the two main categories of the optimized control strategy. Global opti-
mization focuses on the overall optimization during a determined time by using the
mathematical equations of the system components. Many different algorithms are
used in the literature to optimize the energy management of multi-energy sourced
systems. Dynamic programming, genetic algorithm, artificial neural network, ant
colony optimization, and particle swarm optimization are the most common tech-
niques to perform global optimization (Ancona et al. 2018; Kumar and Fozdar
2017; Kanellos et al. 2014; Tarelko and Rudzki 2020). Real-time optimization is the
second type of optimized control strategy for hybrid systems. This strategy differs
from global optimization by changing according to the instantaneous conditions
of the energy demand by establishing a real-time model of energy consumption.
Pontryagin Minimum Principle (PMP) and equivalent consumption minimization
strategy (ECMS) are the two common real-time optimization techniques. PMP is
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rare for ships but it has a wide application for plug-in hybrid electric vehicles. On the
other hand, ECMS is used to minimize the fuel consumption of the engine with the
optimum power management set points. ECMS shows better performance compared
to other techniques in function of fuel consumption. For instance, by using ECMS
on a hybrid ferry, a reduction in fuel consumption by 10% is reached (Geertsma et al.
2017).

6.3 Case Study

This section includes an introduction to selected case ship and mathematical
models of possible hybridization equipment to analyze the pros and cons of hybrid
propulsion.

6.3.1 Case Study

To assess the potential advantages of hybrid propulsion, an example ship should be
taken as a case. In this chapter, SH-Beyoglu, a passenger ferry from Istanbul that
operates at the Istanbul Strait between European and Asiatic parts of the city, has
been selected. The case study ship parameters are given in Table 6.2.

The ship has a diesel-electric powering system for both propulsion and electrical
loads. The ship is equipped with 2 contra rotating Schottel Twinpropeller and bow
thrusters for propelling and maneuvering. The electrical loads are mainly formed by
air conditioning, lighting, and navigational equipment. The generated power by diesel
generators is connected to the main bus bar and distributed to the required elements
such as propellers, bow thrusters, or electrical loads according to the operation profile.
The ship’s average voyage is 24 min and there are 65 voyages in two ways per day.
The case ship’s power demand and propulsion behavior change during a voyage.

Table 6.2 Ship properties

Propeller blades 3

Propeller diameter (mm) 1400

Propelling system 2 x Schottel Twinpropeller
Main engine (rpm) 1500

Main engine power (kW) 4 x 450

Main engine model Volvo Penta D16C-A MG
Ship length (m) 67.96

Ship draft (m) 2.95

Ship gross ton 747.36

Elec. motor voltage (V) 2 x 547
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Fig. 6.4 Case ship operation profile with total consumed power (Inal et al. 2022a)

Therefore, a generic operation profile should be determined to understand the route
and operation characteristics. The data according to operation are gathered physically
onboard the ship. The power-related data such as energy consumption, equipment
cut-in cut-off periods, and power generation fuel consumption are collected from
the engine monitoring systems in the engine room. Sailing-related time-based data
such as maneuvering time, bow thrusters, and propeller RPMs are gathered at the
bridge by an authorized person. Multiple voyages have been completed with ship
crew and average data are formed to establish a generic operation profile for the
case ship for the same route. Furthermore, the operation profile is divided into four
different operating conditions which are departure, steady-state, arrival, and at the
port. Figure 6.4 shows the power-time diagram of the case ship operation profile.

The total route takes 24 min and the last 4 min is “at port” condition where the
diesel generators work at the idle load and supply power just for electrical loads. As
can be seen in the diagram, the power demand increases during the departure until the
constant speed of steady-state sailing conditions is reached. This period covers the
ship’s speed increase and the maximum power applied to the propellers to reach the
cruising speed. After the ship’s speed exceeds the resistance, the demanded power
drops, and the ship passes to the second phase of the operation (steady-state sailing).
At the end of the steady-state sailing, the required power diminishes and the ship
starts to arrive.

The peak during the arrival maneuvering is related to the bow thruster use which
serves to berth at the port in a safe, efficient, and rapid way. After completion of the
rope tiding, the generators work at the idle load to ensure the hotel loads.

After considering the mission profile, the following part of the paper will study a
serial hybrid energy solution combining diesel generators, fuel cells, and batteries.
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This solution allows the minimization of fuel consumption of DG and zero-emission
modes (using FC and batteries) and fit well with the specification of the case study.

6.3.2 Model Examples

To analyze the hybrid system, the system’s components should be determined, so,
the most common types of equipment for a hybrid ship are listed and approaches for
the mathematical modeling are explained.

6.3.2.1 Diesel Engine

Due to the case ship having a 4-stroke marine diesel engine, a 2-stroke diesel engine

model is not given in this section. A dynamic 4-stroke diesel engine model can be

explained with three main elements: a speed governor, an actuator, and the engine.

Therefore, they can be modeled with the following transfer functions (Park 1999).
The speed governor:

T, + 1

Tt s 1 e
The actuator:
(Tys +T31S)(+T; +1) ©2
The engine:
e ’e (6.3)

The T variables are the time constant and can be found in Park (1999). Time
constants for the speed governor of the studied diesel engine 7', Ty, and T, are 0.2,
0.0002, and 0.01 s, respectively. For the actuator, T3, T4, and T'5 are 0.25, 0.009, and
0.0384 s, respectively. Lastly, the time delay for the diesel engine is T¢ = 0.024 s.
These representations are taking the time delays into account and allow the system to
work dynamically. The result of the engine model would give the generated torque,
and the power can be calculated at first order with the multiplication of torque with
speed as follows:

Ppg = Tpg X wpg (6.4)



6 Electrification and Hybridization of Ferries: State of The Art and Case ... 101
6.3.2.2 Battery

Simulink library includes a mathematical dynamic battery model that can simulate
different types of batteries based on data commonly found in the datasheet manufac-
turers. The model makes it possible to model different types of batteries by linking
an electrical model composed of a controlled voltage source in series with internal
resistance to an electrochemical model, which makes it possible to link the evolution
of the electrical parameters to the dynamic evolution of the state of charge of the
battery.
Charging or discharging of the battery is calculated as follows:

Q »_g_ 9 it + A.exp(—B.it) (6.5)

0 —it 0 —it
0 .

— K. -
it+0.10 Q0 —it

Egiseh = Eo — K.

Echarge = E() - K it + AeXp(—Blt) (66)

where the Egien and Echarge are the discharging and charging voltages, Ej is the
constant voltage, K is the polarization constant, Q is battery capacity and i* is the
low-frequency current, A is the exponential voltage, and lastly, B is the exponential
capacity.

6.3.2.3 Fuel Cell

There are three different approaches to the modeling of fuel cells: analytical, semi-
empirical, and mechanistic (Cheddie and Munroe 2005). Analytical models cover
the relation between the input and output of the fuel cell according to experimental
data. These types of models are quite easy to understand and do not require a long
time for computation. In contrast, mechanistic ones are built respecting to chemical
and physical properties of the fuel cell and are much more detailed but require a
long computational time. For this reason, semi-empirical models are advantageous
by combining both advantages of the other two model classes.

A generic validated fuel cell model can be found in Simulink for different fuel
cell types at different power ranges.

6.3.2.4 Electric Converters

Each power source in the hybrid systems should supply different currents according
to components. For this reason, converters should be used to regulate the power
source voltage. There are different types of converters, to boost or reduce the voltage
but most commonly the equation which describe the converter as a DC/DC tunable
transformer (mean value model) can be written as follows where the V is the voltage,
I is the current and 7 is the converter efficiency:
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L. (6.7)

6.3.2.5 Shaft

The moment of inertia of all rotating elements should be considered while calculating
the torque and power transition. Therefore, the mechanical equation of the shaft is
given as follows:

A (6.8)
dl — IRG P .

where I is the moment of inertia of the shaft in kg m?, and Trg and T'p are the torque
of reduction gear (applied in the propeller shaft) and the hydrodynamic torque of
the propeller, respectively (these 2 torques are in Nm). The model example in the
Simulink platform is shown in Fig. 6.5.

6.3.2.6 Reduction Gear

The reduction gear is used to adapt the rotational speed between the electric motor and
shaft. The main parameter is the reduction ratio (k) which determines the relation
between speed and torque transmission. The rotational speed and the torque are
inversely proportional. Therefore, the model equation can be used as follows where
the w is rotational velocity and T is the torque:

RGOV ko (6.9)
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Fig. 6.6 Electric motor Tm
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6.3.2.7 Electric Motor

The electric motor converts the electrical power to mechanical power for the propul-
sion of the ship. In our study, the power requirement of the system is known for
each period of the operation, so, the modeling approach is about the torque and rota-
tional speed-based operation limitation of the electric motor. However, the motor
limitations should be considered for a more accurate calculation. Therefore, typical
limitation curve of the motor is shown in Fig. 6.6, where Tm is the motor torque and
wm 18 the motor rotational speed. The equation between the torque, rotational speed,
and power (limitation equation) is given below:

Tm = (6 10)

The model example in the Simulink is shown in Fig. 6.7. There the motor param-
eters are the limitation couple and base speed, and a proportional integrative (PI)
control is used in the model (blue rectangle). The selected maximum motor rpm is
taken at 2000 RPM.

6.3.2.8 Propeller

The propeller allows to create thrust to reach the required ship speed. The propeller
block is shown in Fig. 6.8. While the water speed and shaft speed are the input,
propeller thrust and torque are the outputs.

The propeller calculations are using propeller geometrical data as input to calculate
thrust (Fp) and torque (Tp) according to the following equations.

F,=KpxpxnyxD, 6.11)
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T, =Kr x pxny,xD, (6.12)

The non-dimensional thrust coefficient (Kr) and torque coefficient (Kr) are calcu-
lated using the following equations according to Wageningen data. These data are
obtained by test of reduced scale model in basin.

39 P Iy A Uy
—_ M — _E Un
KF—gcnu) (D) (A0> (2) (6.13)

47 P ta A i,
Kr= ¢,(J Sn<—> (—E> Z)n 6.14
T ;u (5) () @ (6.14)
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The advance coefficient J can be calculated by the following equation, where the
n is the rotational speed and D is the diameter of the propel

Va
nyD,

J =

(6.15)

ler.
Lastly, thrust force (PF) and the torque (PT) of the propeller are calculated as
follows:

PFZFPXVA (616)

Va

n,D

Pr=2mn,QpJ =

6.17)
p

6.3.2.9 Hull

A proper hull model is vital for a successful hybrid ship simulation. The hull model
aims to calculate the interactions between hull resistance, power, and speed of the
ship. In our case, the parameters of the ship are known, therefore, ship’s hydrody-
namic resistance can be calculated with Holtrop-Mennen technique (Holtrop and
Mennen 1982). This technique allows to calculate the total resistance and required
power for a designed speed of the ship. The equation is given below:

Rr = Rp(1+ K1) + Rapp + Rw + Rp + Rrr + Ra (6.18)

where the R frictional resistance according to ITTC-1957, (1 + k) is the form factor,
Rapp is appendage resistance, Ry is wave resistance, Ry is additional resistance due
to bulb, Ry is the additional pressure resistance due to transom immersion, and lastly,
R is the model-ship correlation resistance. After the total resistance is calculated,
the total hull model can be implemented into the general model as shown in Fig. 6.9.
The resistance is dynamically changing according to ship speed and propeller thrust
force.

6.3.2.10 Energy Management

Energy management strategy is extremely important for hybrid ships to ensure high
efficiency with lower fuel consumption and emission. In the previous section of the
chapter, most commonly used energy management strategies were reviewed. The key
factor to establish a proper strategy is the operation profile and physical properties
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of the ship. The mass and volume of the ship are important to apply the energy
storage devices and their capacities. On the other side, the operation profile is used
to determine the main rules and constraints to manage different power sources of the
hybrid system.

In our study, according to data collected from the case ship, the average hotel
load is determined as 90 kW and is considered as constant during the mission.
The reached maximum power load is 1314 kW, and the average steady-state power
demand is 1104 kW. Therefore, the new system should have the supply capacity of
this required power. The current onboard loaded power capacity is 1800 kW with 4
diesel engines at the maximum power of 450 kW. By using the data from the engine’s
instruction book, the specific fuel consumption curve is calculated according to the
engine load function, where the f(x) is the specific fuel consumption, and x is the
engine load:

(x) = 0.0244x2 — 3.5228x + 317.34[1(\%1] (6.19)

To find the optimal working point of the diesel engines, the specific fuel
consumption curve is minimized:

fx) = 190[ Wh]whllex =72 (6.20)

Therefore, the most fuel-efficient working point (Ppg qp¢) of the diesel generators
is at 72% load:

72
PDG,apt = 450 X ﬁ = 324kW (621)

The possible diesel generator power is given below;
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PDG,min (t)<PDG (t)<PDG,max (t) (622)

where the Ppg min 15 40% of the maximum power (Ppg max) (450 kW);
P 450 40 180 kW (6.23)
min — X — = .
pe. 100

There are 2 diesel generators, the total power at optimal operating point can be
found;

PpG.opt,ioral = 324 x 2 = 648 kW (6.24)

The similar approach can be followed for the fuel cell systems. Four packs of
proton exchange membrane fuel cell with the maximum 100 kW power capacity
which can be used optimally at 85.5% capacity. The corresponding relations for the
fuel cells are given in Egs. (3.24) to (3.26).

Prc.opr = 85.5kW (6.25)
Prc.max = 100kW (6.26)
0< PFC(t) < PFC,max(t) (627)

There are 4 fuel cell units, so the total optimal power of the fuel cells can be found
as;

Prc.oprsoral = 85.5 x 4 = 342kW (6.28)

where Prc opt, Prcmax» Prc, and Prc opy otal are the optimal power, the maximal power,
the current power of one fuel cell unit, and the total optimal power to be provided
by the four fuel cell units, respectively.

The state of charge of the battery is divided into three sections for establishing a
proper power management system. Respecting the state of the charge, the role of the
battery changes. The selected battery is a Li-ion type with an energy capacity of 200
kWh. Table 6.3 gives the main strategy for the use of batteries, respecting the state
of charge the battery (SOC).

So, the power balance of the ship can be written as follows. The total power load
(Fig. 6.4) power is sum of the generated and stored power from diesel generator, fuel
cell and batteries. Ppar.dc Symbolizes the discharging position of battery and Pgar ¢
is the charging position of battery. The battery’s lower limit is determined as 20% of
charge for a longer lifetime. For both cases, PDG varies according to the load power.

Proap(t) = PpG + Prc—" Ppar (6.29)
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Table 6.3 . Battery using 20-40% 40-90% 90-100%
strategy with respect to state

of Charge MIN INTER MAX

Battery is mainly
charging (if possible)

Battery is mainly

discharging (if possible)

SOCMin < SOCBAT
< SOClInt

SOClInt < SOCBAT <

SOCMax

The state of the charge of the battery is the key performance indicator for the power
split. So, according to min, inter, or max cases of the state of charge the battery, the
rule changes. Operational priority is always to maintain the fuel cell system at its
optimal operation point given by Eq. 6.27 due to zero emission compared to diesel
engine. In case of emergency, the SOCmin can act as SOCinter. The summary of
the charging and the discharging operations of the battery is shown in Fig. 6.10. The
behavior of the battery changes according to two variables: ship’s demand and SOC.
The red arrows show the way where the battery SOC moves and areas are numbered
respecting the instant operation and state of the charge.

There are three different states have been defined for the battery system as below:

e if SOC < SOCpn

No 1: Battery charging @ port, arrival, and steady-state sailing.

No 3: Neither charging nor discharging @ departure

¢ if SOCpin < SOC < SOCiper

No 1: Battery charging @ port, arrival, and steady-state sailing until reaching

SOCinter.
Power (kW)
A
Ptotal,max
Pdg,opt - rm
®
22
s 87| ¢
o o o
516 |2
Pfc,opt 2 =
© >
o =
9] fe
a <
Pbat,max
-t
<@
SOCmin SOCinter SOCmax SOC (%)

Fig. 6.10 Summary of the operation strategy
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No 2: Battery discharging if SOCinter has been reached and power demand is
higher than PFC, opt, total.

® if SOCipeer < SOC < SOCppax
No 2: Battery discharging for power demand higher than the power which can
be provided by fuel cells (battery provides a complementary power, mainly
@departure and steady-state sailing.
No 3: Neither charging nor discharging @ port, arrival, and steady-state sailing
when the power demand is lower than the power which can be provided optimally
by fuel cells.

The number 1 case corresponds to the areas where the battery state of charge is
lower than the intermediate position, and when the power demand from the motors are
lower than the sum of optimal generated powers (Pg opt = Ppa,opttotal + PFCopttotal)-
In this case, the batteries are charged with the difference between Pg,qp and the
power demand until they reach their optimal state of charge. So, the system can be
used in this state during the ports, steady-state sailing and arrivals for increasing state
of charge. The second state corresponds to use of the battery as an electrical source
(discharging the battery). When the battery SOC has firstly reached the preferable
condition (SOCinter) and the needed power is higher than Pgc (oral,0pt, the battery acts
as a power source to supply an additional power to the system. In this case, fuel
cell units are maintained at their optimal operating points. These cases correspond
to power demand is higher than fuel cell’s optimal power. In these cases, batteries
can be used at desired power (according to power requirement) and DGs are used to
complete the required power if needed. The third state is defined for the SOC higher
the inter value, the neither charging nor discharging. However, if the SOC is lower
than the minimum point, the battery won’t act as an additional power source, besides,
the system will not charge due to the high-power requirement of the system.

The ramp rate (R) of the power sources is the other important constraint, and the
equations should be added as follows (Banaei et al. 2020):

‘ Prc(t) — Prc(t — Ar) < Rrcomas f(1)while

At

Rrcmax = 10kW per second (6.30)

Pgar(t) — Par(t — At)
At

=< RBAT,max (t)

while RBAT,max = 50kW (63 1)

Ppg(t) — Ppg(t — Ar)
At

= RDG,max (t)

while Rpgmax = 150kW (6.32)
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The operation profile has been divided into four section, which are departure,
steady-state sailing, arrival, and port. The analysis results show that 35% less marine
diesel oil is consumed in total, and the reduction in the consumed fuel for each section
of the voyage is given in Figs. 6.11 and 6.12.

To understand the environmental effect of this less fuel consumption, the harmful
emissions suchas CO,, NOy and SOy are calculated by using the following equations:

_ g
CO, = SFC[k—] x CF (6.33)
_ g
SO, = SFC[—k h] x 2 x 0.97753 x 0.005 (6.34)
35
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Fig. 6.11 Fuel consumptions for departure, arrival, port, and their hybrid versions for 1 voyage
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Fig. 6.12 Fuel consumptions of steady sailing and its hybrid version for 1 voyage
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The specific fuel consumption (SFC) is the key factor for both emission types. In
Eq. (3.32), CF symbolizes the carbon factor of the used fuel, in our case, it is 3.206,
which is marine diesel oil. The Eq. (3.33) is used for SOx emissions (adopted from
Zincir (2022)), where the 0.005 is the maximum allowable sulfur content for the fuel.
The last Eq. (3.34) is for the NOx emissions, the engine’s RPM is shown with n, and
since the engines satisfy IMO Tier II limits, it can be calculated as follows:

NO, = SFC[%] x 44 x n(-023) (6.35)

According to given properties, and ship’s operation profile, the emission reduction
potential of the proposed hybrid system is given in Figs. 6.14 and 6.15.

As can be seen in Fig. 6.13, hybrid system can reduce the fuel consumption and
emissions with different ratios depending on the power demand. The decreases at the
emission are 45%, 79%, and 100% for departure, arrival, and port, respectively. The
reason of total emission elimination at port is due to the lower power demand than
the optimal fuel cell power (Prc opt otat)- In this position, generators and batteries are
in stand-by position and hotel load is covered by the fuel cells. The results for the
steady-state sailing section are given in Fig. 6.14.

As can be noticed in Fig. 6.14, the emissions during steady-state sailing have
decreased by approximately 31%. The main difference is coming from the elimi-
nating of 2 diesel generators by supplying the required power with fuel cells and
batteries. During the steady-state sailing, the fossil fuel has consumed only by two
diesel generators instead of four.

Total fuel consumption is about 67.9 kg per voyage but if the system were
hybridized, the consumption would drop to 44.2 kg which means a reduction of
about 35% per voyage. By respecting the daily and yearly data of the ferries, there

40
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15 - i -
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Fig. 6.13 Emissions for departure, arrival and port sections
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Fig. 6.14 Emissions for steady-state sailing

are 140 voyages per day, and 51,100 voyages per year (by neglecting the holidays
and considering as all ferries are the same). Therefore, if the results are multiplied
by 51,100, the yearly saved amount will be found 1,124 tons of diesel oil just for one
ferry. The state of charge of the battery is considered as full during the analysis.

6.4 Conclusion

In today’s world, greenhouse gas emissions are the main problem for ships. Interna-
tional Maritime Organization strongly works on emission reduction techniques and
brings more strict regulations. With this aim, hybrid propulsion systems are one of the
major solutions of the industry to reduce emissions. This chapter firstly introduces the
hybrid ships and hybridization components with the possible topologies. Batteries,
diesel generators, fuel cells, and supercapacitors are reviewed for the energy part
of the systems. Serial, parallel, and serial-parallel topologies for the hybrid power
systems are shown with diagrams. Then, the most popular energy management strate-
gies are introduced. Thirdly, a case ship with the operation profile and mathematical
modeling of equipment are explained. Transfer functions of a 4-stroke diesel engine,
battery, and fuel cell dynamic models in the Simulink are discussed. Mathematical
models of the converters and DC electric motors and propellers are presented. The
mechanical equipment such as reduction gear and the shaft are represented with
mathematical models. The hull resistance calculations are given with the Holtrop-
Mennen technique and Simulink models are shown for the readers to enhance the
clarity of the explained topic. An approach for the energy management strategy is
given according to different power sources and power balance equations shown to
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enlighten future studies on similar topics. Lastly, reduction in fuel consumption and
emissions is shown and hybrid system is compared with the conventional one. The
study investigates the combined use of diesel generator, fuel cell, and batteries for
the case study of an Istanbul ferry. This solution can be a very interesting choice
for ferries operating into cities thanks to their zero-emission or reduction at the fuel
consumption capabilities.
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Chapter 7 ®)
SWOT Analysis of Carbon Capture, st
Storage, and Transportation

for Maritime Industry

Bugra Arda Zincir @, Burak Zincir ), and Yasin Arslanoglu

Abstract Decarbonization strategies such as renewable energy, alternative fuels,
and modifications on ships play an essential role in reducing global warming, but
fossil fuel consumption is inevitable for meeting the sufficient energy demand. On the
other hand, CO; is one of the reasons for global warming, which can be mitigated
by using a carbon capture system. Up to 90% CO, reduction can be achieved by
using a carbon capture unit on a ship. Carbon capture technologies are used in power
plants, cement, and the steel industry. Also, after the introduction of stricter rules and
the announcement of the decarbonization target by the International Maritime Orga-
nization, some studies are started to be made on using carbon capture in maritime
transportation. This chapter reviews the carbon capture technologies such as absorp-
tion, adsorption, membrane, chemical looping, cryogenic and biological, also oxy-
fuel combustion, pre-combustion, and post-combustion methods. In addition, means
of storage, transportation, and utilization of captured CO, are explained. Finally,
strengths, weaknesses, opportunities, and threat analyses are done to investigate the
benefits and drawbacks of carbon capture systems on vessels. Although high energy
demand, storage, and transportation of the captured CO, are the limiting factors of
adopting a carbon capture system on a ship, its high CO, capture rate makes carbon
capture technologies a promising option to meet the recent and upcoming regulations
in maritime transportation.

Keywords Carbon capture - Decarbonization + Zero-carbon + Greenhouse gases *
Maritime transportation - SWOT analysis

B. A. Zincir (<)
Maritime Vocational School, Galatasaray University, Istanbul, Tiirkiye
e-mail: bazincir@gsu.edu.tr

B. A. Zincir - B. Zincir - Y. Arslanoglu
Maritime Faculty, Istanbul Technical University, Istanbul, Tiirkiye

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 117
B. Zincir et al. (eds.), Decarbonization of Maritime Transport, Energy, Environment,
and Sustainability, https://doi.org/10.1007/978-981-99-1677-1_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1677-1_7&domain=pdf
http://orcid.org/0000-0003-1036-2411
http://orcid.org/0000-0002-6719-4730
http://orcid.org/0000-0002-9492-2975
mailto:bazincir@gsu.edu.tr
https://doi.org/10.1007/978-981-99-1677-1_7

118 B. A. Zincir et al.

Nomenclature

CCC Cryogenic carbon capture
CCS Carbon capture system

ClI Carbon Intensity Indicator
CLC Chemical looping combustion
DCS Data collection system

DEA Diethanolamine

DGA Diglycolamine

EEDI Energy Efficiency Design Index

EEOI Energy Efficiency Operational Indicator
EFTA European Free Trade Association

EEXI Energy Efficiency Existing Ship Index
EMSA  European Maritime Safety Agency

GT Gross tonnage

IAPP International Air Pollution Prevention
ICS International Chamber of Shipping
MO International Maritime Organization

LNG Liquefied natural gas

MAE Methylamino ethanol

MDEA  Methyl di-ethanolamine

MEA Mono-ethanolamine

MEPC  Marine Environment Protection Committee
MRV Monitoring Reporting and Verification

TEA Tri-ethanolamine

SCR Selective catalytic reduction

SEEMP  Ship Energy Efficiency Management Plan
SWOT Strengths, weaknesses, opportunities, threats

7.1 Introduction

The need for global trade increases with the growing population of the world. 90% of
the current trade is carried out by maritime transportation (Deniz and Zincir 2016).
According to a report prepared in 2021 by United Nations Conference on Trade and
Development (UNCTAD), 3.8% of the maritime trade capacity is decreased due to
the COVID-19 pandemic (United Nations Conference on Trade and Development
(UNCTAD) 2021). However, in 2021, it is expected to increase by 4.3%. Also, in
the same report, it is stated that the trade capacity by shipping will increase by 2.4%
for the 2022-2026 period.

Increasing world trade causes higher fuel consumption to meet the energy demand.
However, conventional fuels in the shipping industry are fossil fuels, which leads to
high CO; generation and climate change. Even though measures have been taken to
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limit the global temperature increase by 2 °C in the Paris Agreement, maritime trans-
portation is excluded. Thus, International Maritime Organization took some actions
to mitigate ship-based emissions. In April 2018, Marine Environment Protection
Committee (MEPC 72) was held to announce short, mid, and long-term strategies to
reduce CO; emissions released by the ships. The strategy aims to decrease CO, emis-
sions by 40% by 2030 and 70% by 2050 compared to 2008 levels (The International
Council on Clean Transportation (ICCT) 2018). Details of the IMO greenhouse gas
strategy are listed in Table 7.1.

In 2011, MEPC 62 was held to announce Energy Efficiency Design Index (EEDI)
for ships above 400 gross tonnages (GT) (ClassNK 2022a). After two years, on 1
January 2013, the regulation entered into force to limit the CO, production by the
new building ships. While calculating the EEDI fuel consumption, ship speed, cargo
capacity, the carbon content of the combusted fuel, and the type of the ship play a
role (MAN 2014). After the adoption of EEDI regulation, two types of EEDI are
announced, which are required and attained. Required EEDI is the maximum grams
of CO, per ship’s capacity-mile limit for the vessel; it is calculated for each vessel.
Required EEDI limits change in every phase, and every phase changes every five
years, which can be seen in Table 7.2 (Zincir 2019). Attained EEDI is the actual
grams of CO; per ship’s capacity-mile produced by the ship, and the smaller it is,

Table 7.1 IMO greenhouse gas strategy (The International Council on Clean Transportation
(ICCT) 2018)

Term Year Strategy Target Status
Short 2018-2023 New EEDI phases New vessels —10% in 2015
—20% in 2020
—30% in 2030
Short 2018-2023 Operational efficiency | In-service vessels SEEMP planning
measures required
Short 2018-2023 Improvement of the In-service vessels -
existing fleet program
Short 2018-2023 Speed reduction In-service vessels -
Short 2018-2023 Measures to address Engine and fugitive |-
VOC and methane emission
emissions
Mid 2023-2030 Alternative fuels Fuels/new and -
implementation in-service vessels
program
Mid 2023-2030 Further operational In-service vessels SEEMP planning
efficiency measures required
Mid 2023-2030 Market-based measures | In-service -
vessels/fuels
Long 2030 + Zero-carbon Fuels/new and -
in-service vessels
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Table 7 -2 EEDI phases an d Phase Year Reduction percentage
reduction amounts (Bazari
2016). 0 2013-2015 0

1 2015-2020 10%

2 2020-2025 15-20%

3 After 2025 30%

the more efficient the ship design (IMO 2022). Attained EEDI can be reduced by
implementing new technologies and systems that improve energy efficiency.

With the EEDI regulation, Ship Energy Efficiency Management Plan (SEEMP)
has also entered into force. SEEMP is mandatory for all ships above 400 GT to
improve the efficiency of the vessels cost-effectively. Similar to EEDI regulation,
SEEMP has to be implemented for each vessel depending on the cargo capacity,
ship type, and route. Using a waste heat recovery system, trim-draft optimization,
speed optimization, hull, propeller cleaning, and weather routing are the operational
measures that are included in SEEMP (Zincir 2020). Furthermore, Energy Efficiency
Operational Indicator (EEOI) is announced with the SEEMP regulation. It is a volun-
tary monitoring tool for companies willing to improve the energy efficiency of their
ships. Companies can monitor their ship’s energy efficiency by tracking emitted
grams of CO, per ton-mile.

In July 2015 Monitoring, Reporting, and Verification (MRV) rule is implemented
for vessels above 5000 GT calling to any EU and European Free Trade Association
(EFTA) port (Zincir 2020). The purpose of the rule is to encourage ship owners
and management companies to improve the energy efficiency of the vessel. The rule
requires monitoring and reporting of voyage distance, fuel consumption, and CO,
generated from the ships annually. The monitoring phase started in January 2018, and
in January 2019 reporting phase started. Each year until April 30th, related data have
to be uploaded to the THETIS database run by European Maritime Safety Agency
(EMSA) (G12017). Back then, every ship commercially working in EU and EFTA
ports had to carry the related documents approved by EMSA.

Data Collection System (DCS) is another rule adopted by IMO in MEPC.278 (70)
meeting, which was in October 2016. After two years, on 1 March 2018, the rule
entered into force, and on 1 January 2019 reporting stage started. It is similar to the
MRY rule, but DCS is for ships above 5000 GT calling at any ports. Every year flag
state verifies the data sent by the ship, and the verified documents have to be available
onboard (IMO 2019). Moreover, the rule requires the addition of a management
plan for vessel fuel oil consumption, which is approved by the administration or a
recognized organization, to SEEMP Part II (ClassNK 2022b).

In November 2020, at the MEPC 75 meeting Energy Efficiency Existing Ship
Index (EEXI) was announced. Currently, it is not released yet, but in January 2023, it
is expected to be implemented for ships above 400 GT (G1 2021). The same concept
of required and attained EEDI exists for the EEXI regulation. EEXI calculations
will be made for a ship one time until a modification or alteration is made to the
ship. Failure to meet the EEXI limits will cause the cancellation of the International
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Air Pollution Prevention Certificate (IAPP); thus the ship will not be able to work
commercially. Moreover, in the same MEPC meeting Carbon Intensity Indicator
(CII) is announced, and it will also be effective after January 2023. CII is going
to be mandatory for all commercially working vessels larger than 5000 GT. CII
calculations will be made annually concerning grams of CO, generated per cargo-
carrying capacity-mile (DNV GLL 2021). Each year arating ranging from A to E will
be given to the ships showing their energy efficiency. For ships to receive a D rating
three times in a row or an E rating for a single time, SEEMP Part III has to be updated
with the corrective action, and the plan has to be verified by the administration or
recognized organization (ClassNK 2022b).

This chapter aims to give insights to its readers about carbon capture system (CCS)
technologies and methods. Also, storage and transportation of the captured CO,
are covered in Sect. 7.3 and Sect. 7.4, respectively. Besides, strengths, weaknesses,
opportunities, and weaknesses (SWOT) analysis is done to investigate the advantages
and disadvantages of CCS usage on ships. In the last section summary of the chapter
is made, and also current concerns regarding CCS and possible future studies are
explained.

7.2 Carbon Capture System

A diverse amount of CO, reduction means are available for the shipping industry,
such as waste heat recovery systems, alternative fuels, renewable energy, hull and
propeller modifications, and so on. However, applicability to ships, CO, reduction
amounts, and costs are the limitations. Consequently, a CCS becomes an effective way
to mitigate emitted CO, emissions by ships. Inland applications, CCS is widely used
in power plants, cement, and steel industries. Nowadays, CCS has raised attention
to maritime transportation, hence various studies have been made. Zhou and Wang
(2014) conducted the first study on CCS installation onboard a ship (Zhou and Wang
2014). After a few years, Luo and Wang modeled a solvent-based CCS for a cargo
ship in 2017 (Luo and Wang 2017). Moreover, Akker (2017) researched carbon
capture application on an LNG-fueled ship, and also in 2019, another study was
made by Feenstra et al. on the same topic (Akker 2017; Feenstra et al. 2019). After
the announcement of stricter rules by IMO, studies on CCS have increased to meet
the CO, reduction targets (Zincir 2020; Oh et al. 2022; Font-Palma 2021; Ji et al.
2021; Malmgren et al. 2021).

Carbon capture systems are divided into three categories which are shown in
Fig. 7.1. Furthermore, different technologies are present for CCS, such as solvent-
based, sorbent-based, membrane, cryogenic, chemical looping, and biological carbon
capture, as can be seen in Fig. 7.2.
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7.2.1 Carbon Capture Technologies

Solvent-Based Carbon Capture

Solvent-based carbon capture technology is the most used CCS in power plants,
but vessels are constantly moving platforms, hence the application of such tech-
nology requires modifications on a vessel (Luo and Wang 2017). The solvent-based
carbon capture technology consists of an absorption chamber and stripper, but addi-
tional equipment such as heat exchangers, condenser, and the pump may be required
depending on the used heat source.

The technology works as demonstrated in Fig. 7.3. Flue gas leaving the engine
is cooled down before entering the absorption chamber. In the absorption chamber,
solvent absorbs the CO; in the flue gas and releases the other gases into the atmo-
sphere. Then, the solvent and the captured CO, mixture enter the desorption chamber,
and the mixture is separated either by pressure, temperature, or electric swing. After
the separation, captured CO, is stored in a tank while the solvent is regenerated. The
carbon capture process can be achieved in two ways which are chemical and physical
absorption.

The chemical absorption requires low partial pressure and temperature. Different
solvents can be used in chemical absorption, such as aqueous ammonia scrubbing,
amine-based solvent, and modified Solvay process (American Society of Civil Engi-
neering (ASCE) 2014). Aqueous ammonia scrubbing, also known as chilled ammonia
scrubbing, is carried out by either atomizing a solvent on flue gas or the flue gas
to enter a solvent-packed bed reactor. Chemical absorption by amine-based solvent
works the same as scrubbing with aqueous ammonia; the difference is the solvent and

Other gases Cco,
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Exchanger

/

Absorption
Chamber

Desorption
Chamber

Regenerated
Flue gas Solvent

Heat input

4

2
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Fig. 7.3 Solvent-based carbon capture system (figure reproduced and adapted) (American Society
of Civil Engineering (ASCE) 2014)
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its working condition. There are different kinds of amine-based solvents, which are
Mono-ethanolamine (MEA), di-ethanolamine (DEA), tri-ethanolamine (TEA), di-
glycol amine (DGA), and methyl diethanolamine (MDEA) (Salvi and Jindal 2019).
Due to the high carbon capture rate of MEA, it is the most preferred amine-based
solvent, but its low absorption capacity makes it less desirable. Thus, in some appli-
cations, MEA is mixed with DEA or MDEA to increase carbon capture capacity
(Gray et al. 2005). Apart from the amine-based and aqueous ammonia, a modified
Solvay process is used to capture CO,. The absorption process is different from
the other two methods. The modified Solvay process takes place in two phases. In
the first phase, a chemical reaction between CO, and sodium chloride occurs in
an aqueous environment, while methylamino ethanol (MAE) or MEA is used as a
catalyst. Then ammonium chloride and sodium bicarbonate are obtained through the
reaction, and in the second phase, limestone is utilized to absorb CO, and release
ammonia (American Society of Civil Engineering (ASCE) 2014).

The second solvent-based carbon capture method is physical absorption. During
the absorption stage, a weak bond between CO, and the solvent occurs according to
Henry’s Law (Vega et al. 2017). Thus, both absorption and desorption require less
energy compared to chemical absorption. Also, due to lower energy requirements,
diverse amounts of solvents can be used. Physical absorption solvents are fluor, ionic
liquid, rectisol, and selexol. The carbon capture process is the same with all kinds of
solvents; the difference is their working temperature, pressure, and interactions with
other substances. While using selexol, the optimum working temperature is 0-5 °C,
and moisture in the flue gas has to be removed before. The optimum temperature for
rectisol is between —1 and —38 °C, and for fluor and ionic liquids, it is the ambient
temperature (American Society of Civil Engineering (ASCE) 2014).

Sorbent-Based Carbon Capture

Sorbent-based carbon capture technologies consist of an adsorber and desorber,
which can be seen in Fig. 7.4. In the adsorber, a sorbent that has a porous structure is
used to adsorb CO; to its surface by intermolecular forces (Salvi and Jindal 2019).
After the adsorption phase, the sorbent and the adsorbate enter to desorber, where the
regeneration of the sorbent is achieved by pressure swing, temperature swing, elec-
trical swing, or washing methods (American Society of Civil Engineering (ASCE)
2014). Both processes can be executed by two methods. The first one is physical
adsorption, it makes hydrophobic interactions, hydrogen bonds, or van der Waals
bonds between the sorbent and adsorbate (Sandhyarani 2019). Temperature, partial
pressure, surface forces, and pore size of the sorbent determine the efficiency of this
method. Sorbents that are used in physical adsorption are activated carbon, molecular
sieve, metal-organic framework, and lithium compounds.

Besides physical adsorption, chemical adsorption can be utilized to capture adsor-
bate. In this method, a covalent or ionic bond between the sorbent and adsorbate
occurs, and the efficiency of the process is dependent on the adsorption capacity,
surface area, humidity, temperature, and partial pressure of the sorbent (Unveren
et al. 2017; Kwon et al. 2011). In this method, some of the sorbents are alkali, alkali
earth metals, and solid amine.
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Fig. 7.4 Sorbent-based carbon capture (figure reproduced and adapted) (American Society of Civil
Engineering (ASCE) 2014)

Membrane Separation

Membranes have large amounts of porous structures and act as a filter, where the
permitted gases pass while the others are retained, as shown in Fig. 7.5. Selectivity and
permeability are the factors affecting separation efficiency, and they differ according
to the volumetric capacity and material of the membrane. Some membrane types are
organic, inorganic, hybrid matrix, and facilitated transport membranes (American
Society of Civil Engineering (ASCE) 2014; Abedini and Nezhadmoghadam 2010).
In addition, two kinds of separation methods exist for membranes, which are gas
separation and gas absorption membranes. Although they have different names, both
membranes act as a filter. The only difference is gas absorption membrane has a
liquid solvent in contact with the membrane thus, the filtered gas is absorbed in the
solvent. Membrane separation is preferred in high-pressure stream systems such as
ultrafiltration, microfiltration, forward osmosis, reverse osmosis, desalination, and
medical applications (Ji and Zhao 2016).
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Fig. 7.5 Membrane Other
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Cryogenic Carbon Capture

Cryogenic carbon capture (CCC) is a promising technology to mitigate CO, emis-
sions. It works as shown in Fig. 7.6. Flue gas leaving the engine is dried before the
separation process begins. Then the flue gas is cooled until CO, reaches its conden-
sation temperature thus, CO, is separated from nitrogen dioxide, mercury, sulfur
dioxide, and other gases because of different condensation temperatures (Fazlollahi
et al. 2015). After that process, captured CO; is cooled once more until it reaches
the triple point and stored in a liquid state.

Different types of CCC exist with small modifications. Stirling cooler system,
cryo cell process, cryogenic distillation, anti-sublimation, controlled freezing zone,
cryogenic packed bed, and external cooling loop are some of the variations, but the
most mature one is cryogenic distillation (Song et al. 2019).

Gaseous N,-rich Stream  Pressurized Liquid CO,

+

Other gases

Heat

Exchanger Compressor
g i Separator

Flue Gas

Moisture

Expansion

CO,-rich Stream

N,-rich Stream

Fig. 7.6 Cryogenic carbon capture (figure reproduced and adapted) (Baxter et al. 2009)
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Chemical Looping Combustion

Chemical looping combustion (CLC) is another means of capturing CO,. The tech-
nology consists of two fluidized beds named air and fuel reactors, which can be
seen in Fig. 7.7. In the air reactor metal is oxidized, and in the fuel reactor, oxygen is
released by a reduction reaction hence, the oxygen is used in the combustion chamber
of the engine, while the metal oxide is sent back to the air reactor (Zaman and Lee
2013). Consequently, oxygen is isolated from carbon dioxide, nitrogen, water vapor,
and other gases. For the CLC system, the metal oxide material is important since it
needs to be endurant for high temperatures and physical and chemical degradation
(Thambimuthu et al. 2002). Some metal oxide materials used in CLC are copper
dioxide, ferric oxide, manganese trioxide, and nickel oxide (American Society of
Civil Engineering (ASCE) 2014).

Biological Carbon Capture

Biological carbon capture is an alternative approach to capturing CO,. Various
biological carbon capture technologies exist, and enzyme-based is one of them.
Carbonic anhydrase is utilized as a catalyst to convert CO, into carbonic acid
inside a salt solution. The process is similar to chemical absorption, but it is less
energy-intensive, and low-grade heat is sufficient (Fradette et al. 2017). In addi-
tion, harnessing CO, to produce bio-fuel by microalgae is another biological carbon
capture technology. Microalgae’s simple cell structure and fast growth rate make
their bio-fixation efficiency 10-50 times higher compared to terrestrial plants (Lam

Fig. 7.7 Chemical looping
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etal. 2012). The process works as, during photosynthesis, CO; is captured and trans-
formed into carbohydrates, then it is used to produce bio-fuel. Besides microalgae and
enzyme-based carbon capture, proteobacteria, cyanobacteria, archaea, and clostridia
are used to reduce CO; emissions (Jajesniak et al. 2014).

7.2.2 Carbon Capture Methods

Oxy-fuel Combustion Carbon Capture

The oxy-fuel combustion carbon capture method provides oxygen for the combus-
tion chamber and removes the other gases thus, an oxygen-enriched stream is used
during combustion. Consequently, combustion products are water vapor and CO,,
but depending on the combusted fuel, sulfur oxide may appear. To obtain a pure CO,
stream, flue gas has to be cooled down and compressed, but sulfur and ashes have to
be removed before condensing water vapor (Medimurec et al. 2018).

Oxy-fuel combustion carbon capture technologies are CCC and pressure swing
adsorption technologies, also Elias et al. (2018) stated that membrane separation
might be used (Elias et al. 2018). A major advantage of oxy-fuel combustion carbon
capture for maritime transportation is nitrogen, which is removed thus, NOx emission
isnot generated (Song et al. 2019). On the other hand, this method is energy-intensive,
and parasitic electric load decreases the engine efficiency (Mikulcic et al. 2019).
Furthermore, high capital cost, high operational cost, stress on the materials caused
by high temperature, and potential air intrusion are other drawbacks of oxy-fuel
combustion capture (Medimurec et al. 2018; Pocklington and Leese 2009). Even
though the high-temperature stress can be prevented by circulating a portion of the
flue gas into the combustion chamber, further thermal energy loss is a disadvantage
(Markewitz et al. 2012).

Pre-combustion Carbon Capture

The method aims to supply hydrogen-rich fuel to an internal combustion engine,
furnace, boiler, or gas turbine. That is achieved in three steps; at first gasification,
steam reforming, or partial oxidation reactions are used to produce carbon monoxide
and hydrogen from fossil fuel (Medimurec et al. 2018). After that, carbon monoxide
and hydrogen undergo a water—gas shift reaction in a shift converter (Mikulcic et al.
2019). CO; and hydrogen mixture is obtained after the reaction in the shift converter,
which is also known as syngas. In the final step, CO; is removed, and hydrogen-rich
fuel is used as the energy source.

The advantage of the method is that the product of combustion is water vapor and
nitrogen; hence no harmful emissions are emitted (Salvi and Jindal 2019). Moreover,
CO; concentration in the flue gas is higher compared to other methods. Thus required
energy to remove CO; is lower (Ye et al. 2019). Despite the mentioned benefits, pre-
combustion capture is expensive and complex due to fuel processing (Medimurec
et al. 2018). Besides, the combustion temperature of hydrogen is too high compared
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to fuel oil, which may damage the engine. As a result, the pre-combustion capture
method is preferred in hydrogen production, fertilizer production, and integrated
gasification combined cycle plants (Mukherjee et al. 2019).

Post-combustion Carbon Capture

Post-combustion carbon capture removes CO, from the flue gas after the fossil fuel
combustion. The carbon-capturing process is achieved by membrane separation,
chemical and physical absorption, solid adsorption, CCC, and CLC (Mukherjee et al.
2019). Of these technologies, chemical absorption is the most mature and attractive
technology for post-combustion capture (Ye et al. 2019; Aliyon et al. 2019).

An advantage of post-combustion capture is the availability of retrofitting options
without modifying the combustion system. In addition, carbon capture rates can be
regulated by changing the amount of flue gas entering the carbon-capturing unit. On
the other hand, a disadvantage is the low CO, concentration in the flue gas causes
high energy demand to capture it. Consequently, this method is preferred in power
plants and bio-ethanol production (Mikulcic et al. 2019).

7.3 Storage of CO, Onboard

Captured CO; can be stored in solid-, liquid-, and gas states. All of them are viable
methods having benefits and drawbacks. Storing in gas-state is used in pipeline
transportation, but it is not a preferred solution because CO; in gas-state has 580
times higher volume compared to liquid form (Aspelund et al. 2006). Thus, the
energy requirement for storing in gas form is too high.

Storing in solid form is another approach that has two means of doing it. The first
one is to cool CO, until —78 °C at 1 bar, where CO, transforms into solid. However,
that is an energy-intensive option, which requires 1146 kJ/kg-CO, (Akker 2017). The
other option is to use the adsorbent substance to bind CO, to its surface. Although
it sounds reasonable, the need for an extra tank to store the adsorbent substance is
a disadvantage considering the loss of cargo space on a ship. Moreover, the risk of
sublimation of CO, leads to safety risks on a ship since asphyxiation of the crew is
a possibility in case of a leakage.

Storing in a liquid state is considered the most energy-efficient option for CO,
storage. The important factor for liquid storage is temperature and pressure. For
maritime transportation, storing at a triple point is recommended, which is -56.5 °C
and 5.1 bar; consequently, the volume of CO, is minimized. However, storing at
the triple point may lead to clogs in pipes due to solid formations (Akker 2017).
Moreover, high amounts of CO, may cause stability issues on ships because of their
low viscosity (Zhou and Wang 2014). Besides, water and moisture formations have
to be removed before storing to prevent corrosion in pipings and storage tanks.

Considering all these, there is no commonly agreed CO, storage procedure. Zhou
and Wang (2014) investigated both liquid- and solid-state storage (Zhou and Wang
2014). For the liquid state, the authors proposed CO, storage at 31 °C and 100 bar,
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and for solid-state, they used CaO powder as the adsorbent material. Akker (2017)
stored CO; in a liquid state at -25 °C and 15 bar, while Feenstra et al. (2019) stored
itat -16 °C and 22 bar (Akker 2017; Feenstra et al. 2019). In a study conducted by
Luo and Wang (2017), a 6-16 multistage compressor is proposed to store CO, at
31 °C and 100 bar, but the authors also stated that the capital investment, energy
requirement, and cargo space loss for the compressor is high (Luo and Wang 2017).

7.4 Transportation of Captured CO;

Compared to ships, the carbon capture system is used more in inland facili-
ties. Captured CO; is transported by pipelines in land applications since they are
stationary, but this is a challenge for maritime transportation. Hence, vessels need
large tanks to store captured CO, on board until they reach ports. For liner ship-
ping, that issue can be fixed as the ships visit the same ports. However, voyage days
for tramp transport vary, so CO, storage tanks should be sufficient for voyages of
any duration. Either way, transportation of captured CO, has to be done from ports.
Thus, pipelines to geographical formations, saline formations, and oil reservoirs are
needed.

According to an IPCC report in 2005, CO, transportation from a source to a
geologic site is around 1-8 USD/tCO, per 250 km pipeline (IPCC 2005). Moreover,
before injecting CO,, moisture and impurities such as Ar, N, and O, should be
removed to improve the storage capacity and prevent corrosion (Raza et al. 2019;
Wang et al. 2011). Storage of the captured CO; is costly in most scenarios, but it can
also be beneficial. Oil enhancement of 15% can be achieved by injecting CO, into
geological formations (Mikulcic et al. 2019). In addition, CO; injection can be used
in oil fields to improve petrol extraction.

Another important aspect is the selection of the geologic site because temperature
and pressure change according to the depth of the site. CO; acts as in supercritical
point for geological formations having depths of more than 800 m since its temper-
ature and pressure increase (Raza et al. 2016). During CO, injection, higher density
ensures the efficiency and the safety of the process as the buoyancy force becomes
less, and the density of the CO, is dependent on depth, temperature, methane, and
water contamination (Raza et al. 2019).

A report issued by International Energy Agency (2009) implies that in 2050,
145 gigatonnes of space will be needed to store captured CO, (International Energy
Agency (IEA) 2009). Besides, in the same report, saline formations had the highest
storage capacity, followed by oil and gas fields is stated. Despite the high storage
capacity of saline formations, injection cost is higher than the other two options.
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7.5 SWOT Analysis of CCS for Ships

Strengths, weaknesses, opportunities, and threats are inevitable factors that evolve
around every technology. SWOT is commonly used for qualitative analysis for
strategic planning to change negative consequences to positives. By implementing
SWOT analysis, a systematic thinking approach is adopted for the holistic diagnosis
of new technology, product, management, or plan (Heinz 1982). Hence, SWOT anal-
ysis is used to determine the advantages and disadvantages of the utilization of CCS
on ships. In Fig. 7.8, SWOT factors derived from CCS installation on ships can be
seen.

7.5.1 Strengths

Ascanbe seen from Fig. 7.8, strengths are compliance with the current CO, reduction
regulations, meeting IMO 2030 and 2050 decarbonization targets, and cooperation
with other technologies.

Current CO, Regulations

The MRV and DCS rules are currently in the monitoring and reporting phase. Still,
sanctions are expected to be announced after 1 January 2023 with the entry into
force of the EEXI and CII regulations. Moreover, EEDI and SEEMP regulations are
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Fig. 7.8 SWOT Analysis for CCS
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enforcing ship owners and managers to improve ship energy efficiency to mitigate
emitted CO, emissions. Fortunately, carbon capture technologies provide a carbon
capture rate of up to 90% thus, current and upcoming EEDI limits are met.

IMO 2030 and 2050 Decarbonization Targets

After the IMO Initial GHG Study is announced in 2018, strategies, targets for existing
and new building ships, and stakeholders are introduced. Also, strategies involved
in the study are listed from short to long-term measures to develop decarbonized
environment. Besides, in the same study, IMO announced that the produced CO,
needs to be under 40% by 2030 and 70% by 2050 compared to the 2008 levels. As
mentioned before, by utilization of CCS on a ship, up to 90% of CO, emission can
be captured thus, IMO’s decarbonization target through 2050 is met.

Cooperation with Other Technologies

Another strength of CCS is its availability to run with other technologies that are
available on a ship. CCS can be applied to ships using LNG as the cold heat source
of LNG is beneficial during CO, storage. Also, if the proper cold energy source is
supplied in a diesel-fueled ship, CCS can be run with diesel engines. Furthermore,
there is no harm noted while CCS is running with other emission mitigation tech-
nologies such as selective catalytic reduction (SCR) and SOx scrubber. A study made
by Zincir (2020) demonstrates a combined model of CCS and SCR on a ship and an
investigation of its performance (Zincir 2020).

7.5.2 Weaknesses

Weaknesses of CCS on ships are the system complexity, energy-intensive processes,
lack of infrastructure for CO, transportation, and cargo space loss due to CO; storing
and installed equipment.

System Complexity

Carbon capture technologies require additional equipment such as heat exchangers,
pumps, valves, compressors, and condensers. In addition, absorber, adsorber, stripper,
membranes, fuel and air reactor, and air separator may be needed for related technolo-
gies and methods. Consequently, system complexity increases because of additional
pipings, pieces of machinery, and solvents. Moreover, temperature and pressure are
the other important factors to handle with care for proper operation. Another problem
is that the solvents or sorbents used in CCS have to be operated with care to increase
carbon capture efficiency and prevention of hazards to the crew and the environment.

Energy Demand

Carbon capture technologies are energy-intensive systems mostly because of CO,
compressing and storing. However, some technologies demand less energy than
others due to the availability of cold and heat energy sources on ships. Besides
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CO, compressing, chemical absorption, physical adsorption, membrane separation,
and cryogenic and biological carbon capture technologies demand high energy during
capturing process (American Society of Civil Engineering (ASCE) 2014; Ye et al.
2019; Mukherjee et al. 2019).

Infrastructure for CO, Transportation

Another concern for CCS on a ship is the lack of infrastructure for CO, transportation.
Captured CO, can be stored onboard temporarily, but tank capacity is limited for high
liquid CO, amounts. Thus, captured CO, has to be transported from ship to shore.
To overcome this challenge, facilities with proper pipings and insulations need to be
built. Currently, that is a setback that needs to be solved to use CCS commercially.

Loss of Cargo Space

Implementing new technology on a ship means installing new equipment, which leads
to cargo space losses. Another reason for cargo space loss is caused by CO, storage
because combusting 1 g of marine fuel produces more than 3 g of CO, (International
Organization for Standardization (ISO) 2017). This indicates that the capacity of the
tanks for CO, storage has to be higher than the fuel tanks. As a result, additional
equipment for CCS and a tank for CO, storage cause less amount of freight earned
from the same voyage compared to the ship without CCS.

7.5.3 Opportunities

Opportunities rise by installing carbon capture technologies on ships. These
opportunities are carbon levy, applicability to ship, CO, utilization, and capital cost.

Carbon Levy

The carbon tax is applied to inland facilities for emitted CO,-per ton into the atmo-
sphere. Currently, that is not available in maritime transportation, but in September
2021, the International Chamber of Shipping (ICS), which represents 80% of the
global fleet, suggested the adoption of a carbon levy for ships above 5000 GT (Inter-
national Chamber of Shipping (ICS) 2021). That indicates that soon carbon tax might
be applied to merchant shipping to prevent climate change caused by vessels. More-
over, IMO’s decarbonization target, EEXI, and CII regulations prove that stricter
measures are started to be taken in the maritime industry. Consequently, the high
CO, mitigation potential of CCS makes it a promising technology.

Applicability to Ship

Carbon capture methods and technologies are listed and explained in Sect. 2. Unfor-
tunately, only some are applicable to ships due to limited space, energy, and compat-
ibility with marine engines. Oxy-fuel and pre-combustion carbon capture methods
are unlikely options to be used in ships because they are hard to retrofit. However,
post-combustion carbon capture is promising as, with some modifications it can be
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applied to ships. For carbon capture technologies, chemical absorption is predomi-
nant due to its compatibility with diesel and LNG engines. Moreover, Oh et al. (2022)
show that membrane separation can be utilized on ships to capture CO, (Oh et al.
2022).

Utilization of CO;

Captured CO, is widely used in land facilities to produce fuels, chemicals, fire
extinguishers, fertilizers, and plastics. Besides, China has been using captured CO,
in farmlands for more than 30 years (Mikulcic et al. 2019). Recently, one of Visser
Shipping’s vessels started using a CO, battery invented by Value Maritime to use
captured CO, to grow crops and flowers in greenhouses (American Shipper 2022).
However, lack of infrastructure and CO, transportation options are the challenges of
the CO; utilization process to be used commercially.

Capital Cost

The initial cost of CCS is high as new equipment is needed to be implemented on
vessels such as heat exchangers, pumps, compressors, and so on. However, a study
conducted by Zincir (2020) compared other CO, mitigation technologies such as
alternative fuels, renewable energy, fuel cells, and waste heat recovery system with
CCS from a $/ton-CO, reduction perspective, and the results demonstrate that the
CCS is predominant by a quite margin (Zincir 2020).

7.5.4 Threats

As with all new technology, CCS has threats, which are risks to crew and environment,
system maturity, operational cost, and high CO, concentration demand.

Risk to Crew and Environment

Safety and conservation of the environment in maritime transportation is a concerning
factor while considering new systems. The risk of environmental pollution, flamma-
bility, toxicity, and asphyxiation plays a vital role for the crew and environment.
Oxy-fuel combustion carbon capture raises the risk of fire due to high oxygen
concentration, and for pre-combustion carbon capture, hydrogen gas management
is an important factor since it indirectly causes global warming due to increasing
the amount of water vapor, ozone, and methane (Environmental Defense Fund
(EDF) 2022). Despite post-combustion carbon capture seeming innocent compared
to others, solvents and sorbents that are used to capture CO, may harm to crew
and the environment in case of a leakage. Ammonia and amine-based solvents are
widely used in CCS because of their high CO, capture rate, but their toxicity is a
disadvantage. In addition, CO, may cause asphyxiation of the crew because of its
odorless and colorless form if there is a leakage. On the other hand, by taking the
right measures, mentioned risks can be minimized.
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Maturity

Research on CCS has been around for a long time, but few applications exist.
Although its carbon capture rate is undeniably high compared to other CO, miti-
gation systems, it is not commercially preferred. However, CCS raised attention in
the last decades as a promising solution for decarbonization, and various studies
were made about it. Of the three carbon capture methods, post-combustion is the
most mature one for the shipping industry and has been mentioned in studies with
the chemical absorption technology multiple times (Zincir 2020; Zhou and Wang
2014; Luo and Wang 2017; Akker 2017; Feenstra et al. 2019).

High Operational Cost

The operational cost of CCS is high because carbon capture and storage are energy-
intensive processes. However, CO, storage costs can be reduced by using an LNG-
fueled engine instead of a diesel one. Moreover, by optimization of absorber and
stripper chambers, Giiler and Ergin (2021) managed to decrease the operational cost
to 40.27 $/ton-CO,, which was 77.50 €/ton-CO, in a study conducted by Luo and
Wang (2017), Giiler and Ergin (2021).

CO; Concentration

Another threat is the demand for high CO, concentration in the exhaust gas. While
considering oxy-fuel and pre-combustion carbon capture methods, this factor is elimi-
nated since CO, concentration is higher compared to post-combustion carbon capture
(Pocklington and Leese 2009; Ye et al. 2019). On the other hand, CO, concentra-
tion is a complicated factor for post-combustion carbon capture because amine-based
solvents perform better with low CO, concentration, whilst ammonia becomes domi-
nant with high CO, concentrations (Jilvero et al. 2014). Hence, depending on the
CO, concentration, solvent selection should be made.

7.6 Discussion

Carbon capture systems are one of the many ways of mitigating ship-based carbon
emissions. Like all the new technologies, CCS has strengths, weaknesses, oppor-
tunities, and threats. In the previous section, those advantages and disadvantages
are explained. Considering the fact that stricter rules and regulations are coming to
maritime transportation, CCS provides a great chance to comply with them. More-
over, after 2050, IMO aims to decarbonize the shipping industry, and current tech-
nology cannot achieve total decarbonization as a stand-alone option. Thus, combined
systems stand out to achieve that, and the possibility of CCS running with the other
carbon reduction technology becomes another strength of the system.

Weaknesses of the system occur because it is not a mature system for maritime
transportation. Hence, the complexity of the CCS may increase the workload of the
crew onboard. However, that problem is expected for every new system implemented
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on a ship, as personnel onboard need time to get familiar with it. Furthermore, energy-
intensive processes of CCS and loss of cargo space caused by new equipment and
CO; storage lead to less money earned from voyages. Despite those having negative
impacts on earned money for the ship owner, other CO, mitigation technologies are
also costly. Consequently, it should be expected that to compensate for the loss, freight
rates need an increase to encourage decarbonization. Another weakness is the lack
of infrastructure to transport captured CO, from ships to other places. Although that
is challenging, pipelines need to be laid from ports to saline formations to overcome
this issue. However, that is a costly solution to transport such a low amount of CO,
compared to inland facilities.

An opportunity arises from CO, utilization. On land, captured CO, is harnessed
to produce fuels, chemicals, fertilizer, and building material; and in the agriculture
industry to grow plants. In addition, captured CO, can be stored in coal beds and oil
reservoirs to enhance petroleum extraction. However, it has to be reminded that the
amount of produced CO, is too low on ships compared to inland facilities. Thus, a
feasibility study has to be carried out to determine the worthiness of CO, utilization.
Adoption of a carbon levy is another opportunity for CCS since the CO, reduction
rate is higher compared to other technologies, and paid tax will be less. The capital
cost of CCS also leads to similar benefits due to its cost-effectiveness compared to
the other systems. Applicability to ships is a bit contradictory factor for CCS because
pre-combustion and oxy-fuel combustion carbon capture systems are not ready-to-
use options for ships presently, but a post-combustion capture system is a promising
option since, with small modifications on a ship, it can be implemented.

Risks affecting crew and environment are important factors considering maritime
transportation. Toxicity, flammability, and asphyxiation are the risks that impact a
crew. Although strict measures are taken in the shipping industry, small mistakes
may lead to incidents. Thus, the used solvent and technology have to be determined
with care. Besides, some solvents are harmful to species at sea. Another threat is the
maturity of CCS, but it requires time to overcome that problem. CO, concentration
seems like another threat to CCS application on ships. However, various studies
were made on CCS, and the CO, concentration issue can be eliminated with the
right solvent selection. The final threat is the operational cost of CCS. That is a
similar concept to the capital cost as CO, reduction systems are expensive solutions.
Yet its cost-effectiveness is still an important parameter to be recognized.

SWOT analysis represents the advantages and disadvantages of adopting CCS
as a CO, reduction method. Weaknesses and threats arise because CCS is still not
a commercially ready solution. However, with further research on CCS and opti-
mizations, most of the issues can be eliminated. Moreover, implementing the right
technology is a key aspect of proper and efficient operation. The positive side of
the CCS is getting closer to the green ship concept. By adopting CCS, not only
current requirements of the current regulations can be met, but also the upcoming
decarbonization target can be achieved.
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7.7 Summary

IMO aims to decarbonize maritime transportation to have a positive impact on climate
change. Various systems and technologies are proposed to mitigate the emitted green-
house gases into the atmosphere, yet current technologies are not able to achieve that,
and fossil fuel consumption is increasing day by day to meet the energy demand. This
chapter presents the available carbon capture technologies, storage, and transporta-
tion options. Currently, the post-combustion carbon capture method with chemical
absorption technology is predominant because of its applicability to ships. While
CO, storage, some studies were conducted on storing it in a solid state, but mostly
preferred in liquid form due to cost-effectiveness. Transportation of captured CO, is
another challenge. Presently, there is no means of transportation to CO; from ships
to another place. However, after this issue is resolved, CO, can be stored in saline
formations, coal beds, and geological formations.

A SWOT analysis is done to show the benefits and limitations of CCS. Although
CCS provides up to 90% CO, mitigation, it is not commercially ready technology
to be used in maritime transportation because of CO, storage, transportation, and
energy-intensive processes. Moreover, its cost and cargo space loss are concerning
factors for the ship owners and operators. On the other hand, CO; reduction potential,
compliance with the regulations, cost-effectiveness, and cooperation with other CO,
mitigation technologies stand out. It is concluded from the literature and SWOT
analysis that the CCS may become a competitive option for decarbonization in the
future. Therefore, more research is needed on CCS optimization for ships, as well
as alternative ways of transporting CO, from ships to shore. Moreover, other carbon
capture technologies than chemical absorption need to be investigated for the most
efficient carbon capture system.
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Chapter 8 ®)
Green Concept of Ports and Transition oo
Model

M. Ziya Sogut

Abstract Ports with logistics mobility have a critical role in the green transition
and decarbonization targets of the sector. The decarbonization determination of
maritime transport, supported by the COP 26 sectoral call and the 2050 targets,
was expressed in a structure that also includes ports. In this context, ports need
new strategic approaches to support port authorities in terms of energy and envi-
ronmental sustainability. For this purpose, a new approach, which is defined as the
“green concept framework,” was developed in this study, together with the sustain-
ability principles of ports. The study was handled from two perspectives in terms of
energy management and sustainability principles based on the green concept over
the reference port area. A holistic energy efficiency potential for reference ports and
13 criteria for the green concept evaluation were examined. The analyses identified
primarily energy use and waste management as the main problem areas for the port.
In addition, the areas that need to be improved were defined by the port authorities
based on ISO 50001 principles. In the analysis made, suggestions were developed to
support energy and environmental sustainability in ports depending on the emission
savings potential of 8,21%.
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8.1 Introduction

In social sustainability, the protection of environmental structures and especially the
reduction of fossil fuel-induced global warming is possible with the joint contribu-
tions of all sectors. In this context, this process, which is handled by many disciplines
in the maritime sector as well as in the ports, many conceptual orientations have been
developed, primarily sustainability. As a matter of fact, the maritime sector, with
the regulations developed by the International Maritime Organization (IMO), has
brought forward the concepts of resource management and sectoral sustainability in
all aspects (Woo et al. 2018). In terms of sectoral targets, it is valuable in terms of
development strategies of environmental sustainability for the maritime sector, which
is responsible for approximately 85% of the global trade volume in the transportation
sector (UNCTAD 2018). In this context, sectoral frameworks have been developed
and green concept such as decarbonization is developing as an important step for the
maritime sector. The maritime industry is a complex structure consisting of many
operational processes. In this process, especially for this process where pollution is
a great potential structure besides resource management, ports are components that
need to be managed multi-dimensionally with their operational processes (Tichavska
et al. 2017). In fact, ports are structures that should be based on sustainability as
organizations living in corporate processes.

Sustainable port concept; As a strategic idea, it can be defined as a develop-
ment that brings new balances in terms of environment and development, with its
ideology, innovative technology, business strategies based on efficiency, and aiming
at continuous development, including stakeholders. This conceptual development can
be seen as a paradigm shift that primarily prioritizes sustainability for port authori-
ties and authorities. The global economies expect that depending on the trade growth
scenarios, the investments in ship sizes and related port facilities and capacities will
increase (OECD 2012; PIANC 2014). In addition, depending on the increase in
sectoral traffic, it is predicted that the sectoral economic potential will continue to
grow rapidly (Zdravev 2017; Lam ve Notteboom 2012). While ports play arole in this
growing economy, it has been observed that the demographic structure of port cities
parallels this and affects the local hinterland (Ducruet and Lee 2006). It has been
emphasized that in sustainable economies, it is necessary to develop regional and
national economies and social structures in quantitative and qualitative terms with
more sustainable models (Asgari et al. 2015). In this context, ports have developed as
a paradigm based on change, not only for maritime transport but also for the settle-
ment areas where they are located. It refers to the development of many operations
and related actions based on this change, especially for green ports that emphasize
sustainability (WG150 2013). In particular, the concept of green, which has gained
global value, has developed new trade areas that form the infrastructure for circular
economies, together with its environmental priorities (Mintu and Lozada 1993). As
a matter of fact, this paradigm shift, which port authorities attach importance to in
the maritime sector, has been a key that port administrations care about to improve



8 Green Concept of Ports and Transition Model 145

sustainability. However, studies showing that conceptual change is a competitive
feature for port economies are also noteworthy (Lai et al. 2013).

The green port should be considered fundamentally as a conceptual structure.
Green port, which has been included in the literature with different definitions for
the last 20 years, actually dates back to the 1990s. The first institutional examples
were developed in Europe, and the first study of the European Maritime Port Organi-
zation (ESPO), known as the Environmental Code of Practice, was published in 1994.
Later, at the end of two revision studies, such as in 2003 and 2012, the basic param-
eters of the transformation for ports known as the ESPO Green Guide were updated
and published. Green port applications, which have gained a standard profile, have
found application areas for many ports in the world, such as Shanghai, Hong Kong,
and Singapore Ports. Today, the concept of the green port has been discussed in many
ways. These are emissions and port management (Dragovic et al. 2015), environ-
mental management and policies (Galeotti et al. 2018), green ports (Barnes-Dabban
etal. 2017), and port emissions and reduction (Ratanavaraha and Jomnonkwao 2015;
Yang 2017).

The green port concept is a structural process directly related to many parametric
functions, especially port operations. In this context, first of all, it is necessary to
develop holistic evaluation criteria by port authorities. In this context, three basic
questions were taken into consideration for this process, which is seen as a deficiency
in the literature.

1. Can a holistic framework be defined for green port applications?

2. Can a structural analysis model be developed based on sustainability in green
ports?

3. Can the priority criteria or criteria be defined for green port applications that
should be taken into account by the authorities or administrations?

This study presents an approach framework developed for the reference port
group. In particular, the energy efficiency of the ports and their related effects were
discussed primarily through the energy and environmental sustainability criteria
taken as the basis for port applications. Then, an impact assessment based on the
AHP analysis was carried out on the defined green port criteria.

8.2 Port Management

In global trade, ports, especially international transportation, have become valuable
with their preferences to manage regional advantages. The increase in maritime trans-
portation and the pressure of transportation cost effects on competition necessitated
the development of port infrastructures and the provision of technological advan-
tages. Changes in the management and service structures of the ports, especially the
ports on the trade corridors, have been inevitable. Environmental sustainability is a
valuable parameter for circular economies. In this economic framework, having large
port structures and meeting sufficient cargo volume in terms of global maritime is a
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growth-oriented expectation. This directly results in fewer ship cycles for ports along
with ease of handling while reducing transit inventory costs. All these processes are
a critical choice for economies of scale in global competition (Esther 2007). For a
key of such high importance, the development of management organizations is an
institutional need. This structural need, together with environmental factors, necessi-
tates the establishment of a framework by the port authorities while guiding national
policies.

Ports should have a dynamic management structure together with operational
management elements. In particular, it consists of port and terminal structures
and strategic decision structures based on cargo handling, storage, facilities, and
processes. In this respect, managerial strategies in ports include objectives devel-
oped for processes and operations (Magdiel et al. 2022). Administrative processes
in ports should develop focal solutions based on optimal solutions. As a matter of
fact, as in the literature, Bierwirth and Meisel (2010) examined studies based on
different problems in quay operations and developed solutions. Bjerkan and Seter
(2019) examined port infrastructures within the scope of sustainability. According
to Campisi et al. (2022), who reviewed over 70 studies between 2010 and 2018, port
management focus on sustainability; port management, energy, maritime, and land
activities.

Along with the global changes, port management has gained value in considering a
change that takes into account the green concept as an economic and environmental
requirement in order to improve sustainability. In this context, it can be counted
to reduce environmental threats in operational processes, along with energy use,
especially in maritime and land activities (Cheng et al. 2013; Lirn et al. 2013). The
manageability of port processes today is based on a change within management
technologies. In this context, port management should also develop this change. As
amatter of fact, the use of smart technology tools with global networks has developed
as a necessity. In this respect, port administrations are expected to develop steps that
can manage change by developing focal points, as shown in Fig. 8.1.

To improve attention to the environmental impacts of maritime exercises, as well
as to reduce the ecological damage created by transportation operations, such as
atmospheric changes (Cheng et al. 2013; Lirn et al. 2013). Accordingly, ports and
their stakeholders can use their green initiatives to seek business profits. Expanding
cargo volume in a port can bring with it the problem of environmental and ecological
protection.

8.3 Green Concept and Sustainability

In today’s world, the reduction of energy and natural resources is not only a regional
problem but a global problem that affects the whole world. In this respect, the devel-
opment of holistic models comes to the fore in development goals for all elements
required by social development, especially resource management. Ports are not struc-
tures to be critiqued only in terms of the cities they are located in. It is an important
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Fig. 8.1 Main pillars for the green port concept

key point, especially in maritime transport, and is the cornerstone of development for
the cities where they are located. As living organizations, ports are an organic part
of cities and their development should be handled with a sustainability approach.

From a sustainability perspective, a port must manage and balance the three
bottoms. economic welfare, social welfare, and environmental quality (Lam and Yap
2019). An important driver for sustainability is attracting and retaining customers
who value sustainability (Chan et al. 2012). As such, a tangible commitment to proac-
tive corporate orientation and environmental performance can be a business opportu-
nity for growth. In fact, today, the sustainability of ports should be considered together
with three components: technology, efficiency, and the environment. These processes
should be integrated into a holistic model together with the social, economic, and
environmental factors in the development process of the ports. However, today, the
ports and port areas that have grown over time have turned into problem areas with
uncontrolled energy consumption, taking up more space, and destroying nature.
Social pollution, including traffic on logistics lines, can also be involved.

Today, there is no standard framework developed in the direction of green ship-
yards. However, important frameworks on this subject have been developed in the
literature. For example, Dangelico and Pontrandolfo (2010) developed this according
to the impact approach in the life cycle process. In this context, the relationship
between the business processes and the environment of an environmentally friendly
shipyard should be defined at every stage, and this focus should be determined for
the shipyard. Studies have identified materials, energy, and pollution as key indica-
tors, especially for the environmental impact point (EED 2012; Rijksdienst 2016).
However, considering the operational processes in the shipyards, the structural poten-
tials of the main indicators in terms of impact potentials should be categorized
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according to their functions. Especially for the zero impact point, energy and pollu-
tion are indicators that should be studied. The green flow framework developed in
this context defines a direction of movement for shipyards. As can be seen in Fig. 8.2,
this includes process evaluations on energy, materials, and pollution.

8.4 Methodology

The green port concept requires an approach that must be considered within a frame-
work. In this respect, the green concept shows a framework that also expresses a
search since the 2000s. The green concept is basically handled within a behavioral
or institutional structure. It describes the effects of this, the management of costs, and
the fundamental relationships of green transformation. In the first part of the study,
the need for a holistic framework for the green port is defined. In this context, the
methodological framework developed is planned as an applicable concept in ports.
The indicators needed in the processes and implementation processes related to the
use of energy, which is defined in flow processes, are discussed in the result and
discussion section of the study. In Fig. 8.3, a holistic framework was developed for
the relational connections of the parameters defined in this scope.

The green concept should be considered as a process of transformation. On this
basis, it is necessary to see a change that affects behavior and institutional demands.
The manageability of energy defines a structural control structure for ecological,
economic, and sustainability. In this respect, it is necessary to see a structure that adds
value to corporate strategies. In this respect, the green concept should be considered
as a managerial process for corporate structures. Basically, it presents a model that
enables awareness to turn into behavior together with resource, environment, and
technology management.
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The use of resources should gain a sustainable value, especially energy. For this
purpose, energy management is a priority concept in corporate structures and requires
a holistic approach model in energy management, especially in port operations.
On the basis of the green concept, energy and resource management are a priority
step. In particular, defining inefficiency, reducing fossil fuel consumption or creating
alternatives, and choosing renewable energy sources can be seen as a need. While
green concept work gains importance for corporate strategies, it is a process where
priorities should be evaluated. Today, such definitions can be seen. As a matter of
fact, ESPO defines priorities for environmental strategies in this context every year.
Figure 8.4 has defined 2019 priorities for ports in this direction.

All these approaches should emphasize a strategic framework for faith manage-
ment in operational processes. For this purpose, a structural analysis model has been
developed to define the concept of green in ports. The flow processes of this model
are used as a flow methodology for green ports in the study, and the frame of this
model is given in Fig. 8.5.

The green concept framework developed in this study is handled in a two-stage
structure and evaluated depending on a reference port in Istanbul/Turkey. The port
is located in a sheltered area in terms of physical conditions and has a logistics flow
connected with roads and railways. While the annual average sea water temperature
for Istanbul varies between 16-17 °C and the yearly outdoor temperature varies
between 6/28 °C, the region can reach 50 knots under the influence of southwest
winds. In the region with 6—7 miles of sea current, it has a medium-sized structure
with a port span of 2765 m and a pier capacity of 8.5 million tons/year. The port, which
has a wide range of structural services including ship, cargo, and related services, has
the authority of a licensed waste reception facility. The port, which has a total of 89
cranes and handling equipment, has a total consumption of 4.1 GWh/year, including
electricity, natural gas, and diesel fuel.
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In this study, the analyses are based on the evaluation of a port with indicators
based on the situation analysis of energy use for the decision processes of the Green
Concept. First of all, the status assessment of the port according to ISO 50001 was
discussed, and then the efficiency potential to improve the action behaviors of energy
management was examined. The GAP Analysis is an intuitive approach created by
the opinion of direct interest in the subject or process in which it is applied. In this
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study, port-related expert opinions were evaluated by taking. The GAP analysis of
the port was carried out according to the ISO50001 energy management system in
Fig. 8.6, and the management infrastructure was evaluated.

While the ISO9001 quality and 14,001 environmental management systems are
being implemented in the port, there is a lack of energy management. The estab-
lishment of managerial stability and related management infrastructure for an insti-
tutional structure is a primary need. The sustainable energy efficiency of the port
has been discussed over the last three years’ data and its efficiency performance has
been evaluated. In this context, regression analysis was performed and the results are
given in Fig. 8.7.
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Fig. 8.6 GAP analysis of port based on ISO 50001
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A regression analysis has been conducted over the annual consumption of the port
due to electricity, natural gas, and diesel consumption, and it has been examined over
the last three years. It was seen that the best variable, depending on the consumption
distribution for the first year, was the HDD value, and the target was defined by
considering the standard three energy potentials. According to the regression anal-
ysis, the R2 value for the last two years was 98.67%, and the total efficiency potential
was found to be 8.21%. The third phase of his work is to determine the priorities for
the green transformation of the port, depending on the green concept. At this stage,
an evaluation was made on 12 criteria, which means the road map for the structural
change of the port. The interrelationship matrix for reference values is graded from
1 to 9 in the range of equal importance and extreme importance. The distributions
based on the analyses made in this context are given in Fig. 8.8.

According to the analysis made, air management in ports was seen as an effective
criterion, while water pollution and energy use were found to be 11.9% and 9.6%,
respectively. In the analysis, the decision matrix was examined, and the developed
matrix table was presented as Table 8.1.

8.6 Conclusion

This study is based on a model framework developed for ports based on the
green concept. In this framework, priorities based on the AHP analysis for energy
management assessment and green transition for ports were evaluated. In this context,

a. The GAP Analysis showed the Port’s need for Effective Energy Management.
In particular, the development of energy users and the development of energy
action plans can be defined as institutional needs.
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Table 8.1 Decision matrix of criteria
1 2 3 4 5 6 7 8 9 10 11 12

1 1 2.00 |5.00 |1.00 [2.00 [2.00 |1.00 [2.00 |1.00 [3.00 |1.00 |1.00
2 050 |1 3.00 |2.00 [3.00 [1.00 |1.00 |2.00 |2.00 |3.00 |1.00 |1.00
3 020 (033 |1 2.00 (2.00 [3.00 |[1.00 |1.00 |2.00 [3.00 |1.00 |1.00
4 1.00 |0.50 |0.50 |1 1.00 |2.00 [1.00 [3.00 |1.00 |3.00 |1.00 |1.00
5 050 033 050 |1.00 |1 2.00 [1.00 |1.00 [2.00 |3.00 |1.00 |1.00
6 |0.50 |1.00 [0.33 |0.50 |0.50 |1 1.00 |3.00 [2.00 [3.00 |1.00 |1.00
7 1.00 | 1.00 [1.00 |1.00 |1.00 |1.00 |1 2.00 (2.00 [3.00 |2.00 |1.00
8 050 (050 |1.00 (033 |1.00 |033 |050 |1 2.00 [3.00 [2.00 |1.00
9 1.00 |0.50 [0.50 |[1.00 [0.50 |0.50 [0.50 |0.50 |1 2.00 |1.00 |1.00
10 [0.33 |0.33 |0.33 |0.33 |0.33 |0.33 |0.33 |1.33 |1.50 |1 1.00 |1.00
11 |1.00 |1.00 |1.00 |1.00 |1.00 |1.00 |0.50 |0.50 |1.00 |1.00 |1 1.00
12 [1.00 |1.00 |1.00 |[1.00 |[1.00 |1.00 |1.00 |1.00 |1.00 |1.00 |1.00 |1

The decision matrix based on priorities was found as Number of comparisons = 66, Consistency
Ratio CR = 7.1%, Principal eigen value = 13,197 and Eigenvector solution: 6 iterations, delta =
7.5E-9

Based on the regression analysis, the energy effective potential of the port
was found to be 8.21%. This value is the target value developed for energy
management processes and will provide the definition of the actions that energy

management should develop for energy users.

Air management, water pollution, and energy use are the three main criteria for a
green port transition. These criteria are important in terms of defining corporate

goals for the defined port.

It is important to create an institutional structure in energy and environmentally

sustainable ports. Energy management in a structure is also a requirement. In this
context, the creation of the sustainability unit of these processes in ports and the
manageability of the processes in this context will be appropriate. However, process
impact analyses for the establishment of the Energy Management Infrastructure and
action strategies are first recommended. These studies should be developed for opti-
mization for specific energy users in energy consumption and studies on boundary
conditions for defined indicators.
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Chapter 9 ®)
Evaluation of the Green Port Concept oo
for Decarbonized Maritime Industry

Ismail Kurt

Abstract Toward decarbonization of entire maritime transport chain, it is impor-
tant to develop not only greener ships but also port and maritime logistics systems
that work with alternative energy sources providing significant environmental and
economic benefits. Ports are essential energy consumers and one of the key elements
of the maritime transport chain. The green port concept, on the other hand, is an
approach aiming to minimize fossil fuel consumption to reach more environmen-
tally friendly and economically sustainable port operations. The aim of this chapter
is to investigate different perspectives on how to make sustainability assessment in
ports. The chapter defines a green port development model by evaluating new green
technologies, low or zero-carbon alternative terminal equipment, and other energy-
consuming components of ports. To achieve these aims, environmentally friendly
green port applications in all forms are being reviewed on a global scale. In green
port applications, issues such as energy conservation, air pollution, water pollution,
hazardous substances management, and habitat are specially pointed out due to their
direct relevancy with port operations. This chapter reveals the contribution of green
port practices to energy efficiency, environmental protection, and sustainable indus-
trial and regional development. The chapter also draws attention to the importance
of environmental awareness in ports, especially located in or nearby urban areas.

Keywords Green port operations - Sustainable shipping + Alternative energy
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9.1 Introduction

Ports are one of the key components of the global supply chains serving the basic prin-
ciples of globalization which are predominantly low-cost production, transportation,
and outsourcing. According to UNCTAD (2021) report (2021), ports are central nodes
of global supply chains, with their role in transporting more than 80% of global trade
by volume. As an important component of international trade, ports also contribute
significantly to the development of many industries and cities around them.

Although the significant contributions of ports to economic growth and develop-
ment, environmental concerns of port activities are increasing, especially by consid-
ering the location of ports for coastal zones, low-lying areas, and deltas. The envi-
ronmental impacts of the ports are more important in terms of climate change due to
the population density in the areas where the ports come into contact, the volume of
trade activities carried out at the ports, and the size of the port structures. Associating
the environmental impacts from port operations with the port hinterland may lead to
more serious environmental consequences.

Nowadays, many green port themed projects and programs are carried out by
governments and international organizations to ensure the environmental sustain-
ability of ports (The European Sea Ports Organisation n.d.; VERIFAVIA n.d.;
Ministry of Transport and Infrastructure of the Republic of Turkiye Green Port n.d.).
Ports that successfully perform environmental management are also rewarded. At a
period when the influences of climate change are clearly felt, incentives to reduce
or eliminate port-related environmental impacts are as seen important in terms of
increasing the environmental awareness of the port industry. In addition, it is possible
to say that the success of the port authority in environmental management will return
to commercial success, as ports with the title and logo of green port or eco-port can
be preferred more by institutions and individuals.

Environmental concerns about ports generally focus on ship and cargo operations,
logistics and industrial activities, and plans for port construction, development, and
expansion (Luo and Yip 2013; Puig et al. 2015; Lam and Notteboom 2014). Firstly,
environmental concerns from ship and cargo operations are related to air, water, and
noise pollution. Secondly, while environmental concerns arising from logistics and
industrial activities are linked with port-centered air and noise pollution, there are also
environmental concerns due to the traffic density that may be experienced in railway
and road connections. Finally, the environmental aspects that need to be addressed in
port construction, development, and expansion are much more comprehensive. These
are generally water quality, coastal hydrology, soil pollution, marine and coastal
ecology, air quality, noise and vibration, waste management, visual deformation, and
socio-cultural aspects. On the other hand, European Sea Ports Organization (ESPO)
listed the top 10 environmental issues prioritized by European port authorities for
the last 5 years as shown in Table 9.1 (The European Sea Ports Organisation n.d.).

Debate continues about defining and identifying the best port governance model
for green port management (Munim et al. 2020). Although the environmental issues
that ports prioritize can be identified, a green port management should meet not only
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Table 9.1 Top 10 environmental priorities of EU ports, 2017-2021. (Source ESPO (n.d.))

2017 2018 2019 2020 2021

Air quality Air quality Air quality Air quality Air quality

2 Energy Energy Energy Climate change | Climate change
efficiency efficiency efficiency

3 Noise Noise Climate change | Energy Energy

efficiency efficiency

4 Water quality Relationship Noise Noise Noise

with local
community

5 Dredging Ship waste Relationship Relationship Relationship
operations with local with local with local

community community community

6 Garbage/port Port Ship waste Ship waste Water quality
waste development

(land related)

7 Port Climate change | Garbage/port Water quality Ship waste
development waste
(land related)

8 Relationship Water quality Port Garbage/port Dredging
with local development waste operations
community (land related)

9 Ship waste Dredging Dredging Dredging Port

operations operations operations development
(land related)
10 Climate change | Garbage/port Water quality Port Garbage/port
waste development waste
(land related)

environmental objectives but also economic objectives for sustainable development.
In line with these objectives, the role of the port, corporate social responsibility,
national and international environmental regulations, and the characteristics of port
users should be considered in determining the best governance strategy for green port
management (Du et al. 2019). Therefore, since the dynamics are different for each
port, it is not possible to talk about a “one size fits all” port governance model, and
practices for green port management need to be analyzed on a case-by-case basis.
To focus on the green port concept, the components of port operations that work
like the gears of a mechanism should be analyzed in detail. The activities of these
components can be classified in 3 categories as the causes of green port environmental
concerns, as in Fig. 9.1 (Axel 2011). In this context, this chapter examines the green
port practices used to demonstrate the green port approach in detail.
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Shipping
Emissions
Hinterland
Activities
Port Activities

Fig. 9.1 Categories of green port environmental concerns

9.2 Green Port Concept

The concept of green port (also known as ecological port or eco-port) can be defined
as encouraging and integrating all port workers and stakeholders into the eco-friendly
development and operations of the port facility to increase sustainable environmental
awareness. While providing environmental sustainability in green ports, sustain-
able ports emerge when a balance between social impacts and economic interests
is considered (Oniszczuk-Jastrzabek et al. 2018; Ates and Akin 2014). Green ports
resort to proactive development, execution, and follow-up practices with the aim of
reducing environmental impacts. Similarly, sustainable port management should be
able to develop strategies and activities that respond to the needs of port users to
sustain human and natural resource conservation. In this framework, the concepts
of green port and sustainable port are interrelated (Dinwoodie et al. 2012). In this
context, the green port concept is already considered a part of sustainability, and the
way to be a fully sustainable port is to be a green port.

To emphasize the importance of the green port concept, it is key to analyze
the environmental impacts originating from the maritime sector and to put forward
research that can form a basis for future targets. The study of United Nations (UNs),
which proved that global warming due to greenhouse gases (GHG) is a reality for
the first time in 1990 by an Intergovernmental Panel on Climate Change (IPCC)
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formed by the World Meteorological Organization (WMO) and the United Nations
Environment Program (UNEP), revealed the necessity of reducing gas emissions
(International Maritime Organization n.d.). As a result of understanding the serious-
ness of the findings of this panel, the Kyoto Protocol, which entered into force in
2005, included provisions to reduce GHG emissions, especially from the aviation
and shipping industries (United Nations n.d.). These sectors are treated differently
from other greenhouse gas sources. In the GHG studies carried out by the IMO, the
greenhouse gas emission rates from maritime transport among the global greenhouse
gas sources have been calculated as 3.5% in 2007, 2.6% in 2012, and 2.9% in 2018
(Lee et al. 2009; IMO 2014; Faber et al. 2020). These values were recorded as double
the aviation activities for the 2007-2012 period (IMO 2014). Long-term economic
and energy-based scenarios set out in the fourth GHG study predicted that maritime
transport greenhouse gas emissions, which declined to 90% of 2008 greenhouse
gas emissions in 2018, would reach up to 130% in 2050 compared to 2008 (Faber
et al. 2020). Globally, the World Health Organization recognizes air pollution as a
significant environmental risk and estimates that air pollution, including maritime
activities, causes approximately 4.2 million premature deaths (World Health Organi-
zation n.d.). In the eco-port initiative carried out by ESPO, air pollution is shown at
the top of the environmental priorities of European Union (EU) ports (The European
Sea Ports Organisation n.d.).

It is an undeniable fact that port activities have a share in the environmental
impacts arising from maritime activities. Ports are not only for maritime activities,
but also one of the most important and fundamental elements of the logistics chain.
Since ports generally serve in locations close to city centers or populated industrial
areas, environmental impacts originating from ports spread to human habitats more
quickly and easily. Due to the environmental impacts originating from the ports affect
more sensitive areas, the ports have many duties to reduce the environmental impacts,
especially the greenhouse gas emissions originating from the ports. Perhaps the most
important of these tasks will be to improve the environmental awareness of both port
authorities and port users.

Green port projects and programs are carried out to increase the use of renewable
energy within the effective operation processes of the ports, regulate their relations
with the local community, to further improve environmental and occupational health
awareness, and develop competitive port facilities. It is voluntary for ports to partici-
pate in green port projects and programs and complete the certification process. Some
projects, programs, and award system initiatives implemented in different parts of
the world to promote and develop the green port concept are given in Table 9.2.

In order to have a green port awareness, port facilities must first comply with the
sectoral criteria determined by the national and international regulations to which
the port state is a party and complete the necessary certifications. Generally, ports
that want to have the title of green port due to obtain some certificates issued by the
international standardization organization. These certificates are as follows (Ministry
of Transport and Infrastructure of the Republic of Turkiye Green Port n.d.; Inter-
American Committee on Ports n.d.; Organisation and Tools n.d.):
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Table 9.2 Green port and shipping projects and programs in the world

Name Organization Coverage
Eco-Ports Initiative ESPO Ports in Europe
Green Port Project Republic of Turkey Ministry of | Ports in Turkey

Transport and Infrastructure,
General Directorate of
Maritime Affairs

Green Port Award System APEC Port Services Network | Ports in Asia—Pacific
(GPAS) (APSN)
Green Award Green Award Foundation Shipping companies and ships

Maritime Singapore Green Maritime and Port Authority of | Shipping companies and ships
Initiative Singapore

Green Marine Green Marine Management All maritime enterprises in
Corporation North America

e [SO 9001 Quality Management System (QMS),
e SO 14001 Environmental Management System (EMS), and
e SO 18001 Occupational Health and Safety Assessment Series (OHSAS).

The fact that the ports participating in the green port concept themed projects
and programs to ensure the quality, environment, and occupational health and safety
standards at the national and international level are one of the primary and most
important criteria for becoming a green port. In addition, the rules set in interna-
tional environmental conventions/committees/protocols to which port states are a
party is the key motivation for maintaining the green port concept. Some important
international conventions/committees/protocols that focus on environmental issues
and that can contribute to the development and maintenance of the green port concept
are given in Table 9.3.

Although there is no direct reference to port-related environmental impacts in the
international conventions/committees/protocols listed in Table 9.3, environmental
impacts originating from port activities are also included, albeit indirectly, while
evaluating the environmental impacts from both global scale and maritime activities.
Therefore, the provisions of the conventions/committees/protocols to which the port
state is a party must be implemented by the ports to have the title of green port.

When the environmental priorities of the ports (Table 9.1), projects and award
programs for the development of the green port concept (Table 9.2), and interna-
tional conventions/committees/protocols related to the environment (Table 9.3) are
evaluated together, a holistic green port concept that addresses almost all environ-
mental approaches to ports can be designed. Bringing all the components of the
port together in a single pot with an environmentalist awareness will make a very
important contribution to the creation of the holistic green port concept (Fig. 9.2).
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Table 9.3 Some international conventions, committees, and protocols contributing to the green

port concept

Convention/Committee/Protocol

Effective year

Parties

Marine Environmental Protection Committee (MPEC)

1974

IMO member states

Convention on the Prevention of Marine Pollution by | 1975 87 countries
Dumping of Wastes and Other Matter (London

Convention)

International Convention on Civil Liability for Oil 1975 136 countries
Pollution Damage (CLC)

International Convention for the Safety of Life at 1980 167 countries
Sea (SOLAS)

International Convention for the Prevention of 1983 156 countries
Pollution from Ships (MARPOL 73/78)

Montreal Protocol 1989 197 countries
Basel Convention 1989 187 countries
United Nations Convention on the Law of the Sea 1994 167 countries and EU
(UNCLOS)

Global Program of Action for the Protection of the 1995 193 countries
Marine Environment from Land-based Activities

(GPA)

International Convention on Oil Pollution 1995 112 countries
Preparedness, Response and Co-operation (OPRC)

Helsinki Convention 2000 Baltic countries
International Convention on Civil Liability for Bunker | 2001 90 countries
Oil Pollution Damage (BUNKER)

Rotterdam Convention 2004 161 countries
Kyoto Protocol 2005 192 countries
International Convention for the Control and 2017 86 countries

Management of Ships’ Ballast Water and Sediments
(BWM)

9.3 Green Port Practices

Although maritime transport is a mode of freight transport with the least environ-
mental impact per cargo unit carried, it is questioned more intensely today because
of increasing environmental awareness. This is also mainly due to the slow progress
of improvements in reducing environmental impacts of the maritime transport.
However, Cullinane and Cullinane (2019) concluded that the combination of regu-
lations and technological innovation with the support of ports could have significant
potential to reduce environmental impacts. In this context, although having a green
port label is completely voluntary, it can be said that environmental-awareness ports
can play a pivotal role in achieving the goal of reducing the environmental impact

of maritime transport.
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Fig. 9.2 A holistic green
port concept

Greener
port
operations

Holistic Green Port Concept

While in port, the total emission amount of ships is measured less than when
cruising. However, due to the urban location of most ports, urban residents are directly
exposed to pollutants sourcing from ships in the port area (Styhre and Winnes 2019).
Therefore, while the ports reduce the environmental impacts arising from their own
operations, they should also apply measures to reduce the environmental impacts
caused by the ships calling at the port and the land-based stakeholders using the port,
so that it can be considered as an eco-friendly port in a holistic approach. In this
sense, it would be more appropriate using a holistic green port approach to evaluate
practical green port applications in three categories.

e Green port practices to reduce environmental impacts of port operations
e Green port practices to reduce environmental impacts of ships
e Green port practices to reduce environmental impacts of shore-side port users.

9.3.1 Green Port Practices to Reduce Environmental Impacts
of Port Operations

The environmental priority of ports with a green port approach is to increase the air
quality around the port (The European Sea Ports Organisation n.d.). Accordingly,
some ports define themselves as innovative ecosystems for a zero-emission society
in the symbiosis of ports and port cities (Jansen 2020). To create a zero-emission port
and port city symbiosis, ports have important duties in terms of port operations. The
port of Rotterdam is making a big breakthrough in this regard, with the target of a
virtually emission-free port for 2050. Nowadays, it is primarily essential to minimize
emissions (Davis et al. 2018). Afterward, to ensure sustainability, many issues should
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be examined in depth, from the development of a green port management approach
and the planning of future ports in this direction.

The equipment, vehicles, and facilities of a port that emits greenhouse gases should
be analyzed in depth to minimize greenhouse gas emissions. In this way, the emission
sources within the port facility are determined, and the emitters that reduce the air
quality are well-defined. While the prominent equipment and vehicles in the ports
are quay cranes, field cranes, stacking-storage cranes and vehicles, terminal trucks
and chassis, forklifts, and other port field vehicles, the facilities can be identified as
the main administration building, harbormaster office, security and customs offices,
maintenance workshops, terminal operation buildings, parking lots, social facilities,
etc.

Depending on the variety of equipment, vehicles and facilities in the ports and
the volume and amount of port activities, practical green port applications in ports
are discussed in a very broad perspective. However, transition to renewable green
energy can be shown as prominent applications among them. Electrification and
decarbonization of port operations are keyways to mitigate port-related greenhouse
gas impacts. Hereby, studies on how to decarbonize port operations are of great
importance (Psaraftis 2019; Samadi et al. 2016; Pastra et al. 2021). Additionally,
clean electricity cannot be reached in electricity production from coal or biomass
(Faaijetal. 1998; Diji 2013; Loug@o et al. 2019). However, electricity generation with
renewable energy sources significantly reduces the carbon intensity (Robyns et al.
2012; Al-Mansour et al. 2014; Verhaegen et al. 2007). Many activities hosted by ports
can use electricity, and these activities can be decarbonized through electrification.
It is possible to ensure the electrification in the following port activities: operation
of handling equipment and port logistics vehicles, bunkering operations, cold or hot
storage operations (cooling of containers, or heating of chemical tanks), pilotage,
and tugboat services.

In addition to electrifying port-related activities as a green transition toward decar-
bonization, the ports are also aiming to grow sustainability by investing in innovative
technologies minimizing the electricity consumption in existing electrical equipment
and facilities. At this point, the fact that the electric motors used with electrification
are more efficient; safer and less maintenance-cost needed operations can be observed
as the benefit of innovative technologies to the green port approach (Hashemnia and
Asaei 2008; Ren et al. 2009). Another example in this context is that the Port of
Rotterdam, the largest port in Europe, which uses the light-emitting diode (LED)
lighting as an innovative technology in the entire port in 2022 (Port of Rotterdam
n.d.).

To reduce the environmental impacts of port operations, it is also possible to see
the following practices regarding the green port approach. Some of those:

e Considering environmental priorities in purchasing new equipment, vehicles, and
materials (less air pollutant, energy efficient, less noisy, etc.),
Ensuring energy recycling in port equipment and vehicles,
Environmentally friendly offices and buildings that produce their own energy or
minimize the energy use.
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Port planning in line with green port policies is also important in reducing the
environmental impacts of port operations. Effective administrative, operational, and
technical planning is required for port planning to support the green port approach.
At this point, for the administrative structure, firstly the required number of personnel
with the necessary qualifications should be employed (Thai 2012). Environmental
awareness can be instilled by providing qualified and periodic orientation and in-
house trainings for the employed staff (Vaio and Varriale 2018). The use of soft-
ware programs developed at the point of effective operational planning significantly
increases operational efficiency. In this way, efficient planning can be made by mini-
mizing the waiting times of the equipment and vehicles used in the operation or
by eliminating insufficient or idle capacity problems (Gosasang et al. 2018; Bichou
2014). In terms of technical port planning, it is important that the port is equipped
with eco-friendly equipment and vehicles suitable for its operational characteris-
tics, and these equipment and vehicles are assigned to jobs that comply with their
technical specifications (Rose et al. 2022).

As a result of green port planning, the ports are expected to take measures in
accordance with national and international legal regulations regarding waste and
pollution factors. Some of these measures can be categorized as follows:

e Measures regarding the collection and disposal of domestic solid waste

Measures regarding the collection, separation, control, or disposal of packaging

waste

Precautions for the collection and disposal of waste batteries and accumulators

Measures regarding hazardous waste

Measures regarding the control of waste from ships

Measures to prevent marine pollution (such as water treatment plant-Evyapport,

storm water management program—Port of San Diego)

e Measures to reduce the effects of chemicals used in cleaning the port area,
equipment, and vehicles.

9.3.2 Green Port Practices to Reduce Environmental Impacts
of Ships

The release of SOy, NOy, and particulate material (PM), which adversely affects
human health, from the ships calling at the ports raises the concerns due to the close-
ness of the ports to the cities. The most serious studies on reducing these emissions
from ships are carried out and supported by the IMO (Lee et al. 2009; IMO 2014;
Faber et al. 2020). In this direction, the IMO has set out a target of reducing green-
house gas emissions from ships by 50% in 2050 compared to 2008 (International
Maritime Organization n.d.).

It is very important to reduce or eliminate emissions from ships in ports, both
in terms of creating clean shipping in terms of the IMO targets and developing the
green port approach. Different methods can be used to reduce the emissions of ships
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in ports. One of them is to change the type of fuel used on ships. What stands out
at this point is the transition to fuels with less greenhouse gas emissions, which are
defined as an alternative to conventional fuels (Kolwzan and Narewski 2012; Eide
et al. 2013). These alternative fuel types can be grouped as liquefied natural gas
(LNG), liquefied petroleum gas (LPG), hydrogen-based fuels, electricity, ammonia,
and methanol.

Both shipowners and ports have important duties in switching the conventional
fuel type to less emission one. It is one of the most basic actions for shipowners
to act primarily to reduce the use of heavy fuel oil (HFO). Current international
regulations on this subject already impose restrictions on switching to marine gas oil
(MGO) or using scrubbers in special areas such as ((Emission control areas (ECAs)
and sulfur emission control areas (SECASs)) (Tran et al. 2017; Zetterdahl et al. 2016).
In addition to the ECA and SECA areas, ships are commonly switching to MGO
or marine diesel oil in their auxiliary machinery in ports, reducing the amount of
emissions (Kose et al. 2022; Chen et al. 2021).

LNG is seen as the most promising alternative fuel in today’s conditions. However,
according to the data announced by the World Port Climate Initiative (WPCI 2018),
the number of ships in the world using LNG (excluding LNG carriers) is very small
(World Port Sustainability Program n.d.). The underlying reason for this is that there
are insufficient LNG supply facilities, and supply problems will arise if LNG becomes
widespread (Wang and Notteboom 2014). It can be said that the duty of ports to spread
LNG usage is to make suitable LNG supply facilities investments in port facilities
(Styhre et al. 2017). The use of LNG is attractive not only in the open sea navigation,
but also in reducing emissions in port environment and operation area.

Other options being considered to reduce emissions are hydrogen and electricity.
However, since hydrogen and electricity are still produced using non-green methods
like coal, there is a concern about eliminating greenhouse gas emissions (Midilli
et al. 2021). However, the use of renewable energy sources in hydrogen and elec-
tricity production increases environmental attractiveness. Ports can help accelerate
the global decarbonization approach while reducing shipping emissions and imple-
menting green port plans by adopting hydrogen transition technologies. A database
of projects carried out in ports that adopt hydrogen as a clean energy source has been
created by the International Association of Ports and Harbors (IAPHs). Accordingly,
the projects carried out in ports on hydrogen technologies in the world are given in
Table 9.4 (World Port Sustainability Program n.d.).

The technology of supplying electricity to ships in port during their stay at the port,
called cold ironing or onshore power supply (OPS) or shore-side electricity (SSE),
is also a method to reduce the emissions of ships while in port (Zis 2019). However,
it is obvious that if the electricity provided is from renewable sources, it will be
effective in terms of reducing emissions. Otherwise, while reducing emissions only
in the port area, emissions will still be significant in the location where electricity
is generated. Vaishnav et al. (2016) and Winkel et al. (2016), in their studies on
this subject, determined that with cold ironing, significant emission reductions can
be achieved, and contributions can be made to the environmental, economic, and
health of the people of the region. However, the number of ports with cold ironing
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Table 9.4 Hydrogen projects carried by world ports. (Source Adapted from WPSP (World Port
Sustainability Program n.d.))

Country Port name Project name Project date

New Zealand Ports of Auckland GHG Emission Reduction 2018
Pathway

Japan Port of Kobe Environmental Measures in 2018
Reclamation Projects

United States Port of Los Angeles Zero Emissions Pathway 2019
Technology Demonstrations

France Port of Marseille HyAMMED 2019

France Port of Marseille Jupiter 1000 2019

United States Port of Long Beach C-PORT Zero Emissions 2019
Demonstration Project

Germany Niedersachsen Ports WASh2Emden project 2019

Spain Port of Valencia H2Ports/Fuel Cells and 2019
Hydrogen in Ports

France Port of Marseille Green mobile energy for 2020
reefer containers

France Port of Marseille Energy recovery from cruise | 2020
ships’ wastewater

United Kingdom | Port of London Authority | Hydrogen Highway 2021

Netherlands Port of Amsterdam Multi Fuel Port: Spatial 2021
Safety

Sweden Port of Gothenburg Hydrogen production facility | 2021
and filling station

Japan Port of Yokohama Hydrogen Supply Chain Joint | 2021
Study

Sweden Port of Gothenburg Tranzero Initiative 2021

Netherlands Port of Amsterdam H2SHIPS project 2021

Austria Port of Vienna H2 meets H20 2022

system is very small. The main obstacles are installation costs and the ships’ lack
of connection points in international standards that can be integrated into the system
(Innes and Monios 2018). However, significant savings can be achieved with the
legal regulations on this subject and the provision of international standards.

The biofuel alternative, on the other hand, is not expected to be very common in
maritime transportation due to production methods and intensive land use (Kesieme
etal. 2019). Navigation with onboard battery installation, which is shown as another
alternative, can only be foreseen for short distance trade with current battery tech-
nology (Haxhiu et al. 2021). The energy requirement and ship sailing from wind and
solar power, which are seen as the cleanest alternative energy sources, are still seen
as a niche alternative, and its sustainability is a matter of debate (Friebe et al. 2017).
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It is valuable that shipowners tend to apply the necessary technical improvements
and innovative technologies on their ships to use cleaner fuel type in compliance with
legal regulations. Cleaner maritime transport, which will be created by shipowners
who have the tendency and sensitivity to be greener and take action, will make
significant contributions to the green port approach. In addition to all these greener
fuel transition predictions, significant reductions in fuel consumption and green-
house gas emissions can be recorded along with structural improvements on ships
(improved hull design, more efficient engines, etc.) (Palomba et al. 2022) and oper-
ational improvements on voyages (slow steaming, increased operational efficiency
due to on time arrival and departure, weather routing, etc.) (Viktorelius and Lundh
2019; Besikgi et al. 2016).

Award programs are carried out to encourage ships, ports, and maritime companies
to carry out maritime activities in an eco-friendlier manner (see Table 9.2). Ships,
ports, and shipping companies that have participated in such programs and received
a green award or green certificate have the opportunity to receive many incentives
by program providers. Some of these incentives can be listed as discount on the
port dues, discount on a service or a product, special extra service, or product and
promotion. In this way, if the incentive provider is a port, a green-certified ship can
receive a discount for the services when the ship calls the port. For example, the port
of Rotterdam offers discounts for LNG carriers, chemical/gas tankers, and crude
oil/product tankers with Green Award certification (Port of Rotterdam n.d.).

9.3.3 Green Port Practices to Reduce Environmental Impacts
of Shore-Side Port Users

There is an increasing interest in the green port concept and a growing literature
with research being conducted. However, studies on associating the environmental
effects originating from the hinterland with the ports are limited, and there are only
a few of them (Lam and Notteboom 2014; Acciaro et al. 2014). The ports are hubs
and intermodal transit points for global freight transport systems. Therefore, for
hinterland logistics, ports have the potential to lead the decision mechanisms of both
local and global logistics providers with their infrastructure facilities (road, rail, and
inland shipping connections and agreements) and the strategies they implement. It
can be said that the role of ports in hinterland emissions is partially responsible,
if not as much as in their own operations. Because providing sufficient hinterland
connection, alternatives can be considered within this partial responsibility.
Emissions originating from port users are not calculated as emissions originating
from the port, and these are calculated and recorded as externalities. However, hinter-
land transportation is the continuation of a sea transportation system by changing the
mode at the port. And aiming for a total environmental improvement requires inter-
action, harmony, and cooperation between ports and their users. Bergqvist and Egels-
Zandén (2012) state that ports are key actors to increase the environmental efficiency
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of hinterland transport and show that they can easily promote an environmentally
friendly hinterland with a strategy such as a green port due.

A few examples can be cited that encourage the greening of port users’ activities.
Some of these examples are the PierPASS program at the ports of Los Angeles
and Long Beach, the port terminal concession agreements at the port of Rotterdam,
and the differentiated port dues system (Bergqvist and Egels-Zandén 2012; Giuliano
and O’Brien 2008; Berg and Langen 2014). Bergqvist et al. (2015) determined that
internalization of externalities, road pricing, modal split quota, and additional port
charges are used by ports to encourage port users and take environmental measures
to reduce the environmental impacts of hinterland transport. Aregall et al. (2018)
found that only 76 ports in the world have implemented a strategy to reduce the
environmental impacts of the hinterland in developing green ports. The most widely
implemented strategy is to reduce air pollution, which is one of the environmental
priorities of ports. This is followed by congestion, mode shift, and noise pollution,
respectively.

9.4 Conclusions

This chapter deals with the green port projects, programs, and award incentives
carried out to enable the development of the green port concept. It also evaluates the
practices that can be implemented in ports because of the environmental awareness
that is tried to be gained through the incentives provided. Thus, as a result of the
current situation assessment, how green port practices can be done more, and better
is discussed in depth.

Significant financial budgets are required for the establishment of infrastructures
related to the environmental practices of ports. The truth is that ports are commercial
businesses, and they don’t want to spend money unless it’s necessary. Therefore, ports
are expected to be supported by the government with incentives during the transition
to “green port” practices. This ensures both the implementation of currently known
best practices and faster adoption of new technology. Because as long as having the
title of green port depends on voluntariness, ports will not want to spend money unless
they have environmental awareness. However, thanks to government incentives, the
green port concept will be encouraged to be brought into the ports. For example, with
tariff regulations to promote electrification, the transition to electrical equipment and
vehicles can be accelerated, and the use of clean energy can be increased. Or state
grants can be provided for infrastructure investments for ports that want to produce
electricity and hydrogen.

Reducing and eliminating emissions from port operations alone is not enough for
the green port concept. In addition, the green port concept can be developed, and its
sustainability can be possible with the environmental awareness of all stakeholders
associated with the port. Thus, port stakeholders, which will be motivated by ports
have a pivotal role, can reduce their own emission resources, and a greener and
more sustainable maritime transport can be built with innovative technologies. While
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greater sharing of best practices and further technological development are needed,
and although there is enough information already available to make major advances
in reducing environmental externalities, slow adoption in the marine industry is
prolonging the transition to the green port concept. Although accelerating adaptation
is dependent on government incentives, this sluggishness will continue as long as
the environmental awareness of states, ports, and port stakeholders is not improved.
When additional costs arise, the motivation to act will disappear.

This chapter evaluates the green port concept for the decarbonization of the
maritime industry by considering green port practices from three perspectives. They
are (i) port operations, (ii) shipping, and (iii) hinterland activities. There are still some
limitations in the improvement, development, and implementation of the green port
concept, so further studies can be approached from the following directions. First,
cost reduction studies can be carried out to increase the applicability of green port
practices in ports. Secondly, considering different country and region characteristics,
some specific green port practices can be developed for a better green port concept
for a particular port or port area. Finally, the concept of green port can be included
in national or international legislation to implement and spread the best green port
practices at a certain standard.

As a result, in the process of becoming a green port, of course, there will be
expectations from state authorities. However, port management, employees, and
stakeholders should also be respectful to the natural environment, not worry about
their families and children living in the port area and be conscious and carry out
their activities with this awareness. It is an important criterion to prepare training
programs with the necessary qualifications and qualifications to create total envi-
ronmental awareness and sensitivity. To adopt the green port concept in all ports,
it is also an option to take legal regulation and fine enforcement actions as well as
environmental awareness.
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