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Abstract

Title of Dissertation: Selection of the optimal alternative fuel in terms of the
sustainability of the shipping industry through the multi-attribute decision
making

Degree: Master of Science

Green seaborne transportation strategies are needed to minimize the climate
impact and economic loss of shipping. Various green strategies exist in maritime
industries. Among these, using potential zero-emission fuels has garnered research
and industrial interest. This study aims to select the optimal alternative fuel by
measuring and evaluating four alternative marine fuels—liquefied natural gas (LNG),
hydrogen, ammonia, and methanol—in terms of sustainability.

The assessment utilized the technique for order of preference by similarity to
ideal solution analysis of the multi-attribute decision-making methodology to rank
marine fuel options through life-cycle sustainability assessment: (i) environmental
life-cycle assessment, greenhouse gas emissions impacting climate change, and
acidification potentials; (i) life-cycle cost and net present value (considering ship
design to operation and decommissioning), and (iii) social life-cycle assessment
(considering photochemical oxide creation potentials and human toxicity potentials,
measuring air pollution levels that are lethal to humans and various marine
organisms).

In all life-cycle sustainability assessments, the energy system model showed
that the LNG-internal combustion engine (LNG-ICE) outperformed the other
alternatives in terms of sustainability to achieve United Nations Sustainable
Development Goals 3, 7, 13, and 14. The sustainability analysis revealed that the
alternative fuel technologies were not considerably superior considering
environmental, economic, and social multi-criteria evaluations. In addition, the
scores of LNG-ICE, LNG-solid oxide fuel cell (LNG-SOFC), H»-ICE, H>-SOFC, and
MeOH-SOFC, ranked from first to fifth, differed by a narrow margin.

LNG demonstrates technological feasibility, and LNG-fueled ships are now
commercialized. The infrastructure of LNG for extraction, storage, delivery, and use
is well established on major routes. However, LNG is a fossil fuel, and events such
as oil shocks could recur due to regulations in countries with sizable natural gas
reserves. Therefore, the technology development of H,-ICE & SOFC and MeOH-
SOFC, which are the most suitable technologies together with LNG, is essential.

KEYWORDS: Alternative fuels, Environmental life-cycle assessment, Life-cycle

cost, Life-cycle sustainability assessment, Multi-attribute decision making, Social
life-cycle assessment, Sustainability.
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1. Introduction

1.1 Research Background

Vessels have been the center of the maritime industry because approximately
90 % of the world’s trade is carried out by marine transport (Stannard, 2020). Ship
exhaust contains toxic air pollutants and greenhouse gases (GHGSs), e.g., COy,
NOx, SOx, and PM, which are contributing to climate change and public health
hazards (Clear Seas, n.d.). These ship-source pollutants—byproducts of fossil fuel
combustion—can cause significant losses in terms of the three pillars of
sustainability: environmental protection, economic viability, and social equity. The
UN’s sustainability concept presents an integrated perspective of environmental,
social, and economic issues. According to this perspective, the present generation
should meet its energy needs without hindering the successive generation’s ability
to fulfill its needs (United Nations (UN), n.d.). In this concept of sustainability, there
are both positive externalities, such as knowledge, wealth, or health, and negative
externalities, like the overuse of natural resources, harm to social cohesion, or
overconsumption (Montiel et al., 2021). Hence, to help the maritime industry phase
out the use of conventional fuel, this study examines four feasible alternative fuels—
liquefied natural gas (LNG), hydrogen, ammonia, and methanol—in terms of
sustainability through multi-attribute decision making (MADM).

Figure 1

SO, emissions from European Union land-based systems (EU25) vs. ship emissions

(on the left); NOx emissions from EU25 vs. ship emissions (on the right)
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Note. Adopted from “Improving sustainability of maritime transport through utilization
of LNG for propulsion, 2013,” by Burel et al., 2013.



As illustrated in Figure 1, the European Union’s (EU’s) land-based systems have
significantly contributed to air pollution over the past 20 years. Fortunately,
hazardous emissions from land-based emission sources are being regulated and
reduced. However, as the marine trade volume rapidly increases, air pollution due to
ship exhaust fumes has raised concerns worldwide. For instance, Campara et al.
(2018) stated that annual emissions from international trade vessels in the seas
surrounding Europe had been estimated to contain 3.3 million tons of hazardous
NOx, 2.3 million tons of SOx, and 250,000 tons of hazardous particulate matter
(PM). Additionally, they estimated that ships’ SOx and NOx emissions had
increased by approximately 40-50 % between 2000 and 2020.

Furthermore, Clean Shipping Coalition (n.d.) predicted that “shipping is a major
cause of harmful air pollution in Europe, and by 2020, shipping emissions of SO,
and NOx could exceed the emissions of these pollutants from all other sources in
the EU.” According to the Paris Agreement, countries must voluntarily follow GHG
reduction targets and initiate efforts outside the framework of the Climate Change
Convention. The reason is that developing and developed countries have realized
that GHG emissions are adversely impacting the acceleration of climate change.

1.2 Problem Statement

Air pollutants and GHG emissions from burning fossil fuels will have catastrophic
effects on the environmental, economic, and social pillars of sustainable
development. First, among the ship exhaust gases generated through conventional
fuel combustion, SOx are acid gases that rise into the atmosphere and become a
component of acid rain, which acidifies the land (Campara et al., 2018). Further,
NOx are powerful oxidizing agents that react with volatile organic compounds
(VOC)s in the atmosphere and generate ozone (smog) on a hot summer day
(United States Environmental Protection Agency (EPA), n.d.). The acid rain and
ozone generated will further exacerbate climate change. Second, according to the
World Health Organization (WHO, 2021), approximately 4.2 million persons die from
outdoor air pollution annually, while 3.8 million persons die from household air
pollution. In other words, one in eight persons worldwide dies from air pollution.

Finally, Smith et al. (2015) estimated that ocean-going ships cause approximately



2.4 % of global anthropogenic GHG emissions (Smith et al., 2015). The International
Maritime Organization (IMO) stated that these emission levels will increase in the
future. GHGs emitted by ships mainly comprise CO,, CH4, and N»O, of which CO-
dominates the global warming potential (Winnes et al., 2015). Meanwhile, climate
change caused by global warming is destroying ecosystems and endangered

animals and plants (Peters, 1990).

The externality costs of energy supply and demand related to climate change
and air pollution are at the level of $2.2-5.9 trillion per year (Anil et al., 2016). If air
pollution and climate impact can be reduced by rapidly increasing the use of
renewable energy (RE), it can save up to $4.2 trillion per year worldwide, more than
15 times the associated expenditure of doubling the share of renewables (Anil et al.,
2016). To solve these problems, efforts to reduce petroleum production are being
bolstered worldwide. In this context, whether the global economy and current energy
system can adapt to shrinking oil production in terms of energy security must be
considered. In other words, the adoption of optimal alternative fuel resources is
essential from the perspective of the resilience of energy sources (Cherp & Jewell,
2011).

1.3 Research Obijectives

This study aims to investigate the optimal alternative fuel by setting the
environmental, social, and economic criteria for evaluating candidate fuels. Thus, it
ranks four alternative fuel options—LNG, hydrogen, ammonia, and methanol—to
determine the one that could meet the energy demands. For example, the

methodology of this study is as follows.

1) The environmental life-cycle assessments (E-LCAS) of all four alternative
fuel options are evaluated to address the environmental factors

(environmental pillar).

2) The life-cycle cost (LCC) and net present value (NPV) are presented to

consider the economic factors (economic pillar).



3) The social life-cycle assessment (S-LCA) for potential risks of alternative
fuels to human health (social pillar).

Additionally, it will examine the technical applicability of the optimal alternative

fuel selected in terms of sustainability to commercial vessels.

Furthermore, using the optimal alternative fuel would be the best way to help
achieve UN Sustainable Development Goals (SDGs) 3 (Good Health and Well-
being), 7 (Affordable and Clean Energy), 13 (Climate Action), and 14 (life below

water).

The optimal alternative fuel obtained through this study will achieve several

significant milestones:

1) UN SDGs 3 and 14: the number of patients with respiratory diseases is
expected to decrease sharply by reducing air pollution with clean alternative

fuels.

2) UN SDG 7: clean energy will improve access to clean and safe cooking fuels
and technologies for 3 billion persons as well as the maritime industry,
expand RE use beyond the electricity sector, and increase electrification in

Sub-Saharan Africa.

3) UN SDG 13: CO: levels and other GHGs in the atmosphere can be
drastically reduced by utilizing the optimal alternative fuel. Therefore, the
optimal fuel can restrict a global temperature rise this century to below 2 °C

above pre-industrial levels.

1.4 Research Questions

The following questions must be answered to meet this study’s objectives.
1) Core question

- Which propulsion technology using LNG, hydrogen, ammonia, and
methanol is optimal in terms of environmental, economic, and social

aspects?



2) Sub-question

- Is the optimal alternative fuel technically feasible from a sustainability
perspective?

1.5 Key Assumptions and Limitations

The scientific consensus is that the use of conventional fuels is a significant
cause of anthropogenic climate change. This warrants the proposal and use of an

optimal alternative fuel for the decarbonization of industries.

However, well-to-wake (WtW) data from the LCA software GREET is insufficient.
Therefore, the author believes the best way to obtain results from the LCA
methodology would be to combine values from the extant literature and GREET.
Moreover, the Global Warming Potential 100 (GWP-100) values are only updated
occasionally. This change in the GWP-100 value, which can affect the
environmental evaluation of alternatives, can be attributed to a scientific estimate of
the energy absorption or lifetime of the gases, or a change in the atmospheric
concentration of GHGs, resulting in an additional change in energy absorption of
one ton of gas.

Furthermore, because this research is limited to a specific period in 2022, and
the social operations of that year, including the economy and social trends, may
have affected the research results. Additionally, due to data limitations, all possible
alternative fuels could not be analyzed and compared. Further, a limited number of
professionals and stakeholders could be interviewed. These limitations affected the

research conclusions.

1.6 Methods

This study uses qualitative and quantitative methods as primary and secondary
sources based on GREET and values from the research literature. A primary source
is MADM, which is a quantitative method. Further, to support MADM, life-cycle
sustainability assessment (LCSA) and peer-reviewed literature surveys show both
guantitative and qualitative as secondary sources. For example, the technique for

order of preference by similarity to ideal solution (TOPSIS) of the MADM



methodology was utilized for analyzing the results, allowing the author to compare
and rank different alternative fuel options using LCSA methodologies. The author
collected secondary data through GREET and comprehensive desk-side surveys of
the journal articles from ScienceDirect and Google Scholar and other official
organizations’ and societies’ websites such as the UN, IMO, Lloyd’s Register, DNV-
GL, ABS, etc. Previous publications in the WMU library were reviewed for hard and

soft copies.

1.7 Research Outline
Figure 2

Flowchart of the research approach taken to select the optimal alternative fuel

Selection of the optimal alternative fuel
in terms of sustainability
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Note. Developed by Author (2022).

This article consists of six chapters. Chapter 1 introduces the context and
problem statements about ships’ air pollutants and GHG emissions. Further, it
presents the research objectives and the fundamental assumptions and limitations
of the study. Chapter 2 reviews the extant literature on alternative fuels and
sustainability to obtain clues on how to mitigate the effects of fossil fuels. Chapter 3
details the evaluation method and alternative fuels in terms of sustainability. Chapter
4 presents the results of the LCSA analysis using MADM. Chapter 5 explores the
technical feasibility of the selected alternative fuel. Chapter 6 summarizes the
conclusions and recommendations. A flowchart of the research is illustrated in

Figure 2.

Although humans have made technological advances that significantly
contributed to social development through conventional fuels, these developments
are simultaneously causing disasters such as climate change and affecting the
economy and environment. Recognizing these disadvantages associated with
conventional fuels for the sustainable development of the marine industry, this paper
selects the optimal fuel from LNG, hydrogen, ammonia, and methanol, which have
been identified through recent research as alternatives to replace the existing fuel.
Furthermore, the technological feasibility of selected optimal alternative fuel is
reviewed to examine the possibility of technological development and to provide
directions for future research, contributing to the benefit of the environment,

economy, and socially sustainable maritime industry.

2. Literature Review

2.1 General

Worldwide trade is increasing annually and should continue to do so in the
foreseeable future. Accordingly, maritime transportation derived from trade has also
increased. Consequently, freight ships, which support approximately 78 % of the
world’s maritime transportation, consume massive amounts of fossil fuels (Ma,
2020). In this context, maritime transport will continue to increase. Several studies

have demonstrated sustainability with new clean energy for shipping, which is



essential to prevent the catastrophic effects of fossil fuel combustion. Other studies
have attempted to find the optimal alternative fuel, albeit under conflicting
objectives.

Cetin and Sogut (2021) stated that the government and the shipping industry of
the country would have different perspectives on environmental protection due to
the unique externality of maritime economics. For example, a government may aim
to eliminate fossil fuels, whereas the shipping companies insist on optimizing the
level of emissions by burning fossil fuels instead. Therefore, their study focused on
the importance of sustainable indicators and developing companies’ energy

efficiency policies for ship management.

Hansson (2020) focused on the need to produce fuels from RE sources by
identifying those conventional marine fuels that benefited the environment, rather
than LNG and methanol produced from fossil fuel energy sources. Therefore,
Hansson (2020) compared the fuel options to identify the optimal alternative fuel
through conflicting objectives, as listed in Table 1. Table 1 indicates that battery-
powered electric propulsion is an efficient fuel option to utilize onboard ships.

However, Hansson found that it could only power smaller vessels.

Table 1

Prerequisites for different low and potential zero-carbon marine fuels; ICE: internal

combustion engine, FC: fuel cell

: Usein Cost: Fuel : Possible
Euﬁén Trﬁ;?S:ifal ICE and cost/Capital Prgfleur%ti;oln Safety sailing
P y FC? cost P distance
Methanol Medium  Yes  Meduml oy giim Y% Medium
Medium risks
Biodiesel  High ICE  Medium/" 0o jium ~ LOW Long
only Low risks
LBG Medium Yes ngh/ Medium L.OW Medium
Medium risks
Hydrogen Low Yes Hig_h/ High Risks Short
Medium
Ammonia Low Likely High/ High Risks Medium
Medium
. . . . Low
Batteries  Medium n.a. Low/High Medium risks Short




Note. Adapted from “Navigating towards low and potential zero carbon marine

fuels,” by Hansson, 2020. Copyright 2020 by Hansson, J.

Furthermore, Ashrafi et al. (2022) believe that efforts to decarbonize the marine
industry rely on various innovative solutions, such as alternative fuel supply
bunkering, new ship design, and more efficient operation strategies. Therefore, the
authors emphasized the necessity to transition to low- and zero-carbon fuels to
achieve the targets set by the IMO. Because technical and operational efficiency
measures alone cannot achieve target emissions, their study provided decision-
makers with a platform based on the need to include and integrate environmental,
economic, and social factors for marine fuel sustainability to understand the
priorities and interests of stakeholder groups in marine fuel selection. Moreover, the
authors urged academia and marine experts worldwide to share knowledge and
appeal for stakeholder participation to contribute to the development of practical

sustainability policy standards.

In this scenario as mentioned above, alternative fuels that can replace
conventional fuels are needed to achieve the goals of international organizations to
prevent climate change. Otherwise, air pollutants generated by burning fossil fuels
will cause health hazards. This necessitates the selection of the optimal alternative
fuel in terms of environmental, economic, and social aspects—the three pillars of
sustainability—and appropriate investment in technologies suitable for the selected

alternative fuel.

2.2 Conventional Fuel’s Effect from a Sustainability Perspective

The IMO has been addressing marine pollution from vessels as a primary
concern since 1973. The seriousness of marine pollution overshadowed air pollution
due to ship emissions because no visually significant damage, such as oil spill
accidents, ensues from air pollution (IMO, n.d.). Therefore, it does not generally
interest—or draw consultations from—stakeholders and the public. However,
technological advances in air pollutant detection have led research institutions to
identify SOx and NOx as primary constituents of ship emissions—two of the most

hazardous pollutants in the atmosphere.



As stated above, based on the findings of the scientific community, the IMO
surmised that air pollution and GHG emission could impose a cumulative effect on
the natural environment, economy, and human health. Therefore, the IMO adopted
the International Convention for the Prevention of Marine Pollution from Ship
(MARPOL) Annex VI in 1997 and has since been amending it according to new
scientific data. Furthermore, the IMO has attempted to coordinate with all UN
Member States to prevent the adverse impacts of air pollution. Consequently, the
IMO and all UN Member States adopted the 2030 Agenda for Sustainable
Development in 2015 to establish the peace and security of the world. This agenda
has 17 SDGs, which do not require a transformation of the financial, economic, and
political systems that manage global societies to ensure the human rights of all
people (UN, 2020). However, organizations such as the UN and IMO have made
little progress in this effort. For that reason, this section examines why it has been
difficult to prevent air pollution from ships despite the efforts of the IMO and
analyzes the causes and consequences of air pollution in terms of the

environmental, economic, and social pillars of sustainable development.

The effects of GHG emissions are becoming more severe because maritime
traffic continues to be the center of global trade. If this situation is allowed to persist,
hazardous substances from ships, such as CO», CH4, and N2O, will have a harsher
impact on sustainability. Moreover, according to the latest Intergovernmental Panel
on Climate Change (IPCC) Report, the effects of climate change will increase in the
subsequent decades as the earth becomes hotter from global warming due to GHG
emissions from ships. This increasingly abnormal climate phenomenon is causing
several changes that vary with region, including “changes to wetness and dryness,
to winds, snow, and ice, coastal areas and ocean” (“Some climate change,” 2021).
Especially, climate change causes massive wildfires, hurricanes, droughts, and
floods. Moreover, at the current rate, global temperatures are expected to rise by
3.2 °C by the end of this century. Therefore, the Paris Agreement stated that GHG
emissions must be decreased by 7.6 % each year from 2020 to constrain the global
temperature by 1.5 to 2.0 °C from the current temperature. Although human activity
in 2020 had drastically reduced owing to the COVID-19 pandemic, the drop in
emissions (6 %) fell short of the target of 7.6 % (UN, 2020).
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In addition to the environmental pillar, the economic pillar has not been
considered in the literature. As mentioned above, air pollutants such as NOx and
SOx directly damage the environment and human health. They also have an impact
on the economy. Nunes et al. (2021) estimated the economic costs of disease-
causing air pollutants (PM and NO3) to be approximately 9,100 million € yr-1 (for the
value of statistical life approach (VSL)) and 1,825 million € yr-1 (for the value of life
year approach (VOLY)) (Figure 3). Further, approximately 3,475 million € yr-1 (with
the VSL approach) and 851 million € yr-1 (with the VOLY approach) were estimated
for PM2.5-led mortality by cause. The VSL and VOLY approaches accounted for
0.72 % and 0.15 % of the Iberian Peninsula’s gross domestic product in 2015 due to
the burden of all causes of PM and NO., respectively. Moreover, PM2.5 has a
specific mortality rate and costs approximately 0.28 % and 0.06 % for the VSL and
VOLY approaches, respectively (Nunes et al., 2021). These results demonstrate

that air pollution from ships significantly impacts health and related costs.

Figure 3

Total costs of the all-cause economic burden of disease related to shipping air

pollution for the Iberian Peninsula in 2015
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Note. Adopted from “Estimating the health and economic burden of shipping related
air pollution in the Iberian Peninsula. Environment International, 2021,” by Nunes et
al., 2021.

In addition to the environmental and economic pillars, the social pillar is also an
essential part of air pollution from ships. The public is a vital factor in constructing a
social base. Air pollution from ships threatens human health as it causes various
respiratory diseases and conditions. For instance, PM from a ship’s exhaust
combines fine soot particles with fuel combustion products and ash formed by liquid
droplets. Further, SOx particles reach the atmosphere and form small aerosol
compounds, while most are formed in the atmosphere by complex reactions with
chemicals such as NOx. People inhale these minuscule, harmful particles, which
severely damages their health. For example, a study by Backes et al. (as cited by
Mannucci & Franchini, 2017) revealed that “air pollution can affect the developing
fetus via maternal exposure, resulting in preterm birth, low birth weight, growth
restriction, and potentially adverse cardiovascular and respiratory outcomes” (p.3).
Further, air pollution can lead to inflammation, which eventually leads to heart and
lung failures (Clean Shipping Coalition, n.d.). Moreover, air pollution can harm the
skin as air pollutants (e.g., NOx and PM) destroy the ozone layer and allow
ultraviolet radiation (UVR), increasing the possibility of pigmentation on the skin
increases. Furthermore, organ damage was also observed as contaminants seeped

into the pores of the skin (Manisalidis et al., 2020).

In the worst cases, air pollution from ships has been associated with increased
mortality. Recent scientific studies found that soot emissions from international
shipping kill approximately 50,000 persons annually in Europe. As per Clean
Shipping Coalition (n.d., p.3), “through chemical reactions in the air, SO, and NOXx
are converted into tiny airborne particles, sulfate and nitrate aerosols.” These tiny
particles in the air contribute to premature death because they are small enough to
enter the bloodstream through the lungs and tissues. Shag et al. (as cited by
Mannucci & Franchini, 2017) concluded that “each 10 pyg/m3 increase in PM2.5 was
associated with a 0.38 % increase in total mortality, a 0.51 % increase in respiratory

mortality, and a 0.44 % increase in cardiovascular mortality” (p.2).
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These data led us to infer that marine fuel oil burned by vessels appears to be
the primary source of air pollutants and GHGs that threaten the environment,
economy, and health. Hence, ships’ fuel systems must be replaced with cleaner
alternatives. Furthermore, as mentioned before, the IMO proposed the
implementation of relevant regulations to prevent air pollution from ships. In
particular, the Clean Shipping Coalition (n.d.) estimates that tightening the ship fuel
sulfur standards agreed upon by the IMO in 2008 would save up to 26,000 lives a
year in the EU in 2020. Therefore, the IMO’s efforts to strengthen discipline should
be continued. Consequently, in recent years, the use of an exhaust gas scrubber
(EGS) has been considered a viable means to meet the requirements of Annex VI
because the device’s primary benefit is it allows to use heavy fuel oil (HFO) while
preventing emissions of air pollutants. However, with the strengthening of the
requirements of Annex VI after 2020, the price of HFO might fluctuate as “sulfur
content should drop to 0.5 %” (Nizi¢ et al., 2017, p.60). For this reason, the use of
EGS is not economical.

To summarize, air pollutants and GHGs caused by marine fuel oil combustion
from ships are burdening the three pillars of sustainability. Regarding the
environment, ships emit GHGs such as CO2, CH4, and N2O by burning conventional
fuel. Consequently, the earth’s temperature continues to increase. Regarding the
economic pillar, air pollution from ships has markedly damaged the economy, with
human diseases caused by air pollutants from vessels. Moreover, the cost of
treating people suffering acute respiratory diseases from air pollution is high. Finally,
in terms of the social pillar, people working around ships and harbors are developing
respiratory diseases due to air pollutants from ships. The total reduction of air
pollution from ships, however, may not be possible without damaging the economy,
as shipping is the backbone of world trade. Therefore, the three pillars must be
balanced with one another for sustainable development. As a solution, the use of
alternative fuels should be encouraged by finding optimal alternative fuels in terms

of sustainability.
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2.3 IMO and EU Actions

Anthropogenic climate change has been endangering human rights and
invalidating global health and poverty reduction efforts since the Industrial
Revolution. As mentioned earlier, it is mostly caused by burning fossil fuels. Fossil
fuels have been used to generate electricity. Since the Industrial Revolution, its
usage has only soared. Climate change most significantly affects the economically
backward strata. Especially, the least developed countries will suffer the most from
floods, wildfires, food insecurity, and forced migration, even in the best scenario. For
example, as per a UN report (UN, 2019), 18.8 million persons in 135 countries were
displaced in 2017 due to climate change (UN, 2019). This is near twice the number
displaced by conflicts during the same year. Furthermore, by 2050, 140 million
persons in Sub-Saharan Africa, South Asia, and Latin America alone will be
displaced because of climate change-induced disasters (UN, 2019). Based on its
current track, climate change will render the global economy fragile, pushing
hundreds of millions of persons into poverty. Therefore, addressing climate change
will build a new framework—one without fossil fuel emissions and waste
production—for the global economy that should reduce poverty and improve
economic well-being. This new framework should provide economic prosperity,

decent work, and environmental sustainability.

To deal with these catastrophes, IMO enacted MARPOL Annex VI, Chapter 4,
Energy Efficiency Regulation, to control GHG emissions, which is the technical and
operational section of the command-and-control policy focused on ships and
management. For example, according to MARPOL Annex VI, Chapter 4,
Regulations 20 and 21, the EEDI requires a minimum energy efficiency per capacity
mile for different ship types and size segments (Zabi, 2020). Furthermore, EU
foreign affairs ministers approved conclusions on the outcome of the COP26 climate
conference and agreed on the EU priorities for working on climate diplomacy in
February 2022. They also called for other developed countries to fulfil their collective
commitments to mobilize $100 billion (approximately 84 billion euros) annually, and
for multilateral development banks and international financial institutions to mobilize
the private sector and shift the global financial flows to sustainable and green

investments (EU, n.d.). To summarize, the EU and its Member States will, as per
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reports, work with partners worldwide to accelerate the implementation of measures
and initiatives agreed upon at the COP26 in a joint European team approach (EU,
n.d.).

In addition, several EU projects are researching the technical feasibility of
alternative fuels. For instance, Appendix 1 highlights the current projects of Nordic
Energy Research (NER), which is attempting to develop technologies that will use
alternative marine fuels. Another example is CHEK, a project supported by the
European Union’s Horizon 2020 program and proposed to aim for zero-emission
delivery. The project will develop and demonstrate two custom ship designs: a bulk
carrier optimized for wind energy and a hydrogen-powered cruise ship. The
innovative ships will use interdisciplinary combinations of innovative technologies to
reduce greenhouse gas emissions by 99 % and achieve energy savings by at least
50 % (CHEK, n.d.).

Moreover, there are responses to regulating air pollutants emissions such as
NOx and SOx that cause not only human health issues but also acid rain and sea
and soil acidification. Emission controls have been established to restrict the
emission of SOx and PM by limiting the maximum sulfur content in the vessels’ fuel
loaded and bunkered, and subsequently used onboard (IMO, n.d.). For instance,
according to the global regulations of the IMO, 0.5 % m/m sulfur content (global
sulfur limit) regulation since 1 January 2020 as outlined by MARPOL Annex VI,
Chapter 3, Regulation 14 (IMO, n.d.). Controls for sulfur content are different inside
and outside of the emission control areas (ECA), where the sulfur content of any
fuel onboard has been required to not exceed 0.1 % m/m since 1 January 2015. In
addition, ships have been required to comply with the NOx Tier Il emission
regulations since 1 January 2016, as outlined by MARPOL Annex VI, Chapter 3,
Regulation 13 (IMO, n.d.).
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2.4 Alternative Fuel Options

As international rules continue to be tightened to prevent environmental
pollution, alternative fuels must be used instead of fossil fuels to deal with these air
pollutants and GHG emissions from ships. Therefore, the utilization of alternative
fuels should penetrate the power system onboard vessels to alleviate the effect of
climate change and human health crises caused by the emission of air pollutants
and GHGs from combustion. Several production processes exist for alternative
fuels, the common requirement among all being no additional emissions of COa.
Particularly, liquid as well as a few gaseous fuels are deemed the most promising
solutions for seaborne trade, while solid fuels can be used for stationary
requirements at power plants (Stancin et al., 2020). However, most alternative fuels
are not commercially viable due to the production or consumption process and
technological limitations. This is primarily attributed to the high energy penalty
incurred on fuels during their life cycle, or the environmental and economic viability
of the production process itself (Stancin et al., 2020). Accordingly, several studies
have examined the feasibility of LNG, hydrogen, ammonia, and methanol as

alternative fuels.

LNG can be a suitable replacement for existing conventional fuels, like
intermediate fuel oil. Because LNG does not contain SOx and PM and emits
approximately 90 % less NOx than conventional fuels (Tam et al., 2019), it could
help several stakeholders protect themselves from not only regional emission
standards but also future regulations. However, one of the main concerns about
LNG-fueled vessels is the cost of bunkers. LNG prices continue to increase based
on historical price changes. Therefore, experts have predicted that LNG prices will
remain relatively high throughout 2022. For example, according to market research,
lack of new supplies and reduced investment have caused supply-side constraints
in the global LNG market in recent years, with the most significant producers
operating close to their total capacities. In the last week of June 2022, the LNG
prices increased by ~60 % and are expected to exceed $40 per million British
thermal units (mmBtu) within a short period (Marwa, 2022). Moreover, the methane
slip problem due to unburned methane of the engine may be a fatal defect of LNG

mainly composed of CHa. Nevertheless, the latest technologies can significantly
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alleviate this problem (Lindstad & Rialland, 2020). Therefore, according to data in
the literature, LNG is still a promising alternative fuel as it can reduce NO emissions
by more than 50 %, while maintaining output and efficiency.

Hydrogen-fueled engines can help decarbonize the industry. It will help reduce
not only CO- emissions but also other air pollutants such as unburnt hydrocarbons,
aromatic compounds, sulfur oxides, soot, and smoke (Alkhaledi et al., 2022).
Therefore, the use of hydrogen as a fuel can provide impetus to climate change
deceleration and strengthen SDG 13 (climate action). A promising piece of
technology to operate hydrogen-fueled engines is the hydrogen-polymer electrolytic
membrane fuel cell (PEMFC). Alaswad et al. (2016) demonstrated the many
advantages of a PEMFC, including high electrical efficiency, silence, low pollutant
emissions, ease of installation, and rapid ignition (Diaz et al., 2014). However, since
PEMFC requires 99.97% hydrogen purity (Staffell et al., 2019), it would be feasible
only when the technology and infrastructure to produce adequate amounts of green-
hydrogen are established. Further, hydrogen is not the best option for deep-sea
shipping because the storage of hydrogen requires a sizeable volume due to the
element’s low caloric value of hydrogen. Additionally, it could have a significant

explosion hazard.

Ammonia is another potential zero-carbon fuel that can reduce the climate
impact of shipping if produced by RE sources (Hansson et al., 2020). Hansson et al.
(2020) stated that the chemical was demonstrated as a fuel for compression ignition
(CI) engines, spark ignition (SI) engines, and fuel cells. Ammonia has specific
advantages. First, it is carbon-free, so it has no direct GHG effect. Second, its
energy density is 22.5 MJ/kg, compared to that of fossil fuels; for example, low-
ranked coals have approximately 20 MJ/kg, natural gas (NG) 55 MJ/kg, LNG 54
MJ/kg, and hydrogen 142 MJ/kg. Last, by compression to 0.8 MPa at atmospheric
temperature, ammonia can be effortlessly liquefied (Valera-Medina et al., 2021).
However, it also has some disadvantages. For instance, it is toxic, so it can cause
fatalities when inhaled. When exposed to a high concentration of ammonia, the

mucous membrane rapidly absorbs it, destroying the cell tissue to a lethal degree.
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Finally, methanol is another alternative fuel option with a high potential for use in
marine engines because of its inherent advantages (IEA, n.d.). For example, it cools
down the intake air, in return allowing for a higher amount of fuel to be combusted.
Thus, the compression ratio can be improved, and high-performance engines can
be designed. Furthermore, it does not form carbon-to-carbon bonds and has a high
oxygen content, which theoretically leads to soot-free combustion. Methanol is
suitable for Otto engines as it has a large octane number and high knocking
resistance. Further, it has an octane rating that is considerably higher than that of
gasoline. In other words, methanol causes minor engine knock or preignition
generation, owing to strong cooling effects from the high-octane rating and latent
heat. These advantages make it suitable for the spark-ignition Otto engine fuel
(Tunér et al., 2018). However, Saxena et al. (2021) proved that, in the dual fuel
operation of the methanol engine, the fuel premixing range is limited by higher
pressure increments, partial combustion, misfire, and knocking. In addition, an
increase in the methanol fuel premixing ratio results in a more considerable cyclic

combustion change.

This discussion led us to conclude that no single option is perfect for shipping
propulsion. They all have merits and demerits in terms of sustainability. Moreover,
studies have not rigorously compared LNG, hydrogen, ammonia, and methanol with
respect to the environmental, economic, and social goals to boost UN SDGs 3, 7,
13, and 14. Hence, by studying the optimal alternative fuel in terms of sustainability,
future research could explore methods to improve strategies for reducing the impact
of GHGs, and reduction of the amount of air pollutants will prevent climate action.
Therefore, this study focuses on four fuel options (LNG, hydrogen, ammonia, and
methanol) from three aspects of sustainability (environment, economic, and social

goals).

2.5 Drivers and Barriers to Sustainable Governance

Several legal barriers are preventing the implementation of alternative fuels
despite the many drivers. This chapter introduces the drivers and barriers to
alternative fuels in the maritime sector. As indicated in Table 2, decision-makers are

struggling to instill changes to phase out conventional fuel.
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Table 2

Drivers and barriers to alternative fuels

Sustainability Driver Barrier

Policymakers are struggling to reduce the
impact of GHG from seaborne transportation
through legal methods such as carbon taxes
and shipping congestion charges because of
the ethical concerns related to these
methods.

Environment GHG impacts

From the perspective of the shipping
industry, immediately benefiting from the
changes is not easy from the aspect of net
present value when operating alternative fuel
propulsion ships; therefore, the industry is
attempting to operate ships on conventional
fuels without violating international laws.

Sustainable

Econom
conomy management

Creating awareness among the public on
how air pollutants emitted by ocean transport
are destroying the healthy living of people
and aquatic life is a challenge. In addition,
the unintended consequences of social policy
have aroused antipathy toward sustainable
social policy.

Social Healthy life

Note. Developed by Author (2022) using data from Ministry of the Environment,
Government Offices of Sweden (2020) and Rivera et al. (2017).

Furthermore, Khan and Su (2022) evaluated the impact of economic policy
uncertainty (EPU) on renewable energy (RE) in G7 countries, including Canada,
France, Germany, Italy, Japan, the United Kingdom, and the United States, using
the wavelet quantile-on-quantile (QQ) method, and reported that EPU negatively
affects RE. For example, the 2011 Fukushima nuclear accident triggered faster
changes and phased elimination of nuclear power. EPU threatens RE growth, and
the development RE has been slow since 2014 because it has been unable to
produce sufficient electricity to respond to climate change (Dalby et al., 2018).

Likewise, the sector experiences financial constraints, and investors have adopted
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risk aversion policies that have dampened future investments. Sustainable
development of alternative fuels is in the same vein as that of RE because both
involve the development of new technologies and require economic stability.
Realizing UN SDGs through continuous technology development may be possible if
governments make all stakeholders participate and establish future policies.

2.6 Summary

Several studies have provided evidence-based explanations for the phasing out
of conventional fuels and encouraged the development of alternative fuels.
However, several barriers lie ahead to sustainable governance, even as the
decision-makers have been attempting to identify solutions to maintain sustainability
in the maritime industry. Substantial scientific evidence has been provided to justify
the use of alternative fuels. For example, fossil fuel combustion is contributing to the
acceleration of anthropogenic climate change and contraction of diseases like lung
cancer. Therefore, the optimal alternative fuel for the future must be identified and
projects to develop technology that can use the fuel while maintaining
environmental, economic, and social safety should be initiated.

3. Research Methodology

This study presents the optimal alternative fuel in terms of sustainability.
Therefore, it selects both qualitative and quantitative analyses to accomplish the
objective. First, LCSA produces results of sustainability. For instance, the
environmental goal is calculated by the E-LCA regarding the impact of GHG and
acidification. Second, the economic aspect addresses the LCC and NPV. Finally,
because the social goal is related to the positive impact of reducing air pollutants,
the study uses the S-LCA. In addition, the literature review presents the
environmental, social, and economic perspectives of sustainable alternatives. In
conclusion, MADM combines the LCSA and literature review to rank and select the

optimal alternative fuel among LNG, hydrogen, ammonia, and methanol.

3.1 Life-cycle Sustainability Assessment (LCSA)

The concept of a life-cycle approach to the environment, economic, and social

dimensions of sustainability was introduced by Projektgruppe 6kologische Wirtschaft
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(1987). In addition, according to Keeble (1988), “Sustainable development is, in
essence, development that meets the needs and aspirations of the present
generation without destroying the resources needed for future generations to meet
their needs.” Over the years, the LCA has been developed to address bioenergy. It
has been widened and subdivided by the three main pillars of sustainability.
Therefore, LCSA (Table 3), a more comprehensive assessment method, has
emerged from the LCA’s development. In other words, LCSA is the combination of
E-LCA, LCC, and S-LCA (Clift & Druckman, 2015).

Table 3

Criteria of LCSA indicators for the energy sector included in the MADM

Sustainability LCSA Criterion Unit

GHG impacts kgCO2eq/kWh

Environmental E-LCA

Acidification Potential kg SO2eq/kWh

(AP)
Life-cycle Costs uUs$
Economic LCC
Net Present Value (NPV) USs$
Photochemical Oxide
Creation Potential kg CoHseq/kWh
Social S-LCA (POCP)

Human Toxicity Potential

HTP) kg 1,4-DCB @ eq/kWh

21,4-Dichlorobenzene (CsH4Cly)
Note. Developed by Author (2022).

3.1.1 Environmental Life-cycle Assessment (E-LCA)

ISO 14040:2006, Environmental Management—E-LCA— Requirements and
Guidelines states the general methodology of the E-LCA. The principles and
frameworks of E-LCA specified in ISO 14040:2006, Environmental Management,
establishes the framework of LCA for quantifying the environmental impact of

products, processes, and services in the supply chain. Based on the above, a
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specific E-LCA methodology can be adopted and applied to marine fuels. In other
words, E-LCA is a technique of quantifying the material and energy inputs and
outputs of all unit processes that constitute the product system under study to
assess the potential environmental impact of a product, system, or service over its

entire life cycle, from raw material origin to end of life (Schuller et al., 2019).

Figure 4

Life-cycle emissions—subdivisions

Life-cycle emissions - subdivisions

HAmi

[ weboun
Well-to-wake

Note. Adopted from “Methanol in shipping, n.d.,” by MAN Energy Solutions, n.d.,
2022.

Raw materials Refining Distribution
extraction

As illustrated in Figure 4, the emission profile of shipping fuels can be
subdivided into WtW, well-to-tank (WtT), and tank-to-wake (TtW) emissions (MAN
Energy Solution, n.d.). The WtW method can be used to evaluate fuel paths based
on the overall life-cycle analysis evaluation and report all relevant GHG emissions
following the IPCC guidelines (IMO, 2022). Therefore, this study focuses on WtW to

rigorously evaluate the use of alternative fuels.
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- Global Warming Potential 100

In the E-LCA, WtW is compared to GWP-100, which was developed to compare
the effects of global warming on other gases. This study cites the IMO (2022) for the
GWP-100 values. The study does not include the scope of cargo emissions (e.g.,
VOC or refrigerants) because the IMO (2022) does not consider the entire list of
GHGs for international maritime transport. Other short-lived climate factors and
precursors, such as non-methane VOC, SOx, CO, PM, and black carbon, were not
included in the scope for the GWP-100 values. Therefore, GWP-100 deals with COx,
CHa4, and N0, as stated in the IPCC’s Sixth Assessment Report.

According to International Council on Clean Transportation (2021), E-LCA is

calculated as follows:
- Equation 1.
CEFwir = 3(EFwrp X GWP, 100),
where
CEFwr = Well-to-tank carbon dioxide equivalent factor, in kgCO.eq/kWh;
EFwirp = Well-to-tank emission factor of pollutant p, in kg/kWh; and
GWP, 100 = 100-years GWP of pollutant p.
- Equation 2.
CEFrw = X(EFrwp X GWP, 100),
where
CEFnw = Tank-to-wake CO; equivalent factor, in kgCOzeq/kWh;
EFmwp = Tank-to-wake emission factor of pollutant p, in kg/kWh; and

GWP, 100 = 100-years GWP of pollutant p.
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- Equation 3.
CEFww = CEFwit + CEFnw,
where
CEFww =Well-to-wake CO, equivalent factor, in kgCO2eq/kWh;
CEFwr = Well-to-tank CO; equivalent factor, in kgCO2eq/kWh; and
CEFmnw = Tank-to-wake CO; equivalent factor, in kgCOzeq/kWh.
- Acidification Potential (AP)

The acidification caused by SOx and NOx damages marine life. For example,
the higher the acidity of the ocean, the faster the CaCOs; shells and skeletons of life
forms melt. Accordingly, acidification potential (AP) must be considered an indicator
of E-LCA. The AP calculations were based on SO,. This model was referenced by

the EPA’s report and is expressed as follows (EPA, 2000 & Li, 2012):
AP; = E; X CFg,,
where
AP; = acidification potential,
E; = emissions caused by alternative fuels; and

CFso, = characterization factors of SO..

3.1.2 Life-cycle Cost (LCC)

The LCC is an economic indicator in the LCSA to deal with the economic
aspect. It is used in the production and trading of bioenergy in an economical and
financially viable manner (Stamford, 2019). Historically, it was by the US
Department of Defense in the mid-1960s. In the mid-1980s, it was utilized in building
investments. Since the early 2000s, several research projects have utilized it in the

construction industry in the environmental context (Gluch & Baumann, 2004).
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Recently, attempts to separate energy generation from GHG emissions have
gained momentum, leading to tremendous industrial activity. In 2017, the total global
investment in low-carbon power generation was $315 billion, while energy efficiency
initiatives were $23.6 billion (Stamford, 2019). Therefore, economic factors must be
considered while selecting the optimal alternative fuel. Hence, the LCC is one of the

methods selected to address the objectives of this study.

The LCC of a product or process is the aggregate of all economic costs directly
caused by actors in the life cycle (Stamford, 2019). Hence, it can be defined
according to the life-cycle stages essential for an energy-generating asset or piece
of technology. According to Wang et al. (2021), the formulation for LCC is as

follows:
ZLCC, = N7 Coi + X141 Coi + X041 Cvi + XEavian Crvi»

where

LCC, = life-cycle cost of the ship in its lifetime;

C.; = total capital investment costs of the ship in its lifetime;

Co; = total operating costs of the ship in its lifetime;

Cy; = total voyage costs of the ship in its lifetime; and

Cgy; = total end life costs of the ship in its lifetime.

The differences in cash flow performances among the corresponding ships can
be estimated by comparing the LCC results of the alternative fuels, as follows
(Femando, 2022):

—_\n Rt
NPV =30,
where

NPV = net present value of LCC;

R; = net cash inflow—outflow during a single period t;
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i = discount rate or return that could be earned in alternative investments;

and
t = number of time periods.

Based on the formula mentioned above, LCC and NPV, this paper gives the
value of LCC and NPV to each alternative fuel option for dealing with the economic
perspective of sustainability.

3.1.3 Social Life-cycle Assessment (S-LCA)

S-LCA is a new methodology that shares a lifecycle perspective with the E-LCA
to evaluate the entire life cycle of a product; for example, raw material extraction
and processing, manufacture, distribution, use, reuse, maintenance, recycling, and
final disposal (Ekener et al., 2018). S-LCA largely follows the UN Environment
Programme (UNEP) guidelines for linking E-LCA and LCC. However, it is the
weakest among the LCSA methodologies. Therefore, S-LCA faces challenges
because it is encumbered by environmental and economic assessments (Stamford,

2019). This study addresses two issues related to this demerit.
- Photochemical oxide creation (POCP)

Photochemical smog consists of CH4, SOx, NOx, and VOC. Therefore,
POCP is used for assessing the impacts of photochemical smog. Li (2012) stated
that the quantity of photochemical smog made by the C>Hs and POCP is calculated
in the equation below:

POCP; = E; x CFg,y, ,

where
POCP; = photochemical oxide creation potential;
E; = emissions caused by alternative fuels; and

CFc,n, = characterization factors of CoHa.
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- Human Toxicity Potential (HTP)

The HTP calculation was based on 1,4-dichlorobenzene (Yan, 2005). According
to several literature data, the common toxins are comprised of SOx, NOx, CO, and
PM10. Therefore, the HTP of the alternative fuels WtW life cycle can be described
as follows in the equation below:

HTPl = Ei X CF1‘4__C6H4,C12'

where
HTP; = human toxicity potential;
E; = emissions caused by alternative fuels; and

CFi4—c m,c1, = Characterization factors of 1,4-CeH4Cl>.

3.2 Multi-Attribute Decision Making (MADM)

Operations research (OR) is a method that simplifies the human decision-
making process. Particularly, multi-criteria decision making (MCDM) has contributed
to OR (Zavadskas et al., 2014). MCDM can be divided into two categories: discrete
MADM and continuous multi-objective decision making (MODM) (Zavadskas et al.,
2014). The discrete MADM method addresses discrete and predetermined
alternatives by establishing a multi-criteria table. The main challenges of MADM are
the rational choice from limited alternatives and their evaluation and ranking
(Zavadskas et al., 2014).

To summarize, Michaels (1989) is quoted: “MADM refers to making preference
decisions by evaluating and prioritizing a limited set of alternatives based on

multiple conflict attributes.”

MADM uses both qualitative and quantitative attributes to evaluate the

characteristics of each alternative:
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1) Qualitative attributes

- ldentify alternatives and their attributes through academic and industrial
literature for systematic and consistent evaluation of alternative maritime
fuels.

- Establish multiple criteria through multi-stakeholder participation.
2) Quantitative attributes

- The optimal alternative fuel energy can be inferred from a comparison of
collected data.

Therefore, to select the optimal alternative fuels, this study uses TOPSIS using
the ideal solution similarity among several methods according to MADM. Hwang and
Yoon (1981) developed TOPSIS, the principle of which states that the selected
alternative should have the shortest distance from the positive-ideal solution and the

longest distance from the negative-ideal solution.

According to Rao (2007), the main steps of the TOPSIS method for selecting the
optimal alternative fuel are:

Step 1: Determine the objective and identify the pertinent evaluation attributes.
Step 2: Represent a matrix based on all the information available on attributes.
Step 3: Obtain the normalized decision matrix, Rij.
Rj=——,i=12..Mj=12..N,
where
x;; = value of alternative i concerning attribute j.
Step 4: Decide on the weights of different attributes to the objective.

Step 5: Obtain the weighted normalized matrix V;; .
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Vij = WjRijl i = 1,2,...,M;j =12,...,N,
where
w; = weight of the j ™ attribute.

Step 6: Obtain the positive idea (best) and negative idea (worst) solutions.

max min
vt = (Z Vij/je]), ZVij/je]' Ji = 1,2,.,Ny={Vi,V3,V3,....Vir },
i i

min max
= ZVU/]E] ’ (Z Vl]/]E]’)/l =12.,N; = {VI:VE,VE::VIT/IL
i i

where
J=(j=1,2,.., M)jis associated with beneficial attributes, and
J'=(j=1.2, .., M)/ jis associated with non-beneficial attributes.
Step 7: Obtain the separation measures.
St = {Z’]”:l(VU — Vj+)2}0'5, i =12,...,N,
S; = {Z’]”:l(VU — Vj‘)Z}O'S, i =12,...,N.

Step 8: Relative closeness of a specific alternative to the ideal solution, P;, can
be expressed in this step as follows:
P, = S7/ (S +S7)

Step 9: Generate a series of alternatives in descending order, depending on the
value of P; representing the most and least preferred feasible solutions. P; can also

be considered an alternative Ai's overall or composite performance score.
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4. Evaluation of Alternative Fuel Options based on

LCSA

Before analyzing LCSA, the fuel options must be specified in a fuel life-cycle

label (FLL), which categorizes the fuel per feedstock, production pathway, and other

sustainability aspects.

Table 4

Fuel life-cycle labels (FLLS) for alternatives

Part |2 Part I1° Part 11l ¢ Part IV ¢
Carbon Cie Feedstock S f Production Fuel tvpe
content f nature F pathway yp
Actual
Carbonized carbon Natural 1 NG 1o LNG LNG/Methane
Gas (NG) Plant
content
NG
combusted in
Decarbonized 0 NG N/A SMR 9 with Hydrogen
CO:
sequestration
Ammonia as
Decarbonized 0 NG N/A a Final Ammonia
Fertilizer
Actual NG to
Carbonized carbon NG 1 DME/FTD" Methanol
content Plant

@ Carbon content of the fuel

b [Feedstock Nature] [Primary energy source for production]

¢ Production pathway

dFuel type

€ Carbon emission factor

fCarbon source factor

9 Steam methane reforming

" Dimethyl ether / Fischer—Tropsch diesel
Note. Developed by Author (2022) using data from IMO (2022).
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As presented in Table 4, NG has been assumed as the feedstock of all
alternative fuel options. The reason for selecting NG is that NG is today’s dominant
energy source for producing alternative fuels. Table 5 shows the energy converters
to which the alternative fuel option will be applied to calculate tank-to-wake

emissions.

Table 5

Energy converter for alternative fuel options

Type of Fuel
LNG/Methane Hydrogen Ammonia Methanol
Energy Internal Combustion Engine (ICE)
Converter Solid Oxide Fuel Cells (SOFC)

Note. Developed by Author (2022).

ICE has been a dominant technology for operating transportation. Typically,
commercial vessels use two-stroke internal combustion engines (ICE) for the main
propulsion system. It is a mechanical and chemical device that converts the
chemical energy of a fuel into mechanical energy and is generally used on a rotating
shaft (Fernandez-Rios et al., 2022). ICE typically uses fossil fuels which has caused
severe climate catastrophes and air pollution. However, ICE is compatible with
alternative fuels (Hansson et al., 2020 & Fernandez-Rios et al., 2022). Therefore,
this study selects ICE as the energy converter because existing studies have

demonstrated that ICE with alternative fuels is a sustainable technology.

A fuel cell is a promising technology to provide energy for operating
transportation. It generates electricity and heat during the electrochemical reaction
in which hydrogen reacts with oxygen forming water (Mekhilef et al., 2012). Mekhilef
et al. (2012) stated that the adoption of fuel cells depends on operating temperature,
efficiency, application, and cost. Fuel cell systems are of six main groups based on
the choice of fuel and electrolyte: alkaline fuel cell (AFC), phosphoric acid fuel cell
(PAFC), solid oxide fuel cell (SOFC), molten carbonate fuel cell (MCFC), proton-
exchange membrane fuel cell (PEMFC), and direct methanol fuel cell (DMFC).

Among these types of fuel cells, the author selected SOFC based on Table 6.
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Table 6

Summary of fuel tolerance for different fuel cell types

Type of Fuel Cell Sulfur Carbon Monoxide Ammonia
PEMFC <0.1 ppm <100° ppm Poison
PAFC <50 ppm <0.5% <4 %
MCFC <10 ppm Fuel <1 %
SOFC <2 ppm Fuel <0.5 %

aStandard Pt anode catalysts can only withstand CO concentrations up to 10 ppm,
and PtRu alloys up to 30 ppm. These limits can be extended by bleeding air into the
anode and using alternative bi-layer catalysts.

Note. Adopted from “The role of hydrogen and fuel cells in the global energy
system” by Staffell et al., 2019.

Table 6 shows that all fuel cell systems have constraints regarding input purity to
preserve cell life. Furthermore, the 1ISO 14687-2 standard for transportation
PEMFCs requires 99.97 % hydrogen purity (Staffell et al., 2019). Because this study
deals with alternative fuels produced from NG, SOFC, which was the most suitable

for this study, was selected as another energy converter.
4.1 Analysis of LCSA of Alternative Fuel Options with MADM
4.1.1 E-LCA
- Global Warming Potential 100

The author calculated well-to-wake emissions for ICE based on the GREET
values and values from the literature for E-LCA. Furthermore, this study utilized the
cited peer-reviewed literature to obtain GWP-100 for alternative fueled-SOFCs
(WtW) by comparing existing studies. The study used values from the literature for

all alternative fuels produced by steam methane reforming. Therefore, the author

assumed ICE and SOFC have the same emission values in the well-to-tank cycle.

E-LCA utilizes WtW COzeq emissions from GWP-100 by calculating WtT and

TtW as follows:
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1) Well-to-Tank (WtT)

WIT emissions deal with pollutants during the fuel or energy vectors’ production,
processing, and delivery. WtT emissions are presented using emission factors from
the GREET model and energy content assumptions from the IEA.

- LNG

Figure 5

LNG extraction and production

o

Note. Adopted from “Liquefied Natural Gas (As a Transportation Fuel) from Non-
North American Natural Gas, 2020” by GREET, 2020.

WIT for LNG follows “Liquefied Natural Gas (As a Transportation Fuel) from
Non-North American Natural Gas” on GREET because shale gas recovery had to
be excluded from the data regarding the extraction and production of LNG by non-
North American regions. Although shale gas has the same composition as NG, the
location of the reservoir is different. NG can be found in large quantities, while shale
gas is trapped in fine cracks in the rock, making its extraction difficult. Therefore, the
extraction process differs between gases, and air pollutants and GHG emissions

also show different levels in the WtT process.

Table 7

Emission factors of LNG (WtT)

LNG
Energy content
(Lowg)r/ heating value (LHV)) 13.333 kWhikg
Amount of LNG 0.075 kg/kWh
Pollutant emissions / kg LNG emissions / kWh
CO- 0.5856 kg 0.04392 kg
CH. 13.3636 g 0.00100227 kg
N.O 9.4807 mg 7.11053 x 107" kg
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Note. Adapted from “Liquefied Natural Gas (As a Transportation Fuel) from Non-
North American Natural Gas” by Mintz et al., 2010. Copyright 2020 by GREET.

LNG’s WtT emissions based on data from GREET are provided in Table 7,
which refers to GREET and IEA for the energy content (lower heating value (LHV)).

- Gaseous Hydrogen

Figure 6

Gaseous hydrogen extraction and production

Note. Adopted from “Compressed G.H2 Produced from Renewable Natural Gas,
2020” by GREET, 2020.

Due to the limitations of WtT data on blue and green-hydrogen, this study uses
gray-hydrogen data generated through NG combusted in steam methane reforming
(SMR) with CO; sequestration to capture CO; byproducts in the hydrogen

production process.

Hydrogen produced in this process is defined as gray-hydrogen because of the
difference between carbon capture and storage (CCS) and CO; sequestration. CCS
involves capturing, transporting, and storing carbon dioxide. In contrast, CO»
sequestration refers to only storing carbon dioxide for more extended periods.

Therefore, the author addresses WtT for gaseous hydrogen made using NG

without CCS, such as in Figure 6.
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Table 8

Emission factors of gaseous hydrogen (WtT)

Gaseous Hydrogen

Energy content

(Lower heating value (LHV)) 33.333 kWhkg

Amount of

Gaseous Hydrogen 0.03 kg/kWh

Pollutant emissions / kg G.H- emissions / kWh
CO: -1.2179 kg -0.036537 kg
CH. 59.6212 g 0.001788636 kg
N20 -1.2979 x 10 kg -3.8937 x 107% kg

Note. Adopted from “Compressed G.H2 Produced from Renewable Natural Gas” by
GREET, 2020. Copyright 2020 by GREET.

Gaseous hydrogen’s W{T emissions based on data from GREET are presented
in Table 8, which follows GREET and IEA for the energy content (lower heating
value (LHV)).

- Ammonia

Figure 7

Ammonia extraction and production

Note. Adopted from “Ammonia Production, 2020” by GREET, 2020.

This thesis selects gray-ammonia produced from NG (Figure 7) to meet the
comparison criteria of extraction and production for alternatives like gaseous

hydrogen.
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Table 9

Emission factors of ammonia (WtT)

Ammonia
Energy content
(Lower heating value (LHV)) 5.166 kWhikg
Amount of Ammonia 0.1935 kg/kWh
Pollutant emissions / kg NHs emissions / kWh
CO2 2.3782 kg 0.460296 kg
CHa 7.3315¢9 0.001419 kg
N2O 49.3252 mg 9.54681 x 107° kg

Note. Adopted from “Ammonia Production” by GREET, 2020. Copyright 2020 by
GREET.

Ammonia’s WiT emissions are presented in Table 9 by adopting data from
GREET and IEA for the energy content (lower heating value (LHV)).

- Methanol

Figure 8

Methanol extraction and production

Note. Adopted from “NG to Methanol for Feedstock, 2020” by GREET, 2020.

In the case of methanol, although data of NG from non-North American regions
is preferred to exclude shale gas recovery, this thesis uses emissions factors of
methanol made by NG from North America because of limited data on the former.
Methanol’'s WtT emissions are presented in Table 10 based on data from GREET
and IEA for the energy content (lower heating value (LHV)).
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Table 10

Emission factors of methanol (WtT)

Methanol
Energy content
(Lower heating value (LHV)) 5.5278 kWhkg
Amount of Methanol 0.1809 kg/kWh
Pollutant emissions / kg MeOH emissions / kWh
CO2 0.3555 kg 0.064312 kg
CHa 4.1267 g 0.000746 kg
N20O 6.5470 mg 1.1844 x 107 kg

Note. Adopted from “Methanol Production” by GREET, 2020. Copyright 2020 by
GREET.

- Summary

The WIT calculations for each of the above fuel options are summarized in

Figure 9. Further, according to the subsequent tables and figures, the worst-case

scenario is the use of ammonia as a marine fuel in terms of WtT.

Figure 9

Graph of calculation of WtT emissions

kg emissions per kWh (WtT)

N20
CH4 |
cos—

-0.1 0 0.1 0.2 0.3 0.4

CH4-ICE mH2-ICE NH3-ICE MeOH-ICE
Note. Developed by Author (2022) based on GREET.

The WLT for all these alternatives was calculated from equation 1 of E-LCA:
CEFwir = Z(EFWtTp X GWPp 100)
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Table 11

GWP for climate pollutants

Pollutant 100-years potential Source
CO; 1 Reference level
CHa4 29.8 IPCC ARG6 Table 7.15
N20 273 IPCC ARG Table 7.15

Note: Adapted from “Accounting for well-to-wake carbon dioxide equivalent
emissions in maritime transportation climate policies.” by ICCT, 2020. Copyright
2020 by ICCT.

Table 12

WIT emissions (kg/kWh of fuel)

Pollutant LNG Hydrogen Ammonia Methanol

CO2 0.04392 —0.036537 0.46029677 0.064311558
CHa4 0.00100227 0.001788636 0.001419 0.000746539
N-O 7.1105 x 1077 -3.8937 x 10® 9.5468 x 10°® 1.18438 x 10°°

Note. Developed by Author (2022).

Table 13

EFwirp X GWP, 100 (kg/kWh of fuel)

Pollutant LNG Hydrogen Ammonia Methanol

CO; 0.04392 -0.036537 0.46029677 0.064311558
CHa4 0.02986765 0.053301353 0.0422862 0.022246853
N.O 0.00019412 —-0.00106298 0.00260628 0.000323336

Note. Developed by Author (2022).

Table 14

S(EFwp X GWP, 100)

Pollutant LNG Hydrogen Ammonia Methanol
Total @ 0.073981763  0.015701373  0.505189254  0.086881747
2kgCO2eq./kWh

Note. Developed by Author (2022).
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2) Tank-to-Wake (TtW): Internal Combustion Engine (ICE)

The tank-to-wake (TtW) approach considers emissions from combustion or
considers the fuel in the tank. This analysis does not consider the fuel production
and its transportation to the vessel’s tank. Therefore, TtW emissions should be
calculated for the ICE and SOFC. The TtW emissions were calculated based on

data on combustion emissions from peer-reviewed literature.
- LNG

This study utilizes data for two-stroke, slow-speed, and diesel-cycle LNG (LNG-
diesel) to calculate TtW for engine combustion (ICE). The emission factors for LNG—
Diesel CO,, CH4, and N2O are presented according to the International Council on
Clean Transportation (2021) in Table 15.

Table 15

Emission factors of LNG-ICE (TtW)

LNG
Energy content 13.333 kWhikg
(Lower heating value (LHV))
Amount of LNG 0.075 kg/kWh
Pollutant emissions / kg LNG emissions / kWh
CO2 2.75 kg 0.20625 kg
CHa 0.00148 kg 0.000111 kg
N20 0.00022 kg 0.0000165 kg

Note: Adapted from “Tank-to-wake emission factors for each pollutant (EFmw) and
associated carbon dioxide equivalent factors (CEFmw),” by ICCT, 2020. Copyright
2020 by ICCT.

- Hydrogen

This thesis refers to the IMO (2022) for data on the emission factors of

hydrogen-fueled engine combustion (Table 16).
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Table 16

Emission factors of hydrogen-ICE (TtW)

Hydrogen
Energy content
(Lower heating value (LHV)) 33.333 kWhkg
Amount of G. Hydrogen 0.03 kg/kWwh
Pollutant emissions / kg G.H: emissions / kWh
CO2 0 kg 0 kg
CHa 0 kg 0 kg
N20O 0%kg (TBM ") 0 #kg (TBM )

2 Assumption

®Technology Business Management

Note. Adapted from “Development of draft life-cycle GHG and carbon intensity
guidelines for maritime fuels (draft LCA guidelines): ISWG-GHG 11/2/3,” by IMO,
2022. Copyright 2022 by IMO.

As indicated in Table 16, hydrogen-ICE can be a solution to reach zero carbon

emissions.
- Ammonia

Table 17 presents the GHG emission factors for ammonia fuel combustion
specified by IMO (2022).

Table 17

Emission factors of ammonia-ICE (TtW)

Ammonia
Energy content
(Lower heating value (LHV)) 5.166 kWhkg
Amount of Ammonia 0.1935 kg/kWh
Pollutant emissions / kg NHs emissions / kWh
CO:2 0 kg 0 kg
CHa 0 kg 0 kg
N.O 02 kg (TBM ") 02kg (TBM ")

2 Assumption

®Technology Business Management
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Note. Adapted from “Development of draft life-cycle GHG and carbon intensity
guidelines for maritime fuels (draft LCA guidelines): ISWG-GHG 11/2/3,” by IMO,
2022. Copyright 2022 by IMO.

As indicated in Table 17, ammonia-ICE can also be a solution to prevent climate
change.

- Methanol

Ming and Li (2021) specified the emission factors of methanol as marine fuel for

engine combustion, as presented in Table 18.

Table 18

Emission factors of methanol-ICE (TtW)

Methanol
Energy content
(Lower heating value (LHV)) 5.5278 kWhkg
Amount of Methanol 0.1809 kg/kWh
Pollutant emissions / kg MeOH emissions / kWh
CO: 2.89 kg 0.523 kg
CHs 0 kg 0 kg
N2O 0 kg 0 kg

Note. Adapted from “Methanol as a marine fuel” by Ming & Li, 2021. Copyright 2021
by Nanyang Technological University.

Table 18 shows that the use of methanol-ICE releases CO into the atmosphere,

which can cause climate change.
- Summary

The TtW calculation for each of the above fuel options are summarized in Figure
10. Moreover, the subsequent tables and figures show that LNG and methanol are

not good choices as marine fuels for ICEs, unlike hydrogen and ammonia.
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Figure 10

Graph of the calculation of TtW emissions

kg emissions per kWh (TtW)

N20
CH4
co2

0 0.1 0.2 0.3 0.4 0.5

CH4-ICE mH2-ICE NH3-ICE MeOH-ICE

Note. Developed by Author (2022).
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All these alternatives are calculated for TtW according to equation 2 of E-LCA:

CEFnw = Z(EFTth x GWP, 100)

Table 19

TtW emissions (kg/kwh of fuel)

Pollutant LNG Hydrogen Ammonia Methanol
CO; 0.20625 0 0 0.52281407
CH4 0.000111 0 0

N-O 0.0000165 0 0

Note. Developed by Author (2022).

Table 20

EFrwp X GWP, 100 (kg/kWh of Fuel)

Pollutant LNG Hydrogen Ammonia Methanol
CO; 0.20625 0 0 0.52281407
CHa4 0.0033078 0 0

N-O 0.0045045 0 0

Note. Developed by Author (2022).

42



Table 21

Z(EFTth x GWP, 100)

Pollutant LNG Hydrogen Ammonia Methanol
Total 2 0.2140623 0 0 0.52281407
2kgCO2eq./kWh

Note. Developed by Author (2022).
3) Well-to-Wake (WtW): ICE and SOFC

WiIW emissions are the aggregate of WtT and TtW emissions; therefore, WtW is
calculated from equation 3 of E-LCA as follows: CEFww = CEFwir + CEFmw (Table
38).

Table 22

GHG impact (GWP, 100, kgCO2eq./kWh) of ICE

Alternatives Well-to-Tank Tank-to-Wake Well-to-Wake
CHs-ICE 0.073981763 0.2140623 0.288044063
H>-ICE 0.015701373 0 0.015701373
NHs-ICE 0.505189254 0 0.505189254
MeOH-ICE 0.086881747 0.52281407 0.609695817

Note. Developed by Author (2022).

For assessing GHG impacts on the WtW cycle by SOFC, the author obtained
the values of GWP-100 from the cited peer-reviewed literature. The author
considered the emission values from the research literature of alternative fuels
produced as byproducts of methane reforming by decomposing NG. Therefore, this
study assumes that the values of the WtT process obtained from the research
literature are the same as the emission values of the WtT cycle used herein. Table

23 compares the results of GWP-100 obtained from the literature.
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Table 23

GHG impact (GWP, 100, kgCO2eq./kWh) of SOFC

Bicer & Khalid, 2020 0.41 CH,“-SOFC
Bicer & Kha'ld, 2020 0.64 H, b_SOFC
Strazza et al., 2010 0.51

Bicer & Khalid, 2020 0.16 NH3“-SOFC
Bicer & Khalld, 2020 0.71 MeOH ¢ -SOFC
Strazza et al., 2010 0.99

2References represent CH4 as NG, but this study represented that CH4 as LNG
because the GHG and air pollutant emissions of NG and LNG are similar, based on
the WIT cycle data calculated by GREET.

®Produced by steam methane reforming

¢ Produced from fossil fuel-based hydrogen

¢Produced by steam methane reforming and methanol synthesis reaction

Note. Developed by Author (2022) by adopting Bicer & Khalid (2020) and Strazza et
al. (2010).

This study considered the recent literature data for the different values listed in
Table 23.

Figure 11

GWP-100 graph of the calculation of well-to-wake (WtW) emissions

GWP-100 (kgCOzeq./kWh)

o7 A
0.6
05
0.4

= CH4-ICE CH4-SOFC  mH2-ICE H2-SOFC NH3-ICE NH3-SOFC MeOH-ICE MeOH-SOFC

Note. Developed by Author (2022).
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According to Figure 11, GWP-100 proves hydrogen-ICE (0.015701373
kgCO2eq./kWh) to be the optimal alternative from the environmental perspective.

- Acidification Potential (AP)

According to the formula of AP based on Chapter 3.1.1, Table 24 demonstrates
the AP of the alternative fuel-ICEs’ WtW life cycle.

Table 24

AP of the alternative fuel-ICEs’ WtW life cycle

LNG-ICE
Acidicgas CF?® (kg SO2eq) Emission (kg/kwh) AP (kg SO2eq/kWh)
SOx 1 0.0001174 0.00011740
NOXx 0.7 0.0013225 0.00092575
Total — — 0.00104315
Hydrogen-ICE
Acidic gas CF (kg SO2€eq) Emission (kg/kWh) AP (kg SO.eq/kWh)
SOx 1 -7.5x10° -7.5x107
NOXx 0.7 2.6 x1073 0.00187908
Total — — 0.00187157
Ammonia-ICE
Acidic gas CF (kg SO2eq) Emission (kg/kWh) AP (kg SO.eq/kWh)
SOx 1 1.43 x10™ 1.43 x10™
NOXx 0.7 0.0161003 0.0112702
Total — — 0.0114135
Methanol-ICE
Acidic gas CF (kg SO2€eq) Emission (kg/kWh) AP (kg SO2eq/kWh)
SOx 1 5.96 x 107 5.96 x 107°
NOXx 0.7 7.54 x1073 0.0052782
Total — — 0.0053378

@ Characterized factor
Note. Developed by Author (2022) by adopting data from GREET and Li (2012).
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For AP of the alternative fuel-SOFCs, this paper utilizes values from literature.
Table 25 lists the AP from the literature.

Table 25

AP of the alternative fuel-SOFCs’ WtW life cycle

Reference AP (kg SO.eq./kWh) Alternatives
Bicer & Khalid, 2020 0.000363 CH4-SOFC
Bicer & Khalid, 2020 0.001510 a

Strazza et al., 2010 0.001510 Hz"-SOFC
Hansson et al., 2020 0.00 NH3"-SOFC
Bicer & Khalid, 2020 0.000946 MeOH ¢ -SOFC

2Produced by steam methane reforming

® Produced from fossil fuel-based hydrogen

¢ Produced by steam methane reforming and methanol synthesis reaction

Note. Developed by Author (2022) by adopting Hansson et al. (2020), Bicer & Khalid
(2020) and Strazza et al. (2010).

Even though Hansson et al. (2020) assumed AP of NH3;-SOFC as 0.00 mole H+
eq./MJ fuel due to the limitation of data, the author considered the value of 0.000431
kg SO.eq./kWh based on data from GREET and Hansson et al. (2020).

Figure 12
AP graph of the calculation of well-to-wake (WtW) emissions

AP (kg SO2eq./kWh)

0.012
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0.008
0.008
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0

uCH4-ICE = CH4-SOFC mH2-ICE H2-SOFC NH3-ICE = NH3-SOFC MeQOH-ICE MeOH-SOFC

Note. Developed by Author (2022).
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As illustrated in Figure 12, NHs-ICE has the highest total AP among the eight
alternatives. The lowest total AP is for CH4-SOFC.
4.1.2 LCC & NPV
Figure 13

Flowchart of the LCC methodology

Life-cycle Cost (LCC)
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4

LCC & NPV
calculation

4

Integration

4

Select the optimal
economic alternative fuel

Note. Developed by Author (2022).
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The research object of this study for LCC and NPV calculations is a Neo-
Panamax Containership of 8,000-9,000 TEU. Figure 13 shows the process of
selecting the optimal alternative fuel in economic terms using the formulas of LCC
and NPV presented in Chapter 3.1.2. Furthermore, the author makes the following
assumptions referring to Wang et al. (2021).

a. The comparison between alternative fuel-powered vessels shall be based on
the operating parameters, working hours, and average working speed

required.

b. The lifetime t of the vessel analyzed in the LCC model is 20 years, with no
more operation beyond its lifetime. The ship directly proceeds to the

scrapping process.

c. Inthis feasibility study, the average working speed of the ship is 20 knots,
i.e., a 70-days round trip, 55 days at sea, and 15 days at port. The vessel

will complete five round trips a year with a total of 350 working days.

d. The structural design and power systems installed in the alternative fuel-
powered vessels are the same as the reference line equivalents to the

existing fuel vessel.

e. Alternative fuel-powered ships are designed to complete the entire round trip
without the need for refueling at the design speed with an alternative fuel

tank.

f.  The ships refuel at North American ports for spot fuel prices. Further, the
price of fuel benchmarks the average price in 2021. External expenditures,
such as the impact of long-term fuel supply contracts on bunker prices and

bunker service fees charged by fuel suppliers, are negligible.

g. All alternative fuel-powered ships are considered to have ICE or SOFC. In
the case of ICE, the amount of pilot fuel oil consumed by this is 5 % of the
energy consumed by the engine based on data provided by the engine
manufacturer MAN B&W Engine and several studies. The fuel cell system

can use 60 % of the fuel energy, which results in a 50 % reduction in fuel
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consumption compared to the conventional fuel ICE, according to U.S
Department of Energy (2015) and Program (2006).

All ships in the feasibility study are directly financed and operated by the
shipowner. The impacts of different chart types and financing methods on
the capital investment costs and returns are negligible.

The LCC performances of alternative fuel-powered ships are determined by
the associated life cost and cash flow. The study focuses only on the cost
factors considered significantly different among the eight types of ships. The
remaining cost factors are the same between the reference and alternative

cases. This does not jeopardize the reliability of the results.

Seafarers working on these ships are the same as those on the conventional

ones.
The total life-cycle cost is measured in US$, abbreviated as $.

The discount rate is 6 % when referring to market research (Adachi et al.,
2014).

. The capital cost is the same as the cost after depreciation of the vessel and
is assumed to be 10 % of the initial cost by the straight-line method for ten
years without residual value (Adachi et al., 2014).

The initial cost of a Neo-Panamax Containership 8,000-9,000 TEU using
IFO is $132 million, according to market research (Clarkson’s Shipping

Intelligence Network, n.d.).

According to the TtW analysis of E-LCA, the shipowner will significantly help
avoid the proposed carbon tax ($250 to $450 per tCO,) on diesel by

operating alternative fuel-propelled ships. Therefore, the carbon tax is zero.

Due to the limitation of data for scrapping cost and recycling revenue of
alternative fuel propulsion ship, the scrap cost and recycling revenue of an

alternative-fuel-propelled Neo-Panamax Containership is approximately
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$19.25 million, based on a $/LDT of 590, as in a conventionally fueled

vessel.

The total capital investment cost of the ship throughout its lifetime (C;;) is a

summation of the design, construction, and finance costs, such as classification

society fees and port charges. Therefore, the capital cost is the sum of the first

expenditures on a vessel.

Table 26

Capital cost C; of a Neo-Panamax Containership 8,000-9,000 TEU

Energy

: " A . )
Alternatives Converter Initial Cost Capital Cost Source
SOFC 335,406,435 33,540,643 Wang et al., 2021
’ ’ ' ’ Adachi et al., 2014
LNG .
ICE 233,398,200 23,339,820 Taljegard et al.
’ ’ ' ’ 2014
SOFC 358,062,609 35806261 anssonetal, 2020
R B Grahn et al., 2017
Hydrogen .
Taljegard et al.,
ICE 238,919,652 23,891,965
2014
SOFC 304,274,000 30,427,400 Hansson et al., 2020
Ammonia Taljegard et al.,
ICE 235,220,200 23,522,020 2014
SOFC 330,653,391 33,065,339 Maersk, 2021
Methanol Taljegard et al.,
ICE 204,064,000 20,406,400 2014

“(TEL o) in USS
b (C,;) in US$

¢ Internal Combustion Engine

Note. Developed by Author (2022).

The total operating cost of the ship throughout its lifetime (Cy;) is the sum of the

manning, maintenance, and miscellaneous costs during operation.
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Table 27

Operating cost Cy; of the Neo-Panamax Containership

Energy Operating Cost (Cy;)

Alternatives Source
Converter ($lyear)
SOFC 11,086,000 Wang et al., 2021
LNG Hansson et al., 2020
ICE 9,386,000 Adachi et al., 2014
SOFC 10,686,000 Hansson et al., 2020
Hydrogen Grahn et al., 2017
ICE 10,186,000 Adachi et al., 2014
SOFC 9,586,000 H | 2020
. ansson et al.,
Ammonia Adachi et al., 2014
ICE 10,186,000
SOFC 10,886,000
Methanol Maersk, 2021
ICE 9,386,000 Adachi et al., 2014

2Internal Combustion Engine
Note. Developed by Author (2022).

For the LCC, the fuel cost should be addressed for all alternatives to the voyage
cost.
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Table 28

Fuel cost Cy; of the containership

Fuel . Fuel Cost
. Energy LHV . Fuel Price .
Alternatives Consumption (Cy;) in
Converter (kWh/kg) . (ton/day) (US$/ton) Shyear
VLSFO ICE 10.83 171.57 861.50° 51,791,767
SOFC 66.21 15,038,612
LNG 13.33 616.50"
ICE 132.42 31,162,950
SOFC 27.87 21,459,900
Hydrogen 33.33 2,200°
ICE 55.75 43,370,713
SOFC 179.70 19,497,450
Ammonia 5.17 310°¢
ICE 348.62 38,523,595
SOFC 159.60 23,293,620
Methanol 5.53 417¢
ICE 319.20 46,847,466

21t is calculated referring to a 49,545-HP 2-stroke engine.
® Market research (2021)

¢Percic et al. (2022)

dMartin, A. (2021)

Note. Developed by Author (2022).

In the shipping industry, when a ship reaches its age limit, ship owners sell them
to ship breakers at a negotiable price per lightweight ton. According to Wang et al.
(2021), in this study, the end-life cost of a ship is considered to primarily consist of

scrap imports. The revenue for the scrap can be expressed as:

CScrap - _kscrap *Altw’

where

kscrap = Negotiated unit scrap price (USD/Iwt);
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Aty = lightweight tonnage of the ship.

Based on Tables 39-41, the results of the LCC are as follows:

Table 29

LCC for alternative fuel options at the end of the 20-year lifetime (from 1 to 4, where

1 indicates the highest ranking)

Alternatives Energy Converter LCC?
SOFC 877,148,675%
LNG
ICE 1,055,463,207%
SOFC 1,010,366,609%
Hydrogen
ICE 1,320,739,919%
SOFC 896,129,000%
Ammonia
ICE 1,218,998,097%
SOFC 1,024,431,791%
Methanol
ICE 1,699,737,747%

axncCi noi nvi nELI
Yic1 Coi + 2itniv1 Coi + XiZnoiv1 Cvi + Xiznviva Ceri

Note. Developed by Author (2022).
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Figure 14

Graph of LCC of alternative fuel options
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Note. Developed by Author (2022).

As indicated in Table 29 and Figure 14, CH4-SOFC is the most suitable

NH3-ICE

Cscrap
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alternative fuel in terms of the LCC. Furthermore, the results of the NPV, which is

the amount of all the cash flows discounted to the present using the time value of

money, are as follows:

Table 30

NPV of alternative fuels

Alternatives Energy Converter NPV @
SOFC 463,899,003%
LNG
ICE 373,531,927%
SOFC 378,160,162%
Hydrogen
ICE 220,270,073%
SOFC 452,875,107%
Ammonia
ICE 278,588,970%
SOFC 375,006,977%
Methanol
ICE 215,221,991%
aymn Rt
=0 (144t

Note. Developed by Author (2022).

54



Figure 15

Graph of NPV of alternative fuel options
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Note. Developed by Author (2022).

Therefore, as per the results of the LCC and NPV, the alternative fuels after
CH4-SOFC ranked in the descending order of economic sustainability are NHs-
SOFC > H2-SOFC > MeOH-SOFC > LNG-ICE > NH3-ICE > H,-ICE > MeOH-ICE.

4.1.3 S-LCA

As mentioned in Chapter 2.3, the IMO & EU have attempted to phase out
propulsion systems that emit air pollutants to protect human health and marine life.
This chapter assesses social sustainability by addressing each fuel option's POCP
and HTP.

As an assumption for the E-LCA, the author assumed NG as the feedstock.
Therefore, alternative fuel options for social evaluation are considered the same
way as the FLL (Table 4) in the environmental evaluation. Further, this study does
not consider a waste-disposal period, as the emitted gas from the ship is not
recycled. The collection of data for the fuel-production period is complex, and
therefore this period was excluded from the S-LCA. All calculations for POCP and

HTP address WtW to address the entire life cycle of alternatives as in the E-LCA.
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- Photochemical Oxide Creation Potential (POCP)

Photochemical oxide creation (POCP) is an essential indicator of NOx and CH4
emissions. These compounds react with hydroxyl radicals and generate
tropospheric ozone (O3) in the atmosphere. At the terrestrial level, POCP damages
human health, ecosystems, and agricultural yields (Balcombe et al., 2021). Table

31, based on the formula of POCP in Chapter 3.1.3, lists the calculation results of

POCP of ICEs.

Table 31

POCP of the alternative fuel-ICEs’ WtW life cycle

LNG-ICE
Photochemical CF Emission POCP
smog gas (kg C2HseQ) (kg/kwh) (kg C2Hseq/kWh)
CHg4 0.006 0.0011002 6.60 x 1076
SOx 0.048 0.0001174 5.64 x 1078
NOx 0.028 0.0013225 0.00003703
VOC 0.416 0.0001028 4.28 x 107°
Total — — 9.20 x 107
Hydrogen-ICE
Photochemical CF Emission POCP
smog gas (kg CoHseQ) (kg/kWh) (kg C2Hseq/kWh)
CHg4 0.006 0.0017886 1.07 x 107®
SOx 0.048 -7.51 x 10 -3.60 x 1077
NOx 0.028 0.0026844 7.52 x 107
VOC 0.416 -0.000129 -5.37 x 107
Total — — 3.19 x 107
Ammonia-ICE
Photochemical CF Emission POCP
smog gas (kg CoHseQ) (kg/kWh) (kg C2Hseq/kWh)
CHg4 0.006 0.001419 8.51 x 107
SOx 0.048 0.000143 6.88 x 107
NOx 0.028 0.016100 0.0004508
VOC 0.416 0.000991 0.0004126
Total — — 0.0008788
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Methanol-ICE

Photochemical CF Emission POCP
smog gas (kg C2HseQ) (kg/kWh) (kg C2Hseq/kWh)
CHg4 0.006 0.0007393 4.43 x 1076
SOx 0.048 5.96 x 107° 2.86 x 1076
NOx 0.028 0.0075402 0.0002111
VvVOC 0.416 0.0002229 9.27 x 107
Total — — 0.0003111

Note. Developed by Author (2022) based on Li (2012).

The results in Table 31 highlight CH4-SOFC as the best alternative in terms of
POCP.

This study uses the literature value for the POCP of alternative fuel-SOFCs.

Table 32 summarizes the SOFCs concerning the literature.

Table 32

POCP of the alternative fuel-SOFCs’ WtW life cycle
Reference POCP (kg C2Hseq/kwWh) Alternatives
Strazza et al., 2010 0.000028 CH4-SOFC
Strazza et al., 2010 0.000382 H.?-SOFC
Bicer & Khalid, 2020 0.000800 NH;"-SOFC
Strazza et al., 2010 0.000204 MeOH ¢ -SOFC

2Produced by steam methane reforming

® Produced from fossil fuel-based hydrogen

¢ Produced by steam methane reforming and methanol synthesis reaction

Note. Developed by Author (2022) based on Bicer & Khalid (2020) and Strazza et

al. (2010).
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Figure 16

POCP graph of the calculation of well-to-wake (WtW) emissions
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Note. Developed by Author (2022).

As illustrated in Figure 16, NHs-ICE has the highest total POCP among the eight
alternatives. The lowest total POCP is for CH4s-SOFC.

- Human Toxicity Potential (HTP)

Alternative fuels can increase human toxicity potential. A study defined HTP as
an indicator of the potential harm of a unit of chemical released into the environment
based on the toxicity and potential dose of a compound. The HTP weighs emissions
listed as part of S-LCA (Hertwich et al., 2001).

Table 33, based on the HTP formula in Chapter 3.1.3, indicates the calculation
process of HTP of ICEs.

Table 33

HTPs of the alternative fuel-/ICEs’ WtW life cycle

LNG-ICE
CF —
HT substance cih%cll’th) (EkZ'}ES'v%? (kg 1,4-C;—|—£glzeq/kWh)
SOX 0.096 0.0001174 113 x 105
NOX 1.2 0.0013225 0.001587
co 0.012 0.0010955 1.31 x 10°8
PM10 0.82 0.0000116 9.49 x 10
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Total — — 0.0016209
Hydrogen-ICE
CF —

HT substance ciﬁ%clfth) I(wi\?\ll?g kg 1,4—Cs|:l-|;glzeq/kWh)
SOX 0.096 S751x10° =721x107
NOX 1.2 0.0026844 0.0032213
co 0.012 ~0.000195 ~0.0000023
PM10 0.82 ~0.000018 ~1.48 x 10°°
Total — — 0.00320344

Ammonia-ICE
CF —

HT substance cgﬁ%l’th) I(EE\SAI/%? kg 1,4-c6HHIE|2eq/kWh)
SOx 0.096 0.0001433 137x10°
NOX 1.2 0.0161003 0.0193204
co 0.012 0.0010331 1.4 x 10°S

PM10 0.82 1.87 x 10°° 1.54 x 10°S
Total — — 0.0193619
Methanol-ICE
CF —

HT substance Ciﬁicll’th) ig/li\s/\l/%? (kg 1,4-C6|_I!I-£glzeq/kWh)
SOx 0.096 5.96 x 105 573x10°
NOX 1.2 0.0075402 0.0090483
co 0.012 0.0003046 3.66 x 10

PM10 0.82 6.81 x 10 5.58 x 107
Total — — 0.0090632

Note. Developed by Author (2022) based on Li (2012).

As indicated in Table 33, CH4-SOFC has the lowest total HTP among the four

options.

The author utilizes the literature values for the HTP of alternative fuel-SOFCs.

Table 34 lists the values from the literature.
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Table 34

HTP of the alternative fuels-SOFCs’ WtW life cycle

Reference HTP (kg 1,4-CsHaCl2eq/kWh) Alternatives
Bicer & Khalid, 2020 0.005590 CH4-SOFC
Bicer & Khalid, 2020 0.006140 H.?-SOFC
Bicer & Khalid, 2020 0.006870 NH3"-SOFC
Bicer & Khalid, 2020 0.009450 MeOH ¢ -SOFC

2Produced by steam methane reforming

® Produced from fossil fuel-based hydrogen

¢ Produced by steam methane reforming and methanol synthesis reaction
Note. Developed by Author (2022) based on Bicer & Khalid (2020).

Figure 17

HTP graph of the calculation of well-to-wake (WtW) emissions
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Note. Developed by Author (2022).

As illustrated in Figure 17, NHs-ICE has the highest total HTP among the eight
alternatives. The lowest total HTP is for CH4-ICE.
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4.2 Ranking of Alternative Fuels based on MADM
Table 35

Sustainability rank of alternative options (from 1 to 8, where 1 indicates the highest

ranking)
Alternative fuel options
Sustainability CH4 H. NH3 MeOH
4 (SOFC) 7 (SOFC) 2 (SOFC) 8 (SOFC)
GHG
3 (ICE) 1 (ICE) 5 (ICE) 6 (ICE)
Environmental
1(SOFC) 5 (SOFC) 2 (SOFC) 3 (SOFC)
AP
4 (ICE) 6 (ICE) 8 (ICE) 7 (ICE)
1(SOFC) 3 (SOFC) 2 (SOFC) 4 (SOFC)
LCC
5 (ICE) 7 (ICE) 6 (ICE) 8 (ICE)
Economic
1 (SOFC) 3 (SOFC) 2 (SOFC) 4 (SOFC)
NPV
5 (ICE) 7 (ICE) 6 (ICE) 8 (ICE)
1 (SOFC) 6 (SOFC) 7 (SOFC) 4 (SOFC)
POCP
3 (ICE) 2 (ICE) 8 (ICE) 5 (ICE)
Social
3 (SOFC) 4 (SOFC) 5 (SOFC) 7 (SOFC)
HTP

1 (ICE) 2 (ICE) 8 (ICE) 6 (ICE)

Note. Developed by Author (2022).

Although each option can be ranked according to each criterion, as indicated in
Table 35, which summarizes the sustainability ranks of alternative fuel options, all
criteria cannot be assumed to possess equal weight, because the significance of
each criterion is different. Consequently, selecting weights suitable for each criterion
is one of the main steps in MADM. The various methods for selecting weights
available in the research literature can be classified into two groups: subjective

weights and objective weights (Lotfi & Fallahnejad, 2010).
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Subjective weights may be preferred in most real-world problems because of
requisitions for considering the decision-maker’s expertise and judgment. However,
using objective weights is useful when reliable subjective weights are difficult to
obtain. Therefore, the author utilizes the Shannon entropy concept, an objective
weighting measure, because of limitations in considering the expertise and
judgment of all decision-makers. The larger the entropy value of a particular
attribute in MADM, the smaller the weight of the attribute, and the less discriminating

the attribute in the decision-making process.

4.2.1 Entropy Method

Rao (2007) stated that the entropy method was introduced by Shannon and
Weaver (1947) and has been highlighted by Zeleny (1982) for deciding the objective
weights of attributes. Furthermore, the entropy method is an indicator to measure
the uncertainty of the formulated information using the probability theory (Rao,
2007). Rao (2007) utilized the normalization of the arrays of decision matrix
(performance indices) to determine the objective weights as the entropy method as

follows:
Ry = E%’;ijxij ’
ej = —k XL RijlnR;;
d =1-—¢,
w; =d;/ ZkM=1dk :
where

x;j = values of decision matrix;
R;j = the project outcomes;

ej = entropy value;
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k = 1/In N, which is a constant that guarantees 0 < ¢; < 1;

d; = degree of divergence of the average information contained by each

attribute; and
w; = objective weight for each attribute.

The process of determining the weights by the entropy method using the above

formula (Rao, 2007) is described in Appendix 2.

Table 36

Objective weights obtained by the entropy method

Sustainability

E-LCA LCC S-LCA
Attributes GHG AP LCC NPV  POCP  HTP
Weights (%) 13.47 40.67 0.80 2.44 28.96  13.65
Total (%) 54.15 3.25 42.61

Note. Developed by Author (2022).

The analytical values obtained using the objective weights (Table 36) based on
the entropy method are similar to the author’s subjective values because the author
considers future decisions to significantly depend on additional knowledge regarding

social and environmental influences, consequences, and effects.

Figure 18 depicts the alternative fuel’s relative performance with different
criteria. On the one hand, the lower the values of GHG impact, AP, LCC, POCP,
and HTP, the better the performance. On the other hand, the higher the NPV value,
the better the performance. Further, none of the options investigated are

simultaneously optimal for all criteria.
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Figure 18

Octagonal diagram of the relative performance of alternatives with different criteria
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Note. Developed by Author (2022).

Table 37

Ranking order of the alternative options (from 1 to 8, where 1 indicates the highest
ranking) through the entropy method
Option CHa H> NHs MeOH
0.90052 (SOFC) 0.75582 (SOFC) 0.67218 (SOFC) 0.79989 (SOFC)
0.911036 (ICE) 0.884124 (ICE) 0.047729 (ICE) 0.562420 (ICE)
2 (SOFC) 5 (SOFC) 6 (SOFC) 4 (SOFC)
1 (ICE) 3 (ICE) 8 (ICE) 7 (ICE)
@ Most preferred workable solution score
Note. Developed by Author (2022).

Rank

The results in Figure 18 and Table 37 were obtained by applying the weights
described in Table 36 to the TOSIS analysis. Hence, according to Appendix 3, Table
37, and Figure 18, through LCSA and MADM, this thesis proved that LNG-ICE is the

optimal alternative for sustainability.
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5. Discussion

Each result obtained by assessing the environmental, economic, and social
sustainability capabilities reveals that no alternative is superior in all criteria.
However, the objective evaluation of the capabilities of the sustainability criterion
through TOSIS analysis applying the entropy method attributed the highest P; (most
preferred workable solution score) of 0.9110 to LNG-ICE. LNG-SOFC’s P;, ranked
second, i.e., 0.9005, which is a difference of only 0.0105 from the P; of LNG-ICE. In
particular, the scores of the first to fifth places differed within a narrow range of
0.15522, indicating that the difference in the P; of the first to fifth places is marginal.
In other words, LNG-ICE & SOFC, Hx-ICE & SOFC, and MeOH-SOFC are all likely

to be exceptional alternatives to the existing fuel propulsion technologies.

LNG—the alternative fuel used in the propulsion technology ranked first—has
already been technically certified and commercialized. For example, according to
SEA-LNG (n.d.), since 2010, the number of ships using LNG fuel has steadily
increased between 20 % and 40 % per year. At the beginning of 2020, 175 LNG fuel
ships were sailing, and more than 200 LNG propulsion ships were ordered. In
addition, 10%—20% of new ship orders are fueled by LNG and are increasingly
concentrated on deep-sea vessels such as cruise ships, container ships, crude oil
and product tankers, and bulk ships (SEA-LNG, n.d.). DNV (n.d.) also expects 317
LNG propulsion ships to operate in 2028. Because of the technical realization of
LNG-fueled propulsion, ports, fuel, and engine infrastructure are already being
developed. As shown in Figure 19, the LNG bunkering infrastructure is well-
established in the major world sea lanes for container ships, which are the Atlantic
route, the Pacific route, and the European—Asian route. Therefore, LNG is the
optimal alternative fuel for the available infrastructure of technical sustainability,
which refers to the compatibility with the current storage volume, distribution

volume, bunkering facilities, and maturity of ship propulsion technology.
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Figure 19

LNG bunkering infrastructure in the world
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Note. Adopted from “Alternative Fuel Insight: Map” by DNV, n.d.

LNG is an alternative fuel with a well-constructed value chain from extraction to
use. However, it has a significant obstacle regarding a reliable fuel supply for
technical sustainability. Although a stable supply infrastructure for NG is being
developed with its technology development, the availability of raw materials for NG
depends on the reserves. The practicality of natural gas use varies significantly
depending on the risk of energy security or supply disruptions, affected by the
political stability in countries with high supply potential. For example, countries with
significant reserves of NG could significantly limit the distribution of LNG by limiting
the LNG exports, number of fuels, and currency available at the time of entry.
Furthermore, NG is a fossil fuel. If exports are limited due to LNG regulations in
countries with high LNG raw material reserves, events such as oil shocks may

recur.

In addition, most alternative fuels are produced using NG. Particularly,
hydrogen, which is ranked second after LNG, is primarily produced as a byproduct

of the decomposition of NG to produce ethanol or as gray-hydrogen produced by
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SMR, potentially increasing the prices of NG. Thus, the problem of NG production
and supply poses a significant barrier to other alternative fuel options.

Furthermore, low-carbon hydrogen production is in its early stages of
commercial development. First, given that its production on a commercial scale is
currently minimal, the consumer demand must be continuously monitored. Second,
the development of the value chain in hydrogen production, transportation, storage,
and distribution is hindered by the absence of a hydrogen-only regulation and policy
structure. Finally, due to the lack of physical infrastructure for distribution and
storage, hydrogen is considered vulnerable regarding energy security (Pathways,
2021).

However, hydrogen is more likely to fulfil upcoming legislation than the other
options. For example, the IEA (2021) stated that policy actions regarding hydrogen
and its production have significantly improved in recent years, with governments
worldwide adopting hydrogen strategies. These governments are designing plans to
implement hydrogen throughout their economies. For example, Germany passed a
dedicated bill by updating the Energy Act to provide hydrogen network regulation. In
addition, in April 2021, the Australian prime minister pledged A$275.5 million to
accelerate the development of hydrogen hubs (Pathways, 2021). In addition, if
alternative fuels can be mass-produced using RE obtained through solar or wind
energy through policy innovation in each country, this study would produce different
results. Notably, hydrogen, ammonia, and methanol can be produced in an
environmentally friendly manner using RE resources, reducing the fossil fuel
depletion, climate change, and PM impacts of these fuels in SOFC systems. For
example, using wind power for hydrogen production can reduce the impact of
climate change to 0.05 kgCOzeq./kWh (Bicer & Khalid, 2020).
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6. Conclusion and Recommendations

6.1 Conclusion

Alternative marine fuels are needed to reduce the short- and long-term
environmental and climate impacts of shipping. Alternative marine fuels have
received increasing attention in recent years, and various options with various
characteristics are being considered. In line with this, this study attempted to answer
the question: what is the best propulsion technology with alternative fuel in terms of
sustainability? To answer this question, this study first conducted an LCSA to
evaluate the environment, economy, and social performance of an ICE that
generates an output by igniting each alternative fuel for ship propulsion and an

SOFC that produces heat and power using alternative fuels.

The LCSA is divided into E-LCA, LCC, and S-LCA. The E-LCA deals with
climate change impacts and acidification. In addition, LCC includes the LCC and
NPV considering the ship’s operation from the ship owner’s perspective. Finally, S-
LCA considers the adverse health effects by calculating POCP and HTP. This
cradle-to-grave life cycle includes extraction of NG raw materials, processing and
production of other chemicals, and shipbuilding and decommissioning using
alternative fuel propulsion technology. However, the LCSA analysis revealed that
the performance of the marine fuel depended on the type of fuel and criterion. For
example, some fuels have better environmental or social performance, while others
have better economic performance. Thus, comprehensive comparisons were a
complex task, and an approach based on multi-criteria decision analysis was
needed. Therefore, the results were derived by ranking the integrated sustainability
through the MADM methodology. The study results show that using LNG-fed ICE as
a propulsion technology yielded lower environmental, economic, and social impacts

than the other tested alternatives.

Additionally, this study demonstrates that the application of LCSA to different
systems within the same system category can be a helpful decision-making tool for
process selection and environmental, economic, and social improvements. In

addition, the methodological basis of the analysis consists of the TOPSIS of MADM
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with the entropy method, which ensures comparability between different studies in
the same service group. Hence, the author deems the solution suggested by the
LCSA results objective. However, the results of this study were also affected by the
selection of evaluation criteria. Imposition of more criteria could change the results
to some extent. The impact of fuel ranking will depend on the performance and
weight with the new criteria compared to those already included, and the results are
unpredictable. The criteria included in this study cover several vital aspects;
however, other criteria to clarify the role of alternative fuel options may be required.
For example, S-LCA uses uncertainty as an indicator to measure sustainability. This
study did not consider several possible indicators, such as media impact, upcoming
legislation, local employment, diversity of fuel supply mix, and fuel storage
capabilities (energy density) concerning issues related to stakeholders, including
workers, consumers, local communities, society, and value chain actors. Therefore,
the inclusion of other criteria could further clarify the ranking of alternative fuel

options.

In addition, all alternative fuels were extracted from NG and not produced using
RE when evaluating the alternative fuel options with LCSA. Although this is the
primary method to generate alternative fuel options, the method might change in the
future. Further, all market data could not be considered in terms of the cost analysis
of the shipping sector; this may have affected the results. However, future cost
estimates are always uncertain, and all potential improvements were assumed to be
of present value. Recent studies have used various criteria to evaluate alternative
fuels’ social sustainability. Therefore, the social criteria for valuating alternative fuels
are not clear. Despite these research limitations, all alternative fuel options in this
study were analyzed through the LCSA with the same evaluation criteria and ranked
through TOPSIS analysis of the MADM methodology using the entropy method, an

objective weight distribution method.
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6.2 Recommendations

This study found that LNG-ICE had high environmental, economic, and social
sustainability among propulsion technologies with alternative fuels, which will help
achieve UN SDGs 3, 7, 13, and 14. The conclusions of this environmental,
economic, and social process evaluation can interest stakeholders related to
research on LNG as a marine fuel for the ICE. However, because NG is a fossil fuel,
the LNG supply-chain infrastructure may be affected due to the energy policies and

laws of countries with high NG reserves.

Therefore, CH4-ICE & SOFC, H,-ICE & SOFC, and MeOH-SOFC were
attributed approximately equal ranking scores. Moreover, if the value chain of
production, supply, and utilization of green-hydrogen, ammonia, and methanol
produced using RE is significantly improved, the ranking of this study may be
reversed. In addition, hydrogen has validity and potential as a future marine fuel.
However, many problems remain to be solved before it is commercialized through
technological advances, and a more detailed further evaluation is required.
Therefore, in summary, the following future research topics are proposed.

1) LNG importers must analyze their supply diversification policies to prepare
for the risks of NG supply-chain disruptions arising from complex geopolitics.

2) Comparing hydrogen-, ammonia-, and methanol-SOFC systems with
existing propulsion methods in terms of technical feasibility and rigorously
evaluating the alternative fuel propulsion technology from a systems

perspective considering safety.

3) Feasibility studies can evaluate the possibility of introducing green-
hydrogen, ammonia, and methanol as marine fuels, including evaluations of

fuel systems, bunkering, and safety routines.

4) Practical projects can test fuel-cell systems to demonstrate cost and

durability considering business examples.
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5) A further evaluation considering an energy system perspective with a more
detailed description of shipping operations will enhance our understanding of

the circumstances where alternative marine fuels are cost-effective.

Most importantly, the large-scale introduction of alternative marine fuels such as
hydrogen, ammonia, and methanol must be supported by policy measures. The
selection and design of these policies must be prepared ahead of technical
feasibility, such as a reliable supply of fuel and available infrastructure, to prepare
for a crisis in the rapidly changing energy market. In addition, energy policymaking
will also affect the preconditions for various marine fuels. Uncertainty in policy and
regulatory development will pose a major obstacle to the development of alternative

fuels and RE applications.

For instance, developed, developing, and underdeveloped countries were all
affected by the COVID-19 pandemic by 2022, causing the global economy to shrink.
The crisis has significantly impacted the alternative fuels and RE industries due to
border closures and reduced fuel and power demands. To overcome these policy
and regulatory development uncertainties, complete information on policy planning,
implementation, and modification should be shared with all participants to appeal to
stakeholder participation. In addition, governments should provide buffers to
investors in unexpected external crises. Accordingly, related stakeholders must take
social responsibility and actively participate with government support. Therefore,
policy analysis is also needed to clarify the impact of different policies and policy

designs on marine fuel options.
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Appendices

Appendix 1

Research projects for alternative maritime fuels

Nordic Maritime Transport and Energy Research Program (NER)

Research
Projects

Research Contents

AEGIR®

CAHEMA®

AEGIR suggests a unique fuel-cell- and membrane-based system
that efficiently converts green-ammonia into electrical energy. In

the present concept, ammonia is:

1. cracked with hydrogen and nitrogen using a solid-oxide
fuel cell,

2. hydrogen is produced and purified using a proton

conductive electrochemical membrane (PEMFC), and

3. chemical energy is converted into electricity using
PEMFC.

Combining these three technologies, AEGIR aims to develop
ammonia-fueled ship propulsion systems that provide high
efficiency with low total system volume and weight, which are
critical innovations in the project. In addition, this concept can
prevent NOx emissions and significantly reduce CO; emissions.

The byproduct of the fuel-cell electrical process is water.

CAHEMA studies a combination of ammonia and hydrogen to
explore innovative injection and combustion strategies to reach
reactivity-controlled compression ignition (RCCI) and direct-
injection dual fuel stratification (DDFS) with these fuels. The project
integrates advanced computational models with experimental
techniques to design these engine concepts and evaluate their

potential environmental, economic, and regulatory impacts.
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HOPE involves developing and evaluating the conceptual design of

ships for short-range transport using hydrogen as a fuel and fuel

HOPE © cells as a propulsive device. These include technical aspects as
well as barriers and driving factors for the realization of ships and
their impact on GHG emissions and air pollution in northern

Europe.

2 Ammonia electric marine power for GHG emission reduction

® Concepts of ammonia/hydrogen engines for marine application

¢Hydrogen fuel cells solutions in shipping in relation to other low carbon options—a
Nordic perspective

Note. Developed by Author (2022) based on NER (2021) and WMU (2022).
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Appendix 2

Entropy method for objective weights for each attribute

R Attribute  GHG AP LCC NPV POCP HTP
CHa 0.1228 0.0158 0.1003 0.1682 0.0102 0.0911
H, 0.1917 0.0658 0.1156 0.1371 0.1400 0.1001
SOFC NHs 0.0479 0.0188 0.1025 0.1642 0.2932 0.1120
MeOH 0.2127 0.0413 0.1172 0.1359 0.0747 0.1541
CHa 0.0863 0.0455 0.1207 0.1355 0.0337 0.0264
H, 0.0047 0.0817 0.1511 0.0798 0.0116 0.0522
ICE NHs 0.1513 0.4981 0.1394 0.1010 0.3221 0.3158
MeOH 0.1826 0.2329 0.1532 0.0780 0.1141 0.1478
Ri;InR;;  Attribute  GHG AP LCC NPV  POCP HTP
CHa -0.257 -0.065 -0.231 -0.299 -0.046 -0.218
H, -0.316 -0.179 -0.249 -0.272 -0.275 -0.230
SOFC NHs -0.145 -0.074 -0.233 -0.296 -0.359 -0.245
MeOH -0.329 -0.131 -0.251 -0.271 -0.193 -0.288
CHa -0.211 -0.141 -0.255 =-0.270 -0.114 -0.096
H, -0.025 -0.204 -0.285 -0.202 -0.052 -0.154
ICE NHs -0.285 -0.347 -0.274 -0.232 -0.365 -0.364
MeOH -0.310 -0.339 -0.287 -0.199 -0.247 -0.282
N GHG AP LCC NPV POCP HTP
ZRijlnRij Attribute
= -1.881 -1.483 -2.067 -2.043 -1.654 -1.879
k=0.7213 GHG AP LCC NPV POCP HTP
e 0.905 0713 0994 0.982 0.795 0.903
d; 0.095 0.286 0.005 0.017 0.204 0.096
w; (%) 13.47 4067 0.80 244 2896 13.65
Attribute Environment Economic Social
Total (%) 54.15 3.25 42.61

Note. Developed by Author (2022).
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Appendix 3

TOPSIS analysis for ranking alternatives in terms of sustainability

SOFC LNG Hydrogen Ammonia Methanol
GHG 0.41 0.64 0.16 0.71
AP 0.00036 0.00151 0.00043 0.00095
LCC 877,148,674% 1,010,366,609% 896,129,000 1,024,431,791%
NPV 463,899,002%  378,160,162%  452,875,106% 375,006,976%
POCP 0.0000279 0.000382 0.0008 0.000204
HTP 0.00559 0.00614 0.00687 0.00945
ICE LNG Hydrogen Ammonia Methanol
GHG 0.28804 0.01570 0.50518 0.60969
AP 0.00104 0.00187 0.01141 0.00533
LCC 1,055,463,207$% 1,320,739,919% 1,218,998,097$% 1,339,619,327%
NPV 373,531,927$  220,270,073%  278,588,969%  215,221,990%
POCP 0.000092 0.000032 0.000878 0.000311
HTP 0.00162 0.00320 0.01936 0.00906
Attr!bute Environment: 54.15 %, Economic: 3.25 %, and Social: 42.61 %
Weights
Cost (1) GHG, LCC, AP, POCP, and HTP
Benefit
) NPV
LNG
LCSA Normalized decision Weighted normalized matrix
GHG 0.3041 (SOFC) 0.0409 (SOFC)
0.2136 (ICE) 0.0287 (ICE)
AP 0.0281 (SOFC) 0.0114 (SOFC)
0.0807 (ICE) 0.0328 (ICE)
LcC 0.2804 (SOFC) 0.0022 (SOFC)
0.3374 (ICE) 0.0027 (ICE)
NPV 0.4602 (SOFC) 0.0112 (SOFC)
0.3705 (ICE) 0.0090 (ICE)
POCP 0.0213 (SOFC) 0.0061 (SOFC)
0.0704 (ICE) 0.0204 (ICE)
HTP 0.2151 (SOFC) 0.0293 (SOFC)
0.0623 (ICE) 0.0085 (ICE)
Hydrogen
LCSA Normalized decision Weighted normalized matrix
GHG 0.4747 (SOFC) 0.0639 (SOFC)

0.0116 (ICE)
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0.1169 (SOFC)

0.0475 (SOFC)

AP 0.1448 (ICE) 0.0589 (ICE)
Lcc 0.3230 (SOFC) 0.0025 (SOFC)
0.4222 (ICE) 0.0033 (ICE)
NPV 0.3751 (SOFC) 0.0091 (SOFC)
0.2185 (ICE) 0.0053 (ICE)
POCP 0.2923 (SOFC) 0.0846 (SOFC)
0.0243 (ICE) 0.0070 (ICE)
4TP 0.2362 (SOFC) 0.0322 (SOFC)
0.1232 (ICE) 0.0168 (ICE)
LCSA Normalized decision Weighted normalized matrix
GHG 0.1186 (SOFC) 0.0159 (SOFC)
0.3747 (ICE) 0.0504 (ICE)
AP 0.0333 (SOFC) 0.0135 (SOFC)
0.8836 (ICE) 0.3594 (ICE)
LcC 0.2865 (SOFC) 0.0023 (SOFC)
0.3897 (ICE) 0.0031 (ICE)
NPV 0.4493 (SOFC) 0.0109 (SOFC)
0.2763 (ICE) 0.0067 (ICE)
POCP 0.6123 (SOFC) 0.1773 (SOFC)
0.6726 (ICE) 0.1948 (ICE)
HTP 0.2643 (SOFC) 0.0360 (SOFC)
0.7450 (ICE) 0.1016 (ICE)
LCSA Normalized decision Weighted normalized matrix
GHG 0.5266 (SOFC) 0.0709 (SOFC)
0.4522 (ICE) 0.0609 (ICE)
AP 0.0732 (SOFC) 0.0297 (SOFC)
0.4132 (ICE) 0.1680 (ICE)
Lce 0.3275 (SOFC) 0.0026 (SOFC)
0.4283 (ICE) 0.0034 (ICE)
NPV 0.3720 (SOFC) 0.0090 (SOFC)
0.2135 (ICE) 0.0052 (ICE)
POCP 0.1561 (SOFC) 0.0452 (SOFC)
0.2381 (ICE) 0.0689 (ICE)
4TP 0.3636 (SOFC) 0.0496 (SOFC)
0.3487 (ICE) 0.0475 (ICE)
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Option GHG AP LCC NPV POCP HTP

POSIVE 50156 001143 000225 001123 0.00618  0.00851

ideas
N;geaatg’e 0.07095 0.35940 0.00344 0.00521 0.19480 0.10167
Option LNG Hydrogen Ammonia Methanol
Separation 0.0445 0.1092 0.1739 0.0914
from Positive (SOFC) (SOFC) (SOFC) (SOFC)
ideas 0.0375 (ICE)  0.0486 (ICE)  0.4095 (ICE)  0.1832 (ICE)
Separation 0.4035 0.3380 0.3567 0.3657
from Negative (SOFC) (SOFC) (SOFC) (SOFC)
ideas 0.3840 (ICE)  0.3708 (ICE)  0.0205 (ICE)  0.2354 (ICE)
0.90051 0.75581 0.67218 0.79988
5 (SOFC) (SOFC) (SOFC) (SOFC)
0.91103 (ICE) 0.88412 (ICE) 0.04772 (ICE) 0.56242 (ICE)
Rank 2 (SOFC) 5 (SOFC) 6 (SOFC) 4 (SOFC)
1 (ICE) 3 (ICE) 8 (ICE) 7 (ICE)

Note. Developed by Author (2022).
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