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ABSTRACT

This paper aims to provide academia and industry stakeholders with a comprehensive evaluation of
ammonia as a marine fuel, from the perspective of ship operators and the maritime sector. Political,
economic, social, technological, legal, and environmental (PESTLE) analysis has been performed to
achieve this motivation. The factors and sub-factors of PESTLE analysis have been discussed and the
Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) has ranked their importance.
The weights used in the TOPSIS method have been obtained from surveys conducted with 16 maritime
experts with an average of 11.63 years of experience. Results demonstrated that the ammonia slip and
increased NOx emissions have been detected as the most substantial aspect with the relative closeness
coefficient at 0.784. The economic feasibility of ammonia systems has been considered more significant
than their carbon-free nature, although the latter still held an important position in the overall assessment
Commercial readiness, agricultural impacts, and onboard storage requirements have been identified as
surmountable challenges. Additionally, the ability to retrofit existing systems has been recognised as a
significant technological advantage. Maritime safety culture has been emphasised as a means to effectively
manage the toxicity and storage requirements of ammonia by implementing stringent safety measures in
compliance with international regulations.

Keywords: Ammonia (NH3), alternative marine fuel, PESTLE analysis, TOPSIS, multi-criteria decision-
making.

1. INTRODUCTION

Several research studies have been performed on the decarbonisation process within the scope of
international and national maritime, road, and rail transportation [1]. Among these modes, maritime
transport having a noteworthy trading volume expressly in developing countries covers approximately 80%
of the international trade volume. Therefore, implementing decarbonisation and sustainable strategies in
the maritime sector offers significant benefits [2], as this industry is responsible for approximately 940
million tons of CO:2 emissions annually [3]. Different alternative fuels are on the agenda in the maritime,
sector yet, the majority of ship engines have been powered by fossil-based fuels which cause plenty of
harmful emissions[4].

Stakeholders worldwide are increasingly focused on adopting clean, renewable fuels to support sustainable
maritime transportation, driven by environmental goals and regulatory demands. Fuels such as biogas,
dimethyl ether, ethanol, liquefied natural gas (LNG), liquefied petroleum gas (LPG), methanol, ammonia
(NH3), hydrogen (H,), and biodiesel are crucial in reducing fossil fuel dependence and meeting the
International Maritime Organization (IMO) decarbonisation targets for 2030 and 2050 [5]. Alternative
energy sources, including solar, wind, and wave power, are equally essential for attaining global net-zero



emissions [6]. Alternative fuel implementation in maritime transport must be assessed considering factors
such as fuel costs, production capacity, storage requirements, chemical properties, compatibility with power
systems, availability of bunkering infrastructure, adherence to regulatory standards, emissions profiles, and
potential risks associated with accidents and pollution [7]. The assessment of these criteria enables a
comprehensive evaluation of the challenges and benefits of marine fuel utilisation.

NHs is an alkaline, colourless gas with a strong, pungent odour, composed of one nitrogen atom and three
hydrogen atoms [8]. It is a significant alternative fuel, emitting no CO,, carbon monoxide (CO),
hydrocarbon, sulphur oxide (SOx), or particulate matter (PM) during combustion. Additionally, NH3 is the
second most-produced chemical globally [7,9,10]. Its long-established production, storage, transportation,
and usage infrastructure make it a promising alternative to fossil fuels, offering low investment costs and
high reliability [11]. Sustainably produced NH3 has the potential to play a pivotal role in decarbonisation;
however, its adoption necessitates careful consideration of technical, economic, and safety factors.[6].

NHj is vital for agriculture, with 80% of the 180 million tons produced annually used as fertiliser. China
leads production with 32%, followed by Russia (9%), India (8%), and the United States (8%) [7,8,11-14].
The remaining 20% is used in various industries, including refrigeration, water treatment, explosives,
healthcare, textiles, and more [7,8,15]. NH; is increasingly favoured for reducing emissions from heavy
fuels in maritime transport, particularly on tankers and cargo ships, which are significant in global shipping
[6,16].

The Haber-Bosch (HB) process is a well-known NH; production method that requires significant
infrastructure and is typically used in large-scale operations [12,17]. Invented by F. Haber and C. Bosch
over 100 years ago, it began mass production in 1913. NH3 is produced by reacting H, and nitrogen at 400—
500°C and 100-200 bar pressure, using an iron-based catalyst [17,18]. Steam Methane Reforming (SMR)
method, responsible for producing 70% of the global NH3 supply, generates H» by reacting natural gas with
steam, while nitrogen is obtained through air separation. Additionally, coal-based processes contribute to
20% of global NH3 production [15,17].

Solid-state NH3 synthesis is a potential production method that reacts water with nitrogen from the air using
catalysts and ceramic electrolytes. It offers greater efficiency per unit of NH3 produced by eliminating the
energy and costs associated with water electrolysis for H, production. However, the high cost of catalysts
and ceramic electrolytes is a drawback, though this method does not require the high temperature and
pressure needed in the traditional HB process [17]. Alternative NH; production methods include
electrochemical synthesis using water, steam, nitrogen, and electricity. This process can operate from room
temperature to 800°C, depending on the electrolyte type, but it has not yet been fully commercialised [12].
These new methods can reduce energy input by over 20%, potentially simplifying reactor design and
lowering plant complexity and costs [10].

2. LITERATURE REVIEW

This research employed bibliometric and systematic literature review methodologies to provide a
comprehensive analysis of the existing body of knowledge. The bibliometric review facilitated a
quantitative evaluation of publication trends, key contributors, and thematic focus areas within the field.
The systematic review offered a more detailed qualitative assessment of the most relevant studies. A
comprehensive literature table summarising the reviewed works is presented in Appendix A, providing an
extensive overview of the sources analysed. The most pertinent studies, identified based on their relevance
and contributions, are discussed in detail within the systematic review subsection.



2.1.Bibliometric Research

The literature review on the NH3 utilisation and assessment on marine vessels was conducted using the Web
of Science database, using the two queries. The queries were “((ALL=(ammonia)) AND ALL= (marine
diesel engine)) AND ALL= (alternative fuel)” and “((ALL=(ammonia)) AND ALL=(ships)) AND ALL=
(life cycle)”. These queries retrieved publications exploring NH3; combustion in dual-fuel (DF) engines and
the life cycle analysis (LCA) of NH3 as a marine fuel in internal combustion engines (ICEs) and fuel cells
(FCs). The review included only research articles starting from 2020 and excluded non-English papers.
Following the investigation of each paper identified through the two queries, thirty-nine articles were
included in the literature review. Figure 1 illustrates the yearly distribution of the investigated papers.
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Figure 1. The annual distribution of papers.
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The number of papers has increased through the years due to the decarbonisation targets set by IMO. No
papers meeting the review's requirements were found in 2020, as LNG and methanol were more popular
choices during those years. Since 2021, the evaluation of NH3 utilisation has been increasingly investigated.
The number of papers peaked in 2023 with 15 papers equivalent to 38.46% of papers. Although 2024 has
not yet ended, the number of papers published has already reached the 2023 level, suggesting it will likely
surpass it. Currently, 74.36% of papers have been published in 2023 and 2024. Figure 2 indicates the journal
distribution of investigated studies.
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The Journal of Marine Science and Engineering published the highest number of papers within the scope
of this review, with six articles, accounting for 15.39% of the total. The International Journal of Hydrogen
Energy is the second most prominent, with four papers (10.26%), followed by Renewable & Sustainable
Energy Reviews and Applied Energy, each with three papers (7.69%).

2.2. Systematic Review

Bilgili [5] benchmarked marine alternative fuels such as NHs, LNG, LPG and biodiesel utilising the LCA.
Results demonstrated that methanol, NH3, and biodiesel were the least favourable fuels, while biogas
emerged as the best option for the short, medium, and long term. Methanol, NH3, and biodiesel produced
an average of 1.5, 4.8, and 1.6 tons of CO,, respectively, compared to 0.9 tons for biogas.

Percic¢ et al. [19] analysed FC systems with H, and NH3 regarding economic and environmental aspects
using the LCA. FCs using blue and green variants of NH; and H, demonstrated a significantly lower
environmental impact than diesel-powered ships, with green NH3 achieving up to an 84% reduction in
equivalent CO; (COxy).

Liu et al. [20] explored a new NH;-diesel stratified injection technology for marine engines using
computational fluid dynamics (CFD) simulations utilising low-carbon NH3 fuel. The proposed strategy
delivered power comparable to conventional diesel engines while significantly lowering CO; and nitrogen
oxide (NOx) emissions. With an NHj3 energy ratio of up to 99%, precise fuel injection enabled Tier III NOx
compliance at full load without after-treatment, due to heat absorption during NHs vaporisation.

Seddiek and Ammar [21] conducted environmental and economic evaluations of blue/green NH;-fuelled
RoRo vessels. The conventional diesel engine was compared with the NH;-powered SOFC and ICE
propulsion systems. The SOFC running on green NH; showed the lowest environmental impact, cutting
GHGs by 92% and NOx emissions by 93.4% compared to diesel systems. The SOFC with blue NH3 was
the most economical with 5.71% total cost savings.

Wang et al. [22] discussed the environmental concerns of alternative fuels on marine vessels and probable
solutions from the perspective of international law. They identified significant risks, including potential
harm to human health and property due to NH3 toxicity. Additionally, gaps and weaknesses in the current
legal framework were highlighted, which could impede the development of effective regulations needed to
achieve carbon neutrality in the maritime sector.

Bayramoglu [23] compared the alternative fuels regarding environmental impact, Energy Efficiency
Existing Index (EEXI), and Carbon Intensity Indicator (CII) reduction potentials. Methanol was identified
as a short-term alternative, while H, and NH; were the main choices to achieve IMO's 2050 decarbonisation
objective.

2.3.Research Gap and Motivation

The alternative fuels in maritime transportation, a major contributor to global shipping, are crucial for
meeting sustainable development goals and IMO decarbonisation targets. Among these fuels, NH3 stands
out as a promising solution for advancing toward these objectives. The literature review revealed that the
focus of the papers has been mainly divided into two major topics. The first point is the combustion
modelling of NH; with fuel blends in ICEs through numerical simulations mostly using CFD software.
Another common research topic is the environmental and economic evaluation of NH3 on marine vessels
using the LCA approach. Some studies only focus on the economic regards, but most studies take these
aspects together in their analyses. Various alternative fuels have been benchmarked on FCs and ICEs in
these studies. A significant research gap exists regarding a holistic evaluation of NH; that comprehensively



considers its advantages and disadvantages across political, economic, social, technological, legal, and
environmental (PESTLE) dimensions.

This study bridges a critical research gap by introducing a novel and comprehensive approach to evaluating
NH; as an alternative marine fuel. The evaluation is grounded in a PESTLE analysis, systematically
incorporating political, economic, social, technological, legal, and environmental dimensions. To ensure
depth and relevance, the study integrates insights from marine engineering professionals across industry
and academia, leveraging their expertise to weigh PESTLE criteria effectively. These weighted criteria are
then rigorously ranked using a multi-criteria decision-making (MCDM) approach, enhancing the objectivity
and robustness of the evaluation. By capturing the refined perspectives of ship operators, engineers, and
sector stakeholders, this research offers an extensive, multidimensional analysis of the potential usage of
NH3 in the maritime sector. The study advances academic understanding while providing actionable insights
for practical implementation. Findings deliver a robust decision-making framework for industry
stakeholders and policymakers, empowering them to assess the feasibility of NH3 as a sustainable marine
fuel. This work significantly contributes to the maritime sector's decarbonisation strategies, supporting
global efforts to achieve IMO targets and broader sustainable development goals.

3. METHOD

The analysis has employed a hybrid methodology that integrates PESTLE analysis with one of the most
widely preferred MCDM techniques in the literature, the Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS). Figure 3 illustrates the flowchart of the article created within the detected
research gap’s framework and research motivation.
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Figure 3. The flow diagram of the article

The factors and subfactors discussed in the PESTLE analysis led to determining TOPSIS criteria weighted
by maritime experts. The importance of each criterion was decided with the MCDM analysis, and their
ranks were discussed within the PESTLE results.

3.1.PESTLE Analysis

This article applies PESTLE analysis to comprehensively examine the challenges and benefits of using NH3
as a marine fuel. PESTLE analysis provides a broad perspective by evaluating the external environment
through six dimensions: Political (P), Economic (E), Social (S), Technological (T), Legal (L), and
Environmental (E) [24,25].



Political factors include the activities of international regulatory bodies, relevant regulations and
constraints, international agreements, and the stability and effectiveness of policies [26,27]. Economic
factors cover initial investment costs, payback periods, job creation, operating costs, and long-term
sustainability [24,28]. Social factors address regional needs, cultural traditions, organisational culture,
ethical considerations, social benefits, and potential risks [26,27]. Technological factors focus on integration
with existing systems, production and operational capacities, system reliability, adaptability to digital
strategies, and continuous monitoring and control [27,28]. Legal factors pertain to laws, regulations,
limitations, and guidelines essential for smooth operations.

PESTLE analysis aids in strategic decision-making by highlighting critical factors in business and beyond,
including renewable and alternative energy sectors [25,26]. It identifies challenges and interactions within
the energy sector and supports decision-making regarding renewable energy sources (RES) [29,30]. It helps
address uncertainties in biofuel energy production, including 1st and 2nd generation biofuels [31] and has
been used to analyse solar energy systems and overcome diffusion barriers [32]. PESTLE analysis is also
applied in risk assessments of tidal energy projects [33], maritime security and piracy [34]and the
decommissioning of offshore platforms [35].

Within the framework of a PESTLE Analysis, subfactors corresponding to each primary factor have been
identified to evaluate the utilisation of NH3 in marine vessels. While each subfactor plays a pivotal role in
NH; utilisation, creating a ranking system using MCDM for them would greatly enhance the ease of its
application in marine vessels.

3.2.TOPSIS Method

One of the most widely employed algorithms in MCDM is TOPSIS, which is used to evaluate the
significance of various beneficial and non-beneficial criteria or alternatives [36]. The initial step of the
method is the formation of the decision matrix (d) and the vector normalisation regarding each decision
point (d;;) to obtain a normalised matrix (n;;) by using Egs. 1 and 2 [37,38]:
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In the equations, the total number of columns is represented by m, and the number of rows in the matrix is
demonstrated as n. The row index is depicted as the i value, while the column index is denoted by j in matrix
notation. The multiplication of weights (w;) with n;; leads to obtaining the weighted-normalised decision
matrix (r;;) by utilising Eq. 3 [39,40]:
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The factor weights were determined using a structured methodology, which included a survey conducted
with maritime experts, as detailed in Appendix B. These experts, whose professional experience ranged
from 4 to 20 years, contributed insights reflecting a broad spectrum of expertise. Notably, over half of the
respondents had more than a decade of experience, as depicted in Figure 4. This significant representation
of highly experienced professionals adds robustness to the weight-determination process.



Oceangoing Master 11
Marine Surveyor 13
Marine Engineer/ Naval Architect Engineer 17
Marine Technical Superintendent 8
Oceangoing Chief Engineer 14
Oceangoing Master 20
Oceangoing Chief Engineer 13
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Academician/Marine Engineer 13
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Academician/ Oceangoing Officer 8
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Figure 4. The experience distribution of experts.

The experts surveyed represent various branches of the maritime industry, such as shipping operations, port
management, maritime safety, and logistics. Their diverse backgrounds ensure that the evaluation
incorporates a wide range of perspectives, thereby enriching the assessment and reducing potential bias
stemming from a singular viewpoint. The maritime experts surveyed in the study have a mean expertise of
11.63 years. NH; has been a relatively novel option among marine alternative fuels, and ranking its
advantages and disadvantages proved to be quite challenging. Therefore, the experiences and expertise of
marine experts were crucial in facilitating the ranking process.

Expert selection for this study was based on a combination of work experience, professional roles, and
specialized expertise as illustrated in Figure 4. Candidates were prioritized based on their experience in
relevant maritime fields, ensuring a deep understanding of industry practices. Diverse professional roles,
including Marine Engineers/Naval Architects, Ocean-going Chief Engineers, and Marine Technical
Superintendents, were emphasized to provide a balanced perspective on technical, operational, and
management aspects. Additionally, experts with dual roles, such as Academician/Marine Engineers, were
included to integrate theoretical and practical insights. Specialized expertise, such as that of Oil & Gas
Loading Masters, was also considered for niche areas of the study, ensuring alignment with its specific
objectives. This approach ensured a well-rounded panel of experts capable of contributing to
comprehensive and multidisciplinary evaluations.

At the outset of the analysis, the weights of the primary factors are calculated using the Analytical Hierarchy
Process (AHP), a mathematical formula designed to quantify the relative importance of each factor based
on expert input by employing Egs. 4 and 5 [41-43]:
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The score given by the experts is denoted as x;; and n is the total number of evaluations, the number of
experts is represented as N which is 16 for this analysis. The ratio of the consistency index (CI) and random



index (RI) gives the consistency ratio (CR) and the comparison matrix is assumed to be consistent if the
CR is lower than 0.1. The values of RI regarding the matrix dimensions are taken from Franek and Kresta
[42].

The next stage is the deciding v/ and v~ ideal values regarding criteria are the beneficial type or not. For
a beneficial criterion, the maximum value from the ;; matrix is selected as v;, whereas for a cost-type
criterion, the minimum value is chosen. Conversely, the determination of v~ follows the opposite rule. The
Euclidean distances from v; and v;” denoted as S and S;” respectively, are calculated in the following
stage for each value using Eqs. 6 and 7 [44,45]:

(6)
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The final stage determines the rankings by calculating the relative closeness coefficient (C;) employing Eq.
8 [44,46]:
Si.
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The criteria for the TOPSIS algorithm have been carefully selected based on the PESTLE analysis
framework, which encompasses Political, Economic, Social, Technological, Legal, and Environmental
factors. This approach ensures a comprehensive evaluation by considering the multifaceted dimensions that
influence the performance and feasibility of the assessed configurations. By aligning the criteria with the
PESTLE analysis, the methodology integrates both macro-environmental influences and context-specific
parameters, enabling a robust and balanced decision-making process in the ranking of alternatives.

4. FINDINGS

This section demonstrates the outcomes of the PESTLE and TOPSIS analyses and is divided into two
sections accordingly “PESTLE Outcomes” and “TOPSIS Outcomes”.

4.1. PESTLE Outcomes
Considering the six factors outlined in the PESTLE analysis for NH3 as an alternative fuel, the subfactors

have been determined to reveal further details about the subject. Figure 5 indicates the subfactors of the
analysis.
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Figure 5. PESTLE factors and subfactors on NH3 as a marine fuel

Political and legal factors were assessed together due to their strong interconnection within maritime
transportation in the analysis. Likewise, environmental and social factors were grouped, as they share a
common focus on NH3 as a marine fuel, with environmental concerns emerging as the primary social issue
in this context.

4.1.1. Political and Legal Factors

Restraining global warming and climate change is a priority under the Paris Agreement and the Sustainable
Development Goals (SDGs). The European Union aims to reduce greenhouse gas (GHG) emissions by 55%
by 2030 compared to 1990, with periodic evaluations every five years [47]. Alternative marine fuels play a
crucial role in mitigating ship-related air pollution. The International Maritime Organization (IMO) aims to
achieve a 40% reduction in emissions by 2030 and a 70% reduction by 2040 through the adoption of
sustainable practices [48-50]. NH3, a potential zero-emission fuel, must be assessed under the IGC Code
(International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk) and
the IGF Code (International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels). These
codes establish safety and environmental standards for gas-fueled vessels, addressing the specific
challenges posed by NHj3 properties [51].

The earlier version of the IGC Code permitted the use of LNG as fuel solely for the main propulsion systems
of gas carriers. However, the revised IGC Code broadened this allowance to include other non-toxic gas
cargoes as fuel. Despite this expansion, the revision explicitly prohibits the use of NH; and other toxic gas
cargoes as fuel under the IGC Code. [22,52]. The Maritime Safety Committee is expected to approve
amendments to the IGC Code, enabling the use of NHj as fuel for ships. These changes will apply to both
new and existing vessels and are scheduled to come into effect on July 1, 2026.[53]. The IGF Code focuses
on low-flashpoint marine fuels, such as LNG. As NHs s also a liquefied gas fuel, the IGF Code can serve
as a foundation for establishing the requirements necessary to ensure its safe and effective use onboard
ships. [54].

4.1.2.  Economic Factors
The development costs of an NH;-fuelled engine on a marine vessel have been predicted at 5,000,000 €
[55] and the engine is expected to be available commercially in 2027 [56]. These costs and timelines also
indicate high investment and installation costs for the ship owners [57]. Considering the handling challenges
and high ignition energy needs of NHs, additional costs can come up during the operation of vessels [58].
Due to its hazardous nature, strict safety regulations must be adhered to when storing and handling NHj.
Storage containers must be specifically designed and certified for NH; use, ensuring they meet all safety



standards. Only trained personnel equipped with appropriate protective gear are permitted to handle and
transfer NH3, ensuring both safety and compliance with regulatory requirements [59]. NH3 transportation,
storage and pressure transfer systems have posed additional cost challenges due to NH; chemical properties.
While storing NHj is relatively easier than Hy, it is still more expensive compared to LNG and methanol,
making storage a significant factor in the overall cost structure of NHs-based energy systems [60].

The use of green NH3 is essential for meeting decarbonization targets. However, its current production costs
are high, reaching approximately $1,000 per ton, and production volumes remain limited, posing significant
challenges to its widespread adoption [61]. Capacity-expanding investments should be performed in both
green and blue NH3 production for their usage as ship fuel in the future [13]. The sustainability of green
NH;3 heavily relies on the availability of RES and the capacity to reduce both installation and operating
costs [7]. Photocatalytic NH3 production, despite its numerous advantages, has demonstrated inconsistent
progress over the past few decades. This inconsistency is primarily due to its low production rates and high
associated costs, which have significantly impeded its widespread adoption [62]. Wind energy has followed
a similar trajectory to solar energy, with prices remaining uncompetitive with grey or brown NH3 without
government or regulatory support. This lack of external incentives has hindered the alignment of renewable-
sourced NHj3 prices with those of more conventional alternatives [63]. To achieve sustainability in the
coming years, it is imperative to reduce both the reliance on RES and the associated installation and
operational costs. This is essential, as unit costs have escalated significantly due to the integration of
renewable energy technologies [7,57].

Establishing a safety zone for NH; bunkering presents several challenges. The lack of clear industry
guidelines, given the novelty of NH3 bunkering, creates uncertainty in safety requirements. NH3’s hazardous
nature demands strict protocols to protect both seafarers and the environment. Technical factors, including
vessel size and bunkering infrastructure, also influence safety zone planning. Furthermore, varying local
regulations complicate efforts to standardize these zones. Lastly, public concerns over NHs’s dangers
require effective communication of safety measures to build confidence and transparency. All these issues
can increase the cost of NH; as a marine fuel due to the additional safety, training, and infrastructure
requirements [59,64].

4.1.3. Social and Environmental Factors

The social and environmental factors associated with NH; are elucidated by considering its utilisation in
industrial/manufacturing and marine engine applications. The full lifecycle of alternative fuels must be
thoroughly examined to ensure they are truly environmentally friendly. Emissions from production can
reduce the potential of alternative fuels as green energy sources [16]. NH; production is classified as brown,
grey, blue, or green. Brown NH3 comes from fossil sources, grey is produced with methane-soured Ha, blue
incorporates carbon capture techniques, and green is generated solely from RES [65]. Green NHj3 is
produced by reacting H,, from water electrolysis using renewable like wind and solar, or nuclear energy,
with nitrogen [11]. Blue NH;3 using fossil fuels with carbon capture, cuts emissions by 85% compared to
brown and grey but still lags behind green NH3 [66]. Brown NH3; from coal gasification has a COxq intensity
between 2.4-3.2 t-COxeq/t-NH3. Grey NH3 emits 1.6 to 1.8 t-COzeq/t-NH;3 while blue NH3 reduces emissions
to 0.1 to 0.2 t-COzeq/t-NH3 [65]. Green NH3, produced from renewable electricity, theoretically eliminates
COyq. Alternatively, using nuclear energy for NH3 production produces emissions of 0.05 t-COxq per ton
of NH;. Green NH3 is the most eco-friendly, with lower upstream emissions than brown, grey, and blue
methods considering the decarbonisation goals [15,67]. However, until NH3 production fully transitions to
renewables, emissions will remain high, as NH; production currently accounts for 1.8% of global CO»
emissions [68]. Expanding green and blue NH3 production capacity is essential for future usage as a ship
fuel [69]. When considering decarbonisation, it is important to note that NH; combustion generates nitrous
oxide (N20), a GHG that is about 300 times more potent than CO, [70,71].



The NOy emissions due to the combustion of NH3; may increase depending on the chamber temperature and
NHj; proportions in the fuel blend. Low NHs proportions yield higher NOx emissions due to elevated
combustion temperatures, while high NH3 proportions introduce more nitrogen into the chamber, leading
to increased NOx emissions [72]. Future applications like NHs as an H» carrier and onboard H» production
from NH3 can also include NH3 combustion in a smaller chamber due to the reach temperatures for cracking.
For example, 0.021 t-NHs/t-H> of NOx emissions have been detected in the study of Richard et al. [73].
NOy emissions can be reduced by installing a scrubbing system like a selective catalytic reactor (SCR)
onboard [74]. NH; products as a chemical additive are essential for SCR to NOx reduction, and most large-
scale thermal power plants have installed NH3 tanks to achieve that objective. NH3 has also been utilised as
a raw material for industrial products and a refrigerant in large-scale industrial refrigerators [11].

NH; slip refers to the portion of unreacted NHj that escapes into the atmosphere from a scrubbing system
or combustion chamber. This occurs when NHj fails to fully react with NOx in combustion exhaust gases
or unburnt NHj3 after the combustion. It might be another environmental issue increasing NOx due to the
temperature fluctuations in the storage tank or faulty urea amount in the SCR for future applications [75,76].
The unburnt NHj3 can form fine PM in the atmosphere, which poses serious health risks such as heart attacks,
strokes, and asthma [70].

NHj; has a high potential for causing acidification, and the deposition of acidic pollutants can decrease the
productivity of natural ecosystems, including soil, groundwater, and surface water. When it interacts with
wet surfaces, its corrosive and exothermic nature can rapidly lead to severe irritation and burns, affecting
the eyes, skin, mouth, and respiratory mucous membranes [22]. NH3 is a highly toxic gas under atmospheric
conditions, requiring strict safety measures due to its corrosive and hazardous nature. Materials such as
copper, nickel, and certain plastics commonly found on ships are particularly vulnerable to NH; corrosion
[3,9,77]. Additionally, NH3 spills pose significant environmental risks, especially to aquatic ecosystems [9].
While NHj is easily detectable at low concentrations, inhalation can be fatal even at levels as low as 0.5%
in air [15,67]. Exposure to concentrations of 2700 ppm for just 10 minutes is lethal to humans. When used
as a fuel in ICEs, advanced ventilation systems and double-layered pipes are required to prevent leaks and
minimise NHj concentration in the air [7].

NH3 is primarily used in fertiliser production, including urea, ammonium nitrate, and phosphate. However,
with strategic planning and the development of sustainable production processes, NHs is poised to play a
significant role in maritime transport as a fuel for marine vessels. This shift will necessitate a substantial
increase in NHs production capacity. Failure to develop adequate infrastructure and production systems to
meet rising demand could lead to higher fuel and fertiliser costs, subsequently driving up food prices
[7,15,67]. Nonetheless, evaporation of NH; utilised in agriculture is one of the major problems with air
pollution in Europe, therefore diminished use in agriculture may lead to distinct worthy outcomes [7].

4.1.4. Technological Factors

Engines operated with 100% NH; fuel have not been commercialised since safety, combustion, and more
issues have not been entirely resolved [7,14]. Commercial marine NH; engines are expected to enter the
market after 2027, although green NH3 usage in these engines is not anticipated before 2030 [56]. NH3 both
volumetric and gravimetric energy density is lower than fossil-based marine fuels causing drawbacks
regarding volume and storage [1,7,13]. NH; outperforms only H» in terms of storage when compared to
other marine fuels and this shortcoming may limit its usage for long-distance operations as marine fuel [7].
Expanded volumes required for storage will adversely affect cargo capacity and cause a decrease in income.
The fuel tanks used with the same capacity as other fuels cause the refuelling intervals to become more
frequent. Insufficient space allocation for fuel tanks, coupled with the necessary frequency of bunkering,
presents a heightened challenge for implementation on maritime vessels. Despite the challenges of storage
and bunkering intervals addressed, the potential for using NH; as fuel in oceangoing ships can be
significantly enhanced [1].
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The difficulty in meeting the demand for alternative marine fuels, coupled with the higher costs compared
to conventional fuels, limits the feasibility of using NH; as an alternative fuel. The lack of infrastructure
represents another significant barrier, and it is likely to persist until the full implementation of bunkering
facilities in ports is achieved [13,57]. The high installation and investment costs are delaying the overall
maturation period of the NH3 infrastructure [57].

High ignition resistance, along with fluctuations in temperature and pressure, are fundamental drawbacks
that reduce engine performance.[17,77-79]. The ignition temperature degree can be reduced by blending an
additive fuel [78]. Many theoretical and experimental applications proved that ignition is enhanced by using
H; addition as a pilot fuel in the main engine [9].

In addition to its role in combustion, NH; can be utilized both directly and indirectly in FCs. [7,14,15].
There are many applications where the H, required in FCs is met from the decomposition of NHs. The
storage, transportation, and distribution of liquid NH; is relatively more accessible and safer than H, [10,77].
This scenario facilitates NH3 production since it eliminates the challenge of storing H, [10,11,57,69,80].

SCR has been a key exhaust treatment technology for mitigating NOx emissions from NHs or conventional
fuel combustion, particularly in response to social and environmental concerns. However, challenges such
as NHs slip and the technological readiness of SCR for maritime applications remain significant [81]. The
challenges become particularly evident during low-load operations, as diminished exhaust temperatures
result in a higher concentration of unreacted NHj. Additionally, urea decomposition and its storage and
bunkering continue to pose operational difficulties [82].

4.2. TOPSIS Outcomes
The w; values in the analysis were determined for each factor by the surveys and the AHP method conducted

with experts introduced in Figure 4. The resulting weights of the main factors due to these surveys have
been illustrated in Figure 6.
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Figure 6. The weights of the fundamental factors

The technological factors have been weighed at 0.234, the lowest among all. The experts have found the
economic and political/legal factors to be the most important at 0.257 and 0.261. Economic factors have a
slightly higher significance than others but the difference between the highest and lowest weight is only
3%. That indicates a nearly equal distribution of importance between main factors with CRs under 0.1. The



sub-topics of PESTLE analysis and their foundations have been demonstrated in the previous section. The
final sub-criteria list evaluated in TOPSIS and their codes in the analysis have been illustrated in Table 1.

Table 1. Determined the sub-criteria.

Code Sub-Criteria Criterion Type
P1 Contributing to SDGs Beneficial
P2 Meeting global warming critical limits Beneficial
P3 Comply with international regulations put forward by IMO. Beneficial
P4 Challenges in front of the commercialisation of NH3 engines. Beneficial
El Infrastructure costs Cost
E2 Transportation and storage costs Cost
E3 High-cost barrier on green NH3 production. Cost
S1 Mostly used in the agriculture field. Cost
S2 Harm to human health from NH3 usage in ship engines Cost
S3 Being a carbon-free fuel Beneficial
S4 NOx increment, NH; Slip and N,O emissions Cost
S5 Upstream emissions from the NH; production phase Cost
Tl The lack of commercialised NH3 engines Cost
T2 The necessity of additional exhaust after-treatment systems Cost
T3 Being open to retrofitting applications on existing engines Beneficial
T4 NH; is stored at low temperatures and requires more space than traditional fuels Cost

P1 examines the United Nations (UN) SDGs, member states, and related agreements. P2 consolidates the
decarbonisation targets and the Paris Agreement, while P3 addresses the IGC and IGF codes, along with
other emerging regulations regarding NH; in the maritime industry. P4 focuses on remaining legal and
political challenges delaying the commercial NH3 engines such as health and safety codes.

El includes all infrastructure-related expenditures involving installation costs and safe bunkering facility
improvements. E2 examines additional costs of the transportation, transfer, and storage of NH; onshore and
onboard. E3 emphasises the challenges related to the high expenses of green NH3; among the economic sub-
criteria.

Social and environmental factors are designated with the code "S" to avoid confusion with the code "E,"
which represents economic factors. S1 represents the agricultural NH3 usage and the food chain-related
consequences of shifting to the marine energy sector. S2 emphasises the toxic nature of NHj;, and possible
health hazards used onboard, while S3 depicts the carbon-free benefits of the fuel. The increase in NOx,
NHj3 slip and N>O emissions are evaluated under S4. The possible upstream emissions during the production
of NHj3 are addressed under the S5 sub-criterion.

The technological factors involve four sub-criteria and the barrier of lacking commercial NH; engines is
evaluated under T1. The possible installation requirement of an exhaust treatment system to eliminate the
increased NOx emissions is assessed under T2. T3 depicts the retrofitting needs in the current systems to
adapt the NH3 combustion. T4 consolidates the possible cargo space losses due to the increased volume
requirements of NHj storage. Figure 7 indicates the C;values indicating the importance of each sub-
criterion evaluated in TOPSIS. The results of intermediary processes are given in Appendix C. Table 2
illustrates the ranks of sub-criteria regarding the C;" values.
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Figure 7. The importance of the sub-criteria

Table 2. The sub-criteria ranking regarding the importance.
S4 E2 E1 E3 S3 T3 P3 P4 S5 P1 T2 P2 S2 T1 T4 S1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Among the sub-factors, especially depending on economic issues have been particularly highlighted by
experts. The highest C; value at 0.784 has been obtained in S4 dedicated to the NH; slip ranked first
evaluated under social factors and environmental factors. The economic factors have followed the S4 with
small variations in C;'. E2 has been found second with a C;" of 0.746 while E1 and E3 with 0.728 and 0.697
as the next important sub-factor. The most prominent advantage of NH3 as a marine fuel has been outlined
under S3 (carbon-free fuel) which took fifth place with a C;" of 0.679.

The TOPSIS evaluation based on the outcomes of PESTLE and expert evaluation highlighted that among
the sub-criteria, the agricultural impact and food-chain disturbance depicted as S1 with a C;" at 0.377 has
the least effect on the NH3 usage in marine engines. T4 indicates the possible additional space for the NH3
storage onboard with a C;" of 0.459, and T1 the lack of a commercially ready engine with a C;* of 0.490
have been the following least significant sub-factors selected by the experts. S2 focusing on the harmful
nature of NH; on human health has been found as the fourth least substantial factor having a C;" at 0.508.

The political and legal factors have been in the middle regarding the importance level of the analysis. The
least important sub-factor has been P2 related to decarbonisation targets with C;" at 0.532. The highest C;
among this main factor has been 0.589 which belongs to P3 emphasising the suitability to the IMO
regulations like IGC and IGF codes.

The use of MCDM methods effectively evaluates NH3 as a marine fuel by addressing economic, social, and
environmental factors. These methods prioritise criteria such as emissions, regulatory compliance, and
technological feasibility to rank options. Hybrid approaches combining TOPSIS with techniques like AHP
have been utilised in sustainable energy and marine engineering to optimise decision-making under
complex trade-offs [83]. NH; slip and the associated increase in N>O emissions alongside the NOx
increment from NH; usage have been identified as critical evaluation criteria due to their substantial
environmental and health implications. These findings, derived from TOPSIS analysis, align with broader
studies on alternative fuels, which consistently emphasise emissions-related challenges, particularly when



considering NHs as a marine fuel. The emphasis on emission, including NH3 slip, has been highlighted in
similar research, underscoring their significance as key factors in assessing the sustainability and feasibility
of NHs-based energy solutions [84]. The findings related to economic factors as central to the evaluation of
NH; align closely with outcomes from similar studies. These studies consistently highlight the dual
significance of managing emissions, such as NHj3 slip, alongside ensuring economic feasibility, as critical
for the sustainable adoption of NHj as an alternative fuel [85-87]. This consistency further strengthens the
credibility of the TOPSIS analysis outcomes.

S. DISCUSSION

Reports from the IMO, UN Member States, maritime stakeholders, academics, and other regulatory bodies
establish a framework for utilising alternative fuels that reduce reliance on fossil fuels across all modes of
transportation. This framework promotes sustainability and encourages the exploration of diverse fuel
options. In addition to focusing on alternative fuels, it is important to evaluate other potential fuel options
that align with the UN’s Sustainable Development Goals (SDGs) (P1) and the necessary global warming
temperature limits outlined in the Paris Agreement (P2).

Carbon-free structure ranked fifth in importance as S3 “Being a carbon-free fuel”, potential to be used as a
marine fuel, and relatively easy storage compared to other potential alternative fuels are the noteworthy
superiorities of NHs. In addition to enabling carbon-free combustion, NH; serves as a carbon-neutral H»
carrier, further expanding its potential applications in maritime operations. NH3 crackers can produce H» to
power FC systems, offering a clean and efficient energy source for especially electrification systems of
large ships [88,89]. Integrated designs that combine NHs-fueled engines for propulsion with H, FCs
supplied by onboard NH3 cracking systems can further reduce GHG emissions from maritime operations
[90]. In terms of carbon neutrality as both an H; carrier and a fuel, NHs surpasses both LNG and methanol,
offering a more sustainable alternative for reducing greenhouse gas emissions in maritime applications [81].

NH3 slip, increased NOx, and N>O emissions should be considered because N»O has significantly higher
global warming potential (GWP) than CO». Experts have prioritised the S4 “NOx increment, NH3 Slip and
N>O emissions” compared to other factors. Hence, it is imperative to eliminate these emissions throughout
NH;s-fuelled ship operations while they are commercially operated in maritime fields. After-treatment
systems pinpointed in “T2” have been utilised to diminish their effect on the environment and people. SCR
is one of the main after-treatment systems to eliminate NOx and it should be installed with NHs-fuelled
engines [91]. However, high catalyst costs and low durability must also be considered. Apart from SCR,
NOx emissions can be reduced by the second injection of NH3 in the expansion stroke. However, excessive
NHj; injection may lead to unreacted NHs (NH; slip) formation in the exhaust gas [72]. Optimising the NH3
injection process and enhancing chamber designs hold significant potential for reducing NH3 slip during
both engine combustion and SCR system operation. This enhances the feasibility and broader adoption of
both SCR systems and NHs-powered engines for marine vessel applications [81]. The applicability of SCR
systems on marine vessels is increasingly viable due to advancements in technology readiness, though
widespread adoption remains influenced by installation costs and operational expenses [92].

Economic factors play a pivotal role in the adoption of NH3 as a marine fuel, as the global shift towards
alternative energy sources seeks affordable options. Infrastructure, production, transportation, and storage
costs are key parameters to consider under economic factors for alternative marine fuels, as they require
significant initial investment. In alignment with these factors, experts have emphasised E2 "Transportation
and storage costs," El "Infrastructure costs," and E3 "High-cost barriers to green NH3 production,”
respectively, following S4. This outcome indicates that the NH; integration on marine vessels heavily
depends on the economic variables which outweigh the carbon-free nature of the fuel. Additionally,
regulatory incentives and carbon pricing mechanisms could significantly impact their competitiveness
compared to conventional marine fuels [93].



The pursuit of environmentally friendly and sustainable production methods is essential for maximising the
benefits of NH3 as a marine fuel [13]. Among the production ways, green NH3 exhibits substantial potential
for decarbonisation, particularly in the well-to-tank phase. However, existing NH; production methods
often involve brown or grey practices, resulting in harmful well-to-tank emissions that are pinpointed in S5
“Upstream emissions from the NH3 production phase” of 9th place. Green and blue NH3 production requires
a high investment and operation costs [94] and the capacity of these production methods can only be
increased with intensives leading to cost reduction, global restrictions and increased carbon prices
comprising the upstream emissions [57]. Therefore the global maritime authorities must work intensively
on green NH; production to acquire sustainable and clean fuel [66]. Future technological advancements can
reduce costs over time making green NH3 more competitive economically [95]. The usage of RES in NHj;
production demands cross-industry collaboration. However, this is a challenging process due to the need
for renewable energy to power multiple processes for green NH; production, necessitating significant
economic shifts. The overall efficiency of the process is estimated, from RES electricity to ship propulsion
using NH3 as an H; carrier, at approximately 18% [90]. Renewable pathways for LNG and methanol are
well-studied, whereas NH3 receives limited attention. This reflects a correlation between data availability,
current fuel usage, and market adoption, with LNG and methanol dominating recent ship orders [96].

Additionally, it is crucial to establish numerous bunkering facilities at ports for the NH; in marine vessels
because limited geographical locations for bunkering are the leading barriers to NH; utilisation in ships
[94]. NH; bunkering facilities are currently less developed than those for LNG and methanol, reflecting the
novice stage of adoption of NH; as a marine fuel. LNG benefits from established global infrastructure,
driven by years of investment, while methanol bunkering is supported by its existing use in chemical and
energy industries. In contrast, NH3 bunkering requires significant development in safety protocols, handling
technologies, and supply chain logistics to match the maturity and scale of LNG and methanol facilities
[59]. The NHj3 transportation costs from production facilities to bunkering locations are influenced by
factors such as distance, transportation mode, and infrastructure availability. Effective logistic and
infrastructure planning is imperative to mitigate transportation expenses [22]. These economic factors
underscore the necessity for strategic planning, noteworthy investment, and technological innovation to
facilitate the widespread NH3 adaption as a marine fuel.

NH;3 has utilisation potential as primary, pilot, or blended fuels in the new design or retrofitted engines.
Marine experts have ranked T3 “Being open to retrofitting applications on existing engines” in sixth place.
Retrofitting existing ships with NHs fuel systems presents technological challenges, including space
constraints, compatibility, and safety considerations [56,97]. Innovative retrofitting solutions and
combustion strategies should be developed to overcome these challenges and facilitate the transition to NH3
[4]. NHs engines have not been used commercially in marine vessels due to the high ignition resistance of
NHs. Experts have placed P4 “Challenges in front of the commercialisation of NH; -fuelled engines” and
T1 “The lack of commercialised NH3 -powered engines” in the eighth and fourteenth place respectively in
terms of importance. Commercialisation of NHs-fuelled engines will occur once tests and verifications
aimed at eliminating harmful emissions, enhancing efficiency, and addressing ignition resistance issues are
completed. The expert evaluations of these factors indicate trust in the marine technological advances
regarding the commercialisation of NH3 engines. Additionally, NH3, a proven cargo for decades, can power
ships using mature technologies such as LNG or methanol DF engines. Its handling is similar to LPG,
enhancing fuel flexibility for vessels [90].

The innovational efforts can reduce the complexity of using NH3 -fuelled onboard with the guidance of IGC
and IGF Codes which determine the design, construction, and equipment limits to minimise the operational
risks. Especially these codes have not allowed the use of toxic fuels including NH; on marine vessels.
Therefore, "Comply with international regulations put forward by IMO" P3 ranked in seventh place has
notable importance for NH; utilisation. The toxic effects of NH; and causing health problems by inhalation



have been pointed out in S2 as “Harm to human health from NH; usage in ship engines”. NH3 s a respiratory
irritant and may pose health risks to workers involved in its production, transport, and handling. To
minimise these risks and protect human health, appropriate safety and regulatory measures are essential
[98]. The flammability risks of NHs in ship operations are relatively low compared to the toxicity risks
considering all the barriers [9]. Duong et al. [59] have stated that NH; properties as a highly toxic and
corrosive substance pose challenges for its safe storage onboard ships evaluated in T4 as “NHjs is stored at
low temperatures and requires more space than traditional fuels”. Developing safe and efficient storage
solutions, such as specialised tanks and handling procedures, is critical for ensuring the viability of NH3 as
a marine fuel. Marine operations using conventional fuels have long addressed specific risks through the
adoption of technological and operational measures that prioritise safety, health, and environmental
concerns. These measures have successfully ensured safe operations and similar approaches can be applied
to NH; onboard [99].

Finally, NH; utilisation as a marine fuel can increase fertiliser costs, given that a significant portion of NH;
is currently employed in the agriculture sector as described in S1 as “Mostly used in the agriculture field”.
If the supply of NH3 becomes insufficient, it could negatively impact food and beverage prices, potentially
sparking a fuel-versus-food debate within communities. Meeting the demand for NH; as a marine fuel will
require significant investments and the development of large production facilities, given that a substantial
portion of global transportation relies on maritime shipping. However, experts have deemed this issue of
lower relevance in their assessments, emphasising that any potential challenges related to the food supply
chain can be mitigated through additional measures. The necessary precautions involve land-based
advanced infrastructure opportunities, transportation networks, and high flexibility that can facilitate the
implementation of NH3 in the maritime sector [57]. Research efforts on NH3 as a marine fuel source are
persistent. NH; has a strong potential to take place among marine alternative fuels like LNG and methanol
once potential barriers are overcome [7].

6. CONCLUSION

The commercial viability of alternative fuels is generally assessed based on energy efficiency, affordable
cost, safety, security, applicability, and environmental performance in marine vessels. The evaluation
criteria are related to sustainable development goals, particularly for SDGs 7, 9, 12, and 13. NH3 emerged
as a viable marine fuel option deserving consideration within the scope of article outcomes:

e NHj, as a zero-carbon marine fuel detected as a considerable potential for facilitating the attainment
of 2050 decarbonisation targets.

e The NH; slip and increased NOx emissions were detected as critical barriers to the NHs usage
onboard.

e The economic feasibility of the NHj; systems outweighed the carbon-free nature which still held an
important ranking.

e In addition to reducing transportation and storage costs, efforts focusing on fully expanding the
capacity of bunkering facilities wherever possible were highlighted.

e Political and legal issues had an intermediate ranking while technological barriers were less
substantial.

e The volume and storage requirements onboard were evaluated as the surmountable issues.
Being able to retrofit the current system was found an important benefit in technological aspects.

e The outcomes showed that maritime safety culture can overcome the toxic nature and storage
requirements of NH; with maximum safety precautions within the framework of international
regulations.



To enhance the feasibility and sustainability of NH; as a marine fuel, several actionable steps are
recommended. First, addressing environmental risks such as NHj3 slip, NOx, and N>O emissions is crucial.
This can be achieved through the implementation of advanced after-treatment systems like SCR and
optimising combustion strategies. Economic feasibility should also be prioritised by reducing
transportation, storage, and production costs of green NH3, which can be facilitated through technological
innovation and scaling renewable energy capacities. Infrastructure development is another critical area,
requiring the expansion of NH; bunkering facilities globally and the standardisation of safety protocols to
ensure readiness for adoption. Additionally, accelerating the development and commercial availability of
NH;s-fuelled engines, along with retrofitting technologies, will support the integration of NH3 into existing
fleets. From a regulatory perspective, aligning NH; utilisation with IMO codes and global sustainability
goals is essential, ensuring clear and enforceable safety and operational standards. Finally, stakeholder
engagement is vital; this includes involving maritime professionals in capacity-building and awareness
programs for acknowledgement and to ensure safe operations. Collectively, these measures aim to
overcome barriers and position NHj3 as a viable alternative for decarbonising the maritime sector.

Academic investigations on NH; within the realm of maritime transportation are not sufficient to make a
comparison and give precise information about future utilisation, despite the growing prominence of NH3
as one of the alternative fuels in recent years. Future research can focus on the evaluation of NH; utilisation
as an H, carrier for FC systems on marine vessels. That’s why, the most realistic outcomes of employing
NH; as a marine fuel within the maritime sector will only be discerned through the passage of time and
subsequent onboard applications. This paper focused on NH3 as a marine fuel and will serve as a significant
guide for academia, research, and development entities, as well as maritime stakeholders engaged in the
exploration of alternative fuels.
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CFD modelling of a marine NHj /diesel DF engine with a high NH; consumed
strategy for varying loads. Different combustion parameters were optimised.

Numerical simulations that explored variations in diesel energy fraction, NH;
injection timing, diesel injection pressure, and diesel injection timing.

The study examined through thermodynamic simulations the parametric effects of
adding 5%, 10%, and 15% H, and NHj3 to conventional diesel fuel on SFC, CO,,
energy, exergy, and the sustainability index (SI).

NH; usage proportions in a DF engine were modelled and ranked with an MCDM.

The study investigated a novel NH;-diesel stratified injection technology for
marine engines through CFD simulations, that use low-carbon NH; fuel.

The jet flame ignition strategy using H, to ignite the NH; was assessed in a DF
engine through CFD simulations.

The paper examined the effects of ammonia energy ratio (AER) and injection
strategy on particulate emissions in an NHs-diesel DF engine by combining
experimental and simulation results. Additionally, the mechanisms of soot
formation and oxidation were researched.

The publication proposed a numerical simulation, utilising 0D, 1D, and 3D tools,
for CFD analyses of DF engines fuelled with NH;-H, blends.

The paper built a four-stroke diesel engine simulation to examine the effects of
NHj rate in methanol-NHj fuel blends on engine performance and emissions
under varying speeds.

The study used both experimental and numerical methods with micropilot fuel in
an NHj; engine to compensate for the slow combustion speed and high spontaneous
ignition temperature.

The marine alternative fuels were compared using a novel Miller-Sabathe Cycle in
an MDE.

The paper compared marine alternative fuels including NH;, LNG, LPG, and
biodiesel using an LCA approach.

CFD simulations of NH;3 and methane blends were performed to assess their
impact on the engine performance.
Environmental and economic analyses of blue/green NH; fuelled RoRo ships. The
conventional diesel engine was compared with the NH; engine and NH; SOFC
propulsion systems.

Optimising injection pressure, NH; injection timing, and pre-injection strategies significantly boosted
in-cylinder pressure and temperature, enhanced thermal efficiency, and lowered SFC compared to
pure diesel. The diesel-NH; dual-fuel approach NOx by 37.5% and CO, by 93.7%.

A suitable quantity of pilot diesel promoted jet flame formation, enhancing combustion efficiency.
Advancing NHj injection timing improved mixture homogeneity but increased NHj slip while
delaying it leading to mixture stratification.

Adding H; to diesel increased mechanical energy and exergy by 5.5% while adding NH; decreased
them by about 1.1%. Exergy efficiency reached 63.37%, a 2.3% improvement over pure diesel with
H,.

The environmental impact of various pollutants was evaluated. Due to the significant harmful effects
of NOx and N,O, the optimal fuel mix was determined to include a maximum of 20% NHjs. Higher
NH; levels result in excessive NOx and N20O emissions.

The proposed strategy achieved an engine power comparable to conventional diesel engines while
significantly reducing CO, and NOx emissions. With an NH; energy ratio of up to 99%, accurate
pulverisation to the combustion chamber allowed NOx emissions to meet Tier III at full load without
the after-treatment, thanks to the heat absorption during NH; vaporisation.

The combustion method required only 1.68% H, (energy ratio) to achieve full-load power output in
the marine engine. Due to the low in-cylinder combustion temperature, NOx emissions met the Tier
1I standards, and in some cases, Tier III standards, with NO being the primary NOx pollutant.

The deduction in PM was significantly greater than the increment in AER. When AER reached 60%,
particulate mass concentration decreased by 97.5%. Additionally, the initial soot formation area
gradually shifted to the bottom of the piston bowl as AER increased.

Various fuel proportions including pure NHj3, pure H,, and an 80% NH3-20% H, blend, were
examined. The 80%-20% mixture was the most feasible combining NH3’s anti-knock properties with
H,’s role as a combustion improver. This mixture allowed the engine to operate knock-free while
maintaining high performance.

The effective pressure, brake power, and torque increased by about 5% with a higher NHj ratio.
Under medium and low speeds, economic performance changes were minimal, but at high speeds,
there was a significant reduction in SFC by 6.6% and an increase in thermal efficiency by 4%.
Maximum power and efficiency were achieved when the injection timing of diesel fuel for ignition
was advanced by five crank angle degrees beyond that for lower boosting pressure. Higher boosting
pressure resulted in reduced power output and efficiency. Increasing the NH; supply flow rate at a
boosting pressure of 0.3 MPa did not improve combustion stability or NOx emissions, as these were
primarily influenced by the combustion of the igniting diesel.

The theoretical Miller-Sabathe cycle analysis showed that maximum thermal efficiency could reach
71.17% at a specific Miller cycle strength and constant volume combustion ratio. Calculations for
alternative fuels indicated that NH; is a particularly cost-effective zero-carbon fuel due to its high
thermal efficiency, offering a significant advantage over other alternatives.

The group performing the worst included methanol, NH3, and biodiesel, while biogas proved to be
the best fuel in the short, medium, and long term. Methanol, NH3, and biodiesel produced an average
of 1.5, 4.8, and 1.6 t of CO,, respectively, compared to 0.9 t for biogas.

Compared to burning pure methane, CO, emissions were reduced by 30.7% with the 85%
methane/15% H, blend by 14% with 80% methane/5% H,/15% NH; mixture.

The SOFC green NH;-fuelled ship had the lowest environmental impact, reducing GHGs by 92% and
NOx emissions by 93.4% compared to diesel systems. The SOFC blue NH; design, with an annual
levelized cost of energy of $0.19/kWh and a total cost saving of 5.71%, was the most economical
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[119]
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The study compared the alternative fuels in terms of environmental impact and
EEXI/CII reduction potentials.
Economic and environmental sustainability aspects of H, and NH; were
investigated for short-distance shipping considering the IMO 2030 targets.

The comparison of LNG, methanol, NH; and H, regarding the emission reduction
targets and vessel sizes was conducted.

The physical and chemical characteristics, transforming energy for propulsion,
fuel supply and storage, and bunkering operations are the first major areas of
port/vessel adaptability that were evaluated. A maturity evaluation, identifying the
most viable solutions in terms of infrastructure scalability by ranking each fuel
under study on the technological readiness scale was performed.
LCA-based environmental and economic comparison of NHs, H,, biogas, bio
methanol, and fossil fuels like HFO, MDO, and LNG. The fossil fuel combustion
was modelled while other fuel data was gathered from the literature.

A comparative LCA assessed the operational viability and environmental impacts
of three zero-carbon energy sources: NHj;, Ha, and inland electricity. Reliable
business scenarios were developed through a comprehensive evaluation of 27
short-route ferries that are presently operating on 26 coastal routes in West
Scotland.

The study used LCA to compare the environmental performance of H, and NH;
propulsion systems to fossil fuels. It analysed 2-stroke and 4-stroke engines in
tankers using fossil fuels as base cases. Alternative scenarios with green and blue
H, and NH3, supported by pilot fuel, were then evaluated against the base cases.
The study determined if NH; could successfully lower the carbon footprint
associated with maritime activity. A parametric trend (PT) LCA was conducted by
combining eight NH; production methods. Additionally, a comprehensive dataset
of over 2,061 bulk carriers was obtained, and the propulsion system selected was
an existing DF engine.

Economic analysis of NH; — fuelled engine on an NH; carrier considering two
concept designs. The first one is the cargo utilisation, and the other is the having a
separate NHj; fuel tank.

The comparison through the LCA analysis of H,, NH3, methanol, and biofuels
considering the global fleet.

LCA analysis of the green-NH;-powered chemical tanker was presented. Green
NH; were compared with blue NH;, LNG and HFO.

The paper assessed using an LCA approach the technical viability, environmental
and economic performance of various energy carriers for three ship types: a
RoPax, a tanker, and a supply vessel. The study focused on battery-electric

systems and three electro-fuels (H,, methanol, and NH3) used with ICEs and FCs.

H,, NHj3, and electric energy were compared using an LCCA approach for the
ferries in Scotland.

Three routes for an NHj; carriage scenario for an NH; carrier were presented. The
fuel options including LNG, HFO, MDO and NH; were benchmarked.

choice. Overall, the SOFC green NHs-fuelled vessel provided a cost-effective approach to meeting
the IMO 2030 objective, with emissions costing only $172.92 per t.
Methanol was determined as a short-term solution while H, and NH; were the choices to achieve the
2050 decarbonisation objective of IMO.
Upcoming carbon emissions taxes could range from 136-965 €/t for H, and 356-2647 €/t for NH; to
support the financial sustainability of these fuels in shipping.

For all sizes of container vessels, HFO with scrubbers is the most economical option in the near term;

but, when considering the social cost of pollutants, methanol is a favourable alternative. Eventually,
as the price difference closes, H, may prove to be the most effective fuel for cutting emissions.

Although the other ports tend to favour specific fuels, multi-product ports have the potential to
operate as multifuel hubs. The types of vessels that are most suited for conversion soon include gas
carriers, chemical tankers, and oil tankers.

NG engines could not meet the industry's 50% GHG emissions reduction target without further
advancements. Together, these measures could have met interim climate goals, while bio-LNG,
hydrogen, and ammonia offered pathways for deeper decarbonization.

GHG emissions dropped to 25.7% of the typical fossil fuel scenario when H, was used as fuel in FCs,
with backup electricity supplied by batteries storing onshore power and solar PV. Additionally, using
NH; as fuel without converting it to H,, with backup power from batteries and solar PV, reduced
GWP by 22.2% compared to MGO.

Compared to fossil fuel scenarios, H, and NH; could significantly reduce global warming potential.
They are also expected to be highly effective in lowering PM and black carbon emissions.

Regression-based algorithms that offer fast estimates for assessing the total carbon effect of
thousands of bulk carriers with ME-LGI engines that use fuel made from ammonia from different
production processes are included in the study's conclusion.

The second concept generated higher sales and profits, with USD 1,287 million in sales and USD
739.5 million in profit, outperforming the first concept by USD 53.1 million.

Green H,, waste-derived biodiesel, and bio-methanol offered the highest decarbonisation potential,
reducing emissions by 74-81%, 87%, and 85-94%, respectively, compared to HFO. However, there
are still barriers to fully decarbonising the shipping industry.

Ammonia was considered a valid alternative fuel for decarbonising tanker operations, but effective
management and risk evaluation of the NH;-powered systems were crucial.

NH; and methanol engines had the lowest life cycle cost for all the studied vessels, but their higher
energy transformation losses make them sensitive to electricity price variations. The environmental
impacts of these systems were also worse. FCs and batteries were less cost-competitive due to their
higher upfront costs and shorter lifetimes. However, they can become more economical than internal
combustion engines when utilisation rates and fuel costs are higher.

FC propulsion systems using H, proved financially effective for short-distance ferries, being more
cost-effective than NH;-fuelled PEMFCs and batteries. Fuel costs accounted for about half of the
total life-cycle cost.

Unit transportation costs from Australia to South Korea were $23.6/ton-NHj; for the LVSFO/MDO
fuel case, $31.6/ton-NHj; for the LNG fuel case, and $42.9/ton-NH3 for the ammonia fuel case.
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LCA analysis on a tanker running on HFO, LNG, NH;, and methanol was
conducted. The production methodologies of these fuels were also assessed.
The study conducted an LCA of potential decarbonisation solutions, evaluating
costs and environmental performance. The specific energy carriers like e-H,, e-
NH3, e-methanol, and electricity—across different propulsion systems were
examined.

FC systems with H, and NH; were evaluated in terms of economic and
environmental performance using an LCA approach.

The study conducted an economic analysis and LCA of nine alternative fuel
production pathways, including LNG, NH3, methanol, and biofuels, factoring in
the carbon pricing for each option.

The LCA focused on three ship types: bulk carriers, container ships, and cruise
ships.

The alternative fuels including LNG, methanol, H,, and NH; were compared to the
MDO in a bulk carrier operated in a river using a LCA analysis.

The optimisation framework for ICEs, FCs, batteries, and alternative fuel
(methanol, LNG, H,, and NH3) storage weight and volume for cruise ships.

A Low-Pressure Selective Catalytic Reduction (LP-SCR) based NH; boil of gas
treatment system for NH;-fuelled ships was presented.

The study assessed three options for large-scale green hydrogen distribution based
on the levelized cost of Hy: on-site production, liquid hydrogen, and green NH; as
a carrier.

LCA of biofuel production for various countries were presented and pathways
were determined for maritime transportation in Europe. E-NH; and Bio-NH; for
ships were included in the analysis.

The environmental risks of alternative fuel usage on ships and possible solutions
in the view of international law were discussed.

Solar-based NH; with 90% N,O abatement outperformed solar-based methanol

The evaluated decarbonisation solutions effectively reduced GHG emissions from ships by using
low-carbon electricity. Notably, using e-NHj; in FCs appeared to lower the carbon cost.

FC systems with blue and green variants of NH; and H, had a significantly lower environmental
impact than diesel-powered ships, achieving up to an 84% reduction in CO,., with green NH;.

Biomass-based FT-diesel, e-methanol, and e-NH; were the most environmentally friendly, achieving
GHG reductions of 92%, 88.2%, and 86.6%, respectively.

Compared to HFO in conventional engines, electro-fuels like e-NHj3, e-methanol, and e-liquid H; in
FCs showed the highest potential for mitigating climate change, reducing emissions by over 85%.
Methanol, LNG, and LNG hybrid fuels were the most viable options, with life cycle carbon
emissions 31.5-38.1% lower than diesel. In comparison, green hydrogen and green ammonia had
78.8% and 91.3% lower carbon emissions, respectively.

Using alternative fuels in place of fossil fuels could reduce GHGs by over 60%. With the growing
technological readiness of fuel production and FCs, alternative fuel applications also proved
economically competitive compared to conventional diesel power systems.

The competitiveness of the system, based on life cycle cost, depended on the price of NHs; a higher
price made the system more cost-effective. Overall, the direct LP-SCR system's low energy
consumption when supplying NH; and reduced equipment requirements.

The liquid H, generally outperformed the other options. On-site production became favourable only
when the cost of renewable electricity at the destination and the demand for H, were sufficiently low.

The more aggressive maritime objective could be achieved only if connected to electricity sources
producing less than 17 g CO,. per kWh, which would be feasible for most European national
electricity mixes by 2050 with widespread use of renewable energy sources.
Environmental risks, such as atmospheric contamination from methane slip and potential harm to
property and human health from NHj toxicity, were identified as significant concerns needing urgent
attention. Several gaps and weaknesses in the current legal framework were identified that could
hinder the development of effective regulations to address the challenges of achieving carbon
neutrality.




APPENDIX B
Name Surname (Not Obligated):
Job position:
Experience:

We kindly ask you to evaluate both the main factors and sub-factors on a scale of 1-10 within your esteemed
background.

Importance of Main factors
"Please indicate the significance of political and legal factors in the utilisation of alternative fuels, especially for NH3,

ranging from 1 to 10." (M1)
Lt [ 2 | 3 [ 4 | 5 [ 6 | 7 [ & | 9 [ 10 |

"Please indicate the significance of economic factors in the utilisation of alternative fuels, especially for NH3, ranging
from 1 to 10." (M2)
L+ [ 2 [ 3 [ 4 | 5 [ 6 [ 7 [ 8 [ 9 | 10|

Please indicate the significance of social and environmental factors in the utilisation of alternative fuels, especially for
NH;, ranging from 1 to 10." (M3)
L+ [ 2 [ 3 [ 4 [ 5 [ e [ 7 | 8 | 9 | 10 |

"Please indicate the significance of technological factors in the utilisation of alternative fuels, especially for NHs,
ranging from 1 to 10." (M4)
L+ [ 2 [ 3 | 4 [ 5 | 6 [ 7 | 8 [ 9 [ 10 |

Importance of Sub-factors

Within the framework of political and legal factors

The existence of sustainable development goals is an important factor in the transition from conventional fuels to
NHs. (P1)

L+ [ 2 [ 3 [ 4 | s [ 6 [ 7 [ 8 [ 9 | 10|

The global warming limits highlighted in the Paris Agreement are a critical factor in the transition to alternative fuels
especially for NHs. (P2)
L+ [ 2 [ 3 [ 4 | 5 [ 6 [ 7 [ 8 [ 9 [ 10|

International regulation based on the environmental restrictions put forward by IMO is an important factor in the use
of NH3 as a marine fuel. (P3)
v 2 3 [ 4 [ s [ 6 [ 7 | 8 [ 9 [ 10 |

The existence of obstacles to the commercialisation of NHs-fuelled engines is an important factor in the utilisation of
NH; as a marine fuel. (P4)
L+ [ 2 [ 3 | 4 [ 5 | 6 [ 7 | 8 [ 9 [ 10 |

Within the framework of economic factors
Infrastructure costs are an important factor in the transition to NH3. (E1)
L v [ 2 [ 3 [ 4 | s [ 6 [ 7 | 8 [ 9o | 10 |

Supply and Storage Costs with bunkering infrastructure are significant factors in the utilisation of NHs. (E2)
L+ [ 2 [ 3 | 4 | 5 | 6 | 7 | & [ 9 [ 10 |

Although green NH3 is a substantial fuel in the transition to zero-carbon fuels, its production is quite costly. (E3)
L1 [ 2 | 3 | 4 | 5 [ 6 | 7 | 8 | 9 [ 10
Within the framework of social and environmental factors




The use of a significant part of NH3 in agriculture is a significant obstacle to its use as an alternative fuel on marine
vessels. (S1)
L+ [ 2 [ 3 [ 4 | s [ 6 [ 7 [ 8 [ 9 | 10|

The harm to human health during the use of NH3 as a marine fuel is one of the important obstacles. (S2)
L+ [ 2 [ 3 | 4 [ 5 | 6 [ 7 | 8 [ 9 [ 10 |

NHjs s a carbon-free fuel considering its chemical features and it is a substantial option to meet decarbonization targets.
(83)
L+ [ 2 [ 3 | 4 | 5 | e | 7 | & [ 9 [ 10 |

Increased NOx, NH; Slip, and N>O should be taken into consideration when using NH3 in marine engines. (S4)
1t | 2 [ 3 | 4 [ 5 | 6 | 7 | 8 | 9 [ 10

Upstream emissions and production ways of NH3 are important factors in terms of being environmentally friendly.
(85)
L+ [ 2 [ 3 | 4 | 5 | e | 7 | & [ 9 [ 10 |

Within the framework of Technological factors

There are currently no commercialised NHs-powered engines available. That's why, initiatives on its utilisation are
not speeding up. (T1)

L+ [ 2 [ 3 [ 4 [ 5 [ e [ 7 [ 8 [ 9 | 10 |

To reduce NOX emissions of NH3-powered engines, an SRC or similar system should be installed. (T2)
L v [ 2 [ 3 [ 4 | 5 | e | 7 | & [ o [ 10 |

Being open to retrofitting applications on existing engines is important in the transition to alternative fuels. (T3)
L1t [ 2 1 3 [ 4 |1 5 [ 6 | 7 [ & | 9 [ 10

NHs is stored at low temperatures and requires more space than traditional fuels which hinders its utilisation. (T4)
L+ [ 2 [ 3 | 4 [ 5 | 6 [ 7 | 8 [ 9 [ 10 |

Additional comments:



APPENDIX C

Table C1. Decision Matrix (d)

Subfactor Al A2 A3 A4 A5 A6 A7 A8 A9 Al10 All Al2 Al3 Al4 Al5 Al6
P1 8 10 3 6 9 10 8 6 8 9 7 6 7 6 6 7
P2 8 10 3 8 8 8 5 7 7 7 5 6 7 8 10 7
P3 10 10 9 10 9 10 5 7 7 8 3 7 5 8 10 8
P4 8 10 8 9 10 4 10 8 8 7 3 6 8 6 10 8
El 7 10 9 10 9 10 10 9 9 5 7 9 9 9 7 8
E2 8 10 10 10 9 10 9 6 8 8 8 9 7 8 8 9
E3 7 10 8 10 10 8 9 9 5 5 8 9 8 10 8 8
S1 8 10 6 10 9 2 1 4 6 2 7 9 7 6 5 5
S2 10 10 7 7 10 2 4 5 8 8 5 9 9 6 10 5
S3 9 10 9 10 10 8 7 10 7 8 6 8 5 8 10 6
S4 8 10 8 10 10 10 10 8 7 8 8 10 6 10 10 7
S5 7 10 8 10 10 9 3 5 8 7 9 5 6 9 7 7
T1 10 10 6 4 10 8 10 4 7 6 3 10 5 7 5 7
T2 8 10 8 10 10 10 10 8 7 2 5 10 6 4 5 7
T3 8 10 9 7 10 10 8 10 8 8 9 10 3 8 6 6
T4 8 10 9 6 8 7 1 5 7 2 10 9 8 9 2 6

Table C2. Normalised decision Matrix (n; )

Subfactor Al A2 A3 A4 A5 A6 A7 A8 A9 Al10 All Al12 Al13 Al4 Al5 Al6
P1 0.241 0.301 0.075 0.193 0.257 0.264 0.240 0.198 0.278 0.305 0.263 0.221 0.208 0.220 0.192 0.224
P2 0.241 0.301 0.075 0.258 0.228 0.211 0.150 0.231 0.243 0.237 0.188 0.221 0.208 0.294 0.321 0.224
P3 0.301 0.301 0.225 0.322 0.257 0.264 0.150 0.231 0.243 0.271 0.113 0.257 0.149 0.294 0.321 0.256
P4 0.241 0.301 0.200 0.290 0.285 0.106 0.300 0.264 0.278 0.237 0.113 0.221 0.238 0.220 0.321 0.256
E1 0.211 0.301 0.225 0.322 0.257 0.264 0.300 0.297 0.312 0.170 0.263 0.331 0.267 0.330 0.225 0.256
E2 0.241 0.301 0.250 0.322 0.257 0.264 0.270 0.198 0.278 0.271 0.300 0.331 0.208 0.294 0.257 0.288
E3 0.211 0.301 0.200 0.322 0.285 0.211 0.270 0.297 0.173 0.170 0.300 0.331 0.238 0.367 0.257 0.256
S1 0.241 0.301 0.150 0.322 0.257 0.053 0.030 0.132 0.208 0.068 0.263 0.331 0.208 0.220 0.160 0.160
S2 0.301 0.301 0.175 0.225 0.285 0.053 0.120 0.165 0.278 0.271 0.188 0.331 0.267 0.220 0.321 0.160
S3 0.271 0.301 0.225 0.322 0.285 0.211 0.210 0.330 0.243 0.271 0.225 0.294 0.149 0.294 0.321 0.192
S4 0.241 0.301 0.200 0.322 0.285 0.264 0.300 0.264 0.243 0.271 0.300 0.368 0.178 0.367 0.321 0.224
S5 0.211 0.301 0.200 0.322 0.285 0.238 0.090 0.165 0.278 0.237 0.338 0.184 0.178 0.330 0.225 0.224
T1 0.301 0.301 0.150 0.129 0.285 0.211 0.300 0.132 0.243 0.204 0.113 0.368 0.149 0.257 0.160 0.224
T2 0.241 0.301 0.200 0.322 0.285 0.264 0.300 0.264 0.243 0.068 0.188 0.368 0.178 0.147 0.160 0.224
T3 0.241 0.301 0.225 0.225 0.285 0.264 0.240 0.330 0.278 0.271 0.338 0.368 0.089 0.294 0.192 0.192

T4 0.241 0.301 0.225 0.193 0.228 0.185 0.030 0.165 0.243 0.068 0.375 0.331 0.238 0.330 0.064 0.192




Table C3. Weighted normalised decision Matrix (7;;)

Subfactor Al A2 A3 A4 AS A6 A7 A8 A9 A10 All Al12 Al3 Al4 Al5 Al6
P1 0.062 0.077 0.019 0.050 0.067 0.069 0.063 0.049 0.069 0.076 0.065 0.055 0.049 0.051 0.045 0.052
P2 0.062 0.077 0.019 0.066 0.060 0.055 0.039 0.057 0.060 0.059 0.046 0.055 0.049 0.069 0.075 0.052
P3 0.077 0.077 0.058 0.083 0.067 0.069 0.039 0.057 0.060 0.067 0.028 0.064 0.035 0.069 0.075 0.060
P4 0.062 0.077 0.051 0.075 0.075 0.028 0.078 0.065 0.069 0.059 0.028 0.055 0.056 0.051 0.075 0.060
E1 0.054 0.077 0.058 0.083 0.067 0.069 0.078 0.074 0.077 0.042 0.065 0.082 0.062 0.077 0.052 0.060
E2 0.062 0.077 0.064 0.083 0.067 0.069 0.071 0.049 0.069 0.067 0.074 0.082 0.049 0.069 0.060 0.067
E3 0.054 0.077 0.051 0.083 0.075 0.055 0.071 0.074 0.043 0.042 0.074 0.082 0.056 0.086 0.060 0.060
S1 0.062 0.077 0.039 0.083 0.067 0.014 0.008 0.033 0.052 0.017 0.065 0.082 0.049 0.051 0.037 0.037
S2 0.077 0.077 0.045 0.058 0.075 0.014 0.031 0.041 0.069 0.067 0.046 0.082 0.062 0.051 0.075 0.037
S3 0.070 0.077 0.058 0.083 0.075 0.055 0.055 0.082 0.060 0.067 0.056 0.073 0.035 0.069 0.075 0.045
S4 0.062 0.077 0.051 0.083 0.075 0.069 0.078 0.065 0.060 0.067 0.074 0.091 0.042 0.086 0.075 0.052
S5 0.054 0.077 0.051 0.083 0.075 0.062 0.024 0.041 0.069 0.059 0.084 0.046 0.042 0.077 0.052 0.052
T1 0.077 0.077 0.039 0.033 0.075 0.055 0.078 0.033 0.060 0.050 0.028 0.091 0.035 0.060 0.037 0.052
T2 0.062 0.077 0.051 0.083 0.075 0.069 0.078 0.065 0.060 0.017 0.046 0.091 0.042 0.034 0.037 0.052
T3 0.062 0.077 0.058 0.058 0.075 0.069 0.063 0.082 0.069 0.067 0.084 0.091 0.021 0.069 0.045 0.045
T4 0.062 0.077 0.058 0.050 0.060 0.048 0.008 0.041 0.060 0.017 0.093 0.082 0.056 0.077 0.015 0.045

Table C4.S; and S/

Subfactor S; S;
P1 0.097 0.120
P2 0.099 0.113
P3 0.093 0.134
P4 0.098 0.132
E1 0.058 0.154
E2 0.052 0.153
E3 0.064 0.147
S1 0.142 0.086
S2 0.111 0.115
S3 0.067 0.142
S4 0.045 0.164
S5 0.096 0.126
T1 0.118 0.114
T2 0.106 0.130
T3 0.069 0.146
T4 0.129 0.110
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