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A B S T R A C T

In response to the International Maritime Organization’s (IMO) strategy to achieve net zero greenhouse gas 
emissions from international shipping by around 2050, alternative fuels present a viable option and it is critical 
to assess the environmental performance of alternative marine fuels. Since ammonia stands out as a strong 
contender due to its zero-carbon content, this paper employs a life cycle analysis (LCA) methodology to assess the 
environmental impacts of ammonia as a marine fuel, assessing its contributing potential on global warming, 
acidification, eutrophication, and photochemical ozone creation. A case study of a multi-purpose dry-cargo 
heavy lift vessel is analysed, focusing on two key aspects: ammonia fuel and fuel containment tanks, covering 
production, transport, storage, bunkering, usage, and recycling. The findings highlight the advantages of various 
ammonia fuels from different production processes in minimizing environmental impacts across its life cycle 
compared to traditional fossil fuels. The results indicate that unlike blue and green ammonia, the brown 
ammonia–produced from fossil fuels without carbon emission reduction techniques–results in higher life cycle 
emission release than the traditional marine fuels. Additionally, the study extends the LCA to various ship types 
to showcase ammonia’s benefits as a marine fuel and the potential that is associated with. Recommendations are 
provided for the marine industry on integrating LCA into alternative fuel evaluations, promoting a compre
hensive understanding of their environmental impacts.
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1. Introduction

The global marine industry faces growing pressure to minimize its 
environmental impact, particularly due to stringent international regu
lations designed to limit greenhouse gas (GHG) emissions, air pollution, 
and the use of detrimental marine fuels. Traditionally, marine vessels 
have high dependency on heavy fuel oil (HFO), which poses significant 
environmental risks, including elevated sulphur and nitrogen oxide 
emissions, particulate matter, and GHGs. In 2023, the International 
Maritime Organization (IMO) updated its ambitious goals to cut total 
annual GHG emissions by 20 % by 2030, 70 % by 2040, and achieve net- 
zero by or around 2050, relative to 2008 levels. This revision intensifies 
the urgent need for sustainable and eco-friendly alternative fuels. One 
promising alternative is ammonia (NH3), which could serve as a zero- 
carbon solution when derived from renewable sources.

Ammonia, proposed as marine fuel, boasts the benefit of emitting no 
CO2 during combustion. Nonetheless, like any fuel, its environmental 
effect goes beyond just the usage phase. To grasp its overall environ
mental consequences, it’s important to examine ammonia’s entire life
cycle, from production to disposal. This is where Life Cycle Assessment 
(LCA) becomes essential. LCA offers a thorough framework for evalu
ating the environmental impacts associated with a product or process 
from its inception to its end-of-life, addressing various stages such as raw 
material extraction, production, transportation, utilization, and final 
disposal.

The use of LCA in the marine sector has been developed in response 
to the industry’s increasing need to evaluate and reduce environmental 
impacts. As the transition to cleaner fuels and technologies accelerates, 
LCA has become essential for assessing the actual environmental bene
fits of alternative fuels such as liquefied natural gas (LNG), hydrogen, 
and ammonia. It also facilitates comparisons between conventional 
fossil fuels and emerging options, offering shipowners, regulators, and 
policymakers valuable data-driven insights for informed decision- 
making.

A comprehensive LCA will be carried out to evaluate the environ
mental impacts of ammonia-fuelled vessels throughout their entire life 
cycle. This assessment will encompass both one demonstrator ship and 
five desktop studies, comparing conventional and composite storage 
tank solutions while considering their environmental implications. The 
LCA will take a holistic approach, examining key environmental factors 
such as carbon dioxide, sulphur oxides, nitrogen oxides, particulate 
matter emissions (CO2, SOx, NOx, and PM). The study will assess 
emissions and environmental impacts across all life cycle stages of ships 
and storage tank structures, from cradle to grave. It will incorporate data 
from the NH3CRAFT project (NH3CRAFT, 2022), along with informa
tion gathered from databases and literature. Using LCA methodologies 
such as CML and ReCiPe, the study will quantify pollutant impacts 
within selected environmental impact categories, including Global 
Warming Potential (GWP), Acidification Potential (AP), Eutrophication 
Potential (EP) and Photochemical Ozone Creation Potential (POCP). 
Eventually, the impacts will be determined as GWI, AI, EI and POCI. 
Furthermore, a sensitivity analysis will be conducted to evaluate the 
influence of parameter variations on LCA results, while an uncertainty 
analysis will be performed to determine the confidence levels of the 
collected data.

This study will also examine ammonia production, considering both 
green and conventional methods, along with its storage, transportation, 
and combustion phases, with a particular focus on NOx emissions. By 
assessing each stage of the life cycle, the study aims to quantify the 
overall environmental performance of ammonia as a marine fuel, 
identify potential trade-offs, and highlight opportunities for improve
ment. Applying LCA to ammonia fuel and its storage tanks will provide 

stakeholders with valuable insights into the sustainability of this alter
native fuel. The findings will support decision-making for policymakers, 
researchers, and industry leaders, helping to drive the development of 
more environmentally friendly technologies and practices in the energy 
sector. As the transition to sustainable energy solutions advances, LCA 
will remain essential for understanding and minimizing the environ
mental impacts of ammonia fuel throughout its life cycle. The results of 
this study will contribute to the development of an exploitation plan for 
ammonia as a marine fuel and facilitate a detailed evaluation, ultimately 
offering critical insights to support its adoption as a sustainable alter
native in the maritime sector.

2. Literature review

2.1. Alternative marine fuels

The shipping industry is actively exploring alternative fuels to meet 
decarbonisation goals set by the IMO and other global climate agree
ments. Alternative fuels such as hydrogen, ammonia, Liquified Natural 
Gas (LNG), and biofuels have emerged as potential solutions for 
reducing GHG emissions in shipping (Al-Enazi et al., 2021; Harahap 
et al., 2023; Inal et al., 2022). Each fuel comes with unique environ
mental, technical, and economic trade-offs.

LNG has gained widespread adoption as a transition fuel, offering 
significant reductions in sulphur oxides (SOx), nitrogen oxides (NOx), 
and particulate matter emissions. However, methane slip which is the 
unburned release of methane during combustion, limits its climate 
benefit and raises concerns about its long-term sustainability (Al-Enazi 
et al., 2021; Ampah et al., 2021). While LNG infrastructure is growing, 
its fossil origin and partial decarbonisation potential suggest it may 
serve only as a medium-term solution (Tomos et al., 2024).

Methanol is considered a viable alternative due to its ease of 
handling, compatibility with current infrastructure, and lower local 
pollutant emissions. However, its low energy density requires larger 
storage volumes, and unless produced from renewable sources, such as 
biomass or electrolysis (bio- or e-methanol), its lifecycle GHG reduction 
is limited (Islam Rony et al., 2023; Perčić et al., 2020). Methanol’s ap
peal lies in its lower retrofit costs and ability to meet short-term regu
latory compliance, although its use in deep-sea shipping remains 
constrained.

Hydrogen is widely regarded as a zero-emission fuel, especially when 
used in fuel cells. It produces only water vapour when combusted, of
fering complete decarbonisation potential. However, its use is restricted 
by storage complexity (requiring cryogenic temperatures of − 253 ◦C), 
high production costs, and limited bunkering infrastructure (Inal et al., 
2022; Karvounis et al., 2024). Traditional grey and blue hydrogen pro
duction methods are slowly turning to green hydrogen, derived via 
electrolysis using renewable electricity, which is preferred for environ
mental performance (Wang et al., 2024).

Biofuels, including biodiesel, Fischer-Tropsch Diesel, and bio- 
methanol, are attractive for their ability to be used in existing engines 
with minimal modification. When sourced from waste biomass or 
advanced feedstocks, they can reduce lifecycle GHG emissions by up to 
80 % (Kourkoumpas et al., 2024). However, life cycle assessments must 
account for indirect emissions to fully understand their sustainability 
and economic performance (Kourkoumpas et al., 2024; Mandegari et al., 
2023).

Battery-electric propulsion system has been considered in many 
different types of ship and transportation: offshore support vessel, short 
sea high speed ferry, harbour tugboat, autonomous ships, fishing vessel 
and ocean going vessel, accounting on the characteristics of zero oper
ating emission and excellent energy efficiency (Zobaa et al., 2023). 
However, it also emphases that with current technology, battery 
installation on ocean going vessel is technically feasible and can meet 
the decarbonisation requirement set by the IMO but economically 
impractical due to weight, cargo issues as well as the long voyages and 

H. Wang et al.                                                                                                                                                                                                                                   Journal of Cleaner Production 520 (2025) 146105 

2 



the high energy requirements (Arabnejad et al., 2024; Zobaa et al., 
2023).

Ammonia is increasingly viewed as one of the most promising 
carbon-free marine fuels. It contains no carbon atoms and thus emits no 
CO2 during combustion (Bicer and Dincer, 2018; Machaj et al., 2022). 
Ammonia can be used in both internal combustion engines and solid 
oxide fuel cells (SOFCs), offering flexible propulsion options. However, 
combustion produces NOx and potentially N2O, both of which are potent 
GHGs requiring advanced mitigation strategies such as selective cata
lytic reduction (Liu et al., 2024; Lu et al., 2024; Wei et al., 2024).

From an operational standpoint, ammonia’s toxicity and corrosive
ness require careful handling, leak detection systems, and crew safety 
protocols (Ejder and Arslanoğlu, 2022). Although green ammonia 
(produced via renewable electricity) is ideal, it remains expensive. Blue 
ammonia, made with natural gas and carbon capture, may serve as a 
transitional option (Wu et al., 2023; Zincir, 2022). Studies also suggest 
that ammonia-powered ships may be more economically viable as new 
builds rather than retrofits (Ejder and Arslanoğlu, 2022; Wu et al., 
2022).

2.2. LCA of alternative marine fuels

LCA is a widely used tool to evaluate the environmental impacts of 
alternative fuels across their entire lifecycle—from production through 
to use on board ships. Several studies compare marine fuels using LCA 
frameworks, assessing emissions, energy input, and pollution potential.

One comparative study found that green hydrogen and green 
ammonia offer the highest GHG reduction potential compared to con
ventional fuels, although both have high production energy demands 
and associated costs (Tomos et al., 2024). LNG, while cleaner during 
combustion, suffers from methane slip, significantly weakening its 
overall climate benefit. It has also been highlighted that the common 
operation of LNG feeder vessels to circle around burning boil-off gas will 
add to the overall emissions of these types of ships (Hörteborn and 
Hassellöv, 2023). Another LCA study combined environmental and 
economic sustainability metrics and developed fuel selection “maps” 
based on emissions and policy scenarios. It found that while hydrogen 
and ammonia can meet decarbonisation targets, they incur higher life
cycle costs under current market conditions (Karvounis et al., 2024).

The assessment of various hydrogen production methods and 
different representative fuel cell systems showed that the fuel produc
tion pathways have a high impact in the well-to-wake LCA, where the 
well-to-tank results are much greater than the tank-to-wake values (Jang 
et al., 2022).

Transoceanic vessel applications of alternative fuels were evaluated 
in one study, which showed that renewable ammonia outperformed 
hydrogen and fossil fuels in several environmental impact categories, 
including global warming potential and aquatic toxicity (Bicer and 
Dincer, 2018). A well-to-wake assessment of 14 marine fuels highlighted 
ammonia’s low emissions during combustion, especially the absence of 
CO2 and SOx, but noted significant upstream impacts, particularly in 
toxicity and eutrophication categories, depending on the production 
method (Zincir and Arslanoglu, 2024).

Several studies specifically examine ammonia’s lifecycle perfor
mance in real-world ship applications. These cases provide valuable 
insights into both environmental impacts and system integration chal
lenges. A study on a short-sea general cargo vessel demonstrated that 
green ammonia could reduce GHG emissions by up to 79 % compared to 
marine diesel. However, the analysis highlighted high NOx emissions, 
which necessitate the use of after-treatment systems such as SCR. Blue 
ammonia, although less effective, was still sufficient to meet IMO’s 2030 
targets (Zincir, 2022).

A techno-economic study of an ammonia-fuelled container ship 
using solid oxide fuel cells (SOFCs) and onboard ammonia cracking 
showed that the configuration could achieve zero CO2 emissions during 
operation. The results also identified challenges related to system 

complexity, ammonia availability, and storage requirements (Wu et al., 
2022). Another LCA study was performed on a ferry using an 
ammonia-hydrogen blend and integrated SCR for NOx control. The 
system achieved zero carbon emissions with approximately 42 % energy 
efficiency, highlighting both technical viability and compliance with 
decarbonisation targets (Sánchez et al., 2023).

For offshore support vessels used in wind energy projects, a 
comparative study using LCA and machine learning techniques found 
that green ammonia had lower impacts than LNG in categories such as 
global warming potential and eutrophication. Nonetheless, operational 
risks related to fuel handling and emissions control remained significant 
(Ahmed et al., 2023). Ammonia use in luxury vessels was evaluated 
through a case study involving a mega-yacht powered by a PEM fuel cell 
system. The onboard ammonia cracking technology was found to deliver 
strong environmental benefits, although the system’s energy autonomy 
and spatial demands limited its broader applicability (Micoli et al., 
2024).

2.3. Ship integration consideration

Few studies explicitly integrate vessel design choices, particularly 
new-build versus retrofitted configurations, into LCA frameworks. Yet 
these considerations have major implications for fuel efficiency, emis
sions, and environmental trade-offs.

A study focusing on retrofitting ammonia engines into existing bulk 
carriers noted that while technically feasible, the process introduces 
inefficiencies and may increase operational emissions unless countered 
with design improvements (Ejder and Arslanoğlu, 2022). A comparison 
of retrofit and new-build configurations for ammonia-powered 
container ships using SOFCs showed that new vessels had better emis
sions and cost profiles due to optimized tank placement and propulsion 
integration. Retrofitting offered faster implementation but entailed 
greater trade-offs in terms of energy use and design constraints (Wu 
et al., 2022).

Additional analysis of general cargo ships also highlighted the 
impact of structural adjustments on LCA outcomes, especially when 
larger or multiple tanks are required for storing low-density fuels like 
ammonia (Zincir, 2022). Ammonia retrofitting typically involves the 
installation of pressurized or cryogenic storage tanks, resulting in 
additional structural modifications, reduced cargo space, and increased 
fuel consumption due to higher displacement. These factors are seldom 
included in cradle-to-grave LCA models but can significantly affect 
lifecycle performance. Ammonia has been considered in one study 
evaluating the carbon footprint by using LCA and further works by 
taking into account of the storage system and other impact categories 
will bring more beneficial to the industry (Chalaris et al., 2022). Another 
research work accessed ammonia/hydrogen-driven marine propulsion 
by evaluating how much emission and environmental impact are 
brought by alternative fuels comparing with traditional fuels. It has been 
mentioned some significant issues requires attention including fuel 
infrastructure and safety etc.; therefore, no storage system is under 
consideration (Dong et al., 2024). Similarly in one report regarding the 
life cycle GHG emission study on applying ammonia as a marine fuel, the 
focus of the study is on the fuel side instead of inclusion of storage tanks 
(Schuller et al., 2024).

Despite these insights, most LCA studies continues to focus on 
operational emissions and fuel production, with relatively few consid
ering ship-level modifications or end-of-life impacts. This gap un
derscores the need for more holistic lifecycle approaches that integrate 
design, retrofitting, and operational data into emissions modelling 
(Tomos et al., 2024). This study takes a comprehensive approach by 
evaluating emissions not only from fuel production and ship operation 
but also from the entire life cycle of ammonia storage tanks, including 
their material extraction, manufacturing, use and end-of-life stages.
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3. LCA methodology

The application of LCA to ammonia as a marine fuel involves a sys
tematic evaluation of all its stages, including production, transportation, 
storage, utilization in combustion engines, and the disposal or recycling 
of fuel storage systems (Fig. 1). This assessment follows ISO 14040/ 
14044 standards and considers key phases critical to environmental 
impact analysis (ISO, 2006a, 2006b) 

• Goal and Scope Definition
• Inventory Analysis
• Life Cycle Impact Assessment (LCIA
• Interpretation

This research study aims to conduct a LCA study of ammonia-fuelled 
ships that store and transport ammonia onboard. The study is structured 
around several specific objectives to ensure a comprehensive evaluation 
of the environmental impacts associated with a demonstrator and 
desktop study ships. These objectives are designed to provide a detailed 
analysis of the entire life cycle of ships and their storage systems, with a 
focus on key environmental concerns and appropriate assessment 
methodologies: 

1. Evaluate the environmental impact of various types of marine ves
sels: This objective assesses the overall environmental impact of 
various types of ships, focusing on ammonia as a marine fuel. It ex
amines both traditional and composite storage tank solutions, as well 
as the demonstrators and desktop studies developed within the 
project. The goal is to evaluate the environmental benefits, trade- 
offs, and challenges associated with transitioning from conven
tional marine fuels to ammonia-based systems, providing insights 
into their sustainability performance. The functional unit is defined 
as the entire lifespan of the ship, from cradle to grave, and the LCA 
results represent the total environmental impacts over the ship’s full 
life cycle.

2. Cover all activities from cradle to grave for ships and storage tanks: 
The LCA follows a cradle-to-grave approach, covering all lifecycle 
stages of ammonia-fuelled ships and their storage tanks. This in
cludes material extraction, manufacturing, fuel production, trans
portation, storage, vessel operation, and end-of-life processes such as 
decommissioning or recycling. By considering the entire lifecycle, 
this objective ensures a comprehensive understanding of 

environmental impacts at each stage, highlighting areas for 
improvement and optimization.

3. Quantify life cycle emissions: A critical aspect of the LCA is quanti
fying key pollutant emissions across the lifecycle of ammonia-fuelled 
vessels. The primary pollutants under consideration include CO2, 
SOx, NOx, and particulate matter (applicable only during utiliza
tion). This quantification provides a detailed breakdown of emissions 
at each stage, serving as a foundation for impact assessment and 
establishing the overall environmental footprint of the system.

4. Apply LCA methods and determine the impacts of pollutants: To 
analyse the identified pollutants, established LCA methodologies 
such as CML will be applied. These methods enable categorization 
and evaluation of environmental impacts across key indicators, 
including GWP, AP, EP and POCP. GWP evaluates the contribution of 
emissions to climate change by measuring the heat-trapping effect of 
greenhouse gases over a set time horizon. AP assesses the release of 
acidic compounds that lead to ecosystem damage through acid rain 
and soil degradation. EP quantifies the nutrient enrichment of water 
bodies, which can cause algal blooms and oxygen depletion harmful 
to aquatic life. POCP measures the formation of ground-level ozone 
from precursor emissions like NOx and VOCs, contributing to smog 
and air quality deterioration. These ensure that the environmental 
consequences of emissions are measured scientifically, providing 
meaningful insights into the long-term effects of ammonia-fuelled 
ships.

5. Conduct sensitivity analysis to assess parameter influence on LCA 
outcomes: Sensitivity analysis will be conducted to evaluate how 
variations in key parameters—such as fuel production techniques, 
operational efficiencies, and storage technologies—affect the overall 
LCA results. This analysis helps identify critical factors influencing 
the environmental performance of ammonia-fuelled ships, enabling 
informed decision-making and optimization strategies for future 
developments.

6. Carry out uncertainty analysis to determine confidence levels in data 
collection: Given the complexity of LCA and data variability, an 
uncertainty analysis will quantify confidence levels in data collection 
and analysis. This step ensures the reliability and robustness of the 
LCA results by accounting for potential variability in assumptions, 
data sources, and model inputs. The uncertainty analysis helps 
stakeholders interpret the precision of findings and highlights areas 
where further research or more accurate data may be needed.

These objectives collectively ensure that the study provides a thor
ough, data-driven assessment of the environmental impacts of ammonia- 
fuelled ships, offering valuable insights to support sustainability and 
emissions reduction efforts in the maritime industry.

The scope of this LCA study covers both the demonstrator and five 
desktop studies. Fig. 2 encompasses ammonia fuel types and tank stor
age systems, covering emissions, energy consumption, resource deple
tion, and waste generation across various life cycle stages: from fuel 
production and processing to transport, storage, and vessel operation. 
For storage tanks, the analysis includes construction, operation, main
tenance, and end-of-life disposal. This comprehensive approach ensures 
a complete well-to-wake (WtW) LCA analysis. This study considers both 
metallic and composite storage tanks. However, aside from ammonia 
fuel and storage solutions, the LCA does not include auxiliary systems or 
other conventionally built equipment. The scope also defines data re
quirements, assumptions, and inherent limitations, ensuring that the 
LCA remains targeted, transparent, and relevant for applications such as 
product development, policy-making, or environmental reporting. 
Additionally, a well-defined scope facilitates comparative analysis of 
alternative technologies or processes, such as traditional versus 
advanced fuel storage systems, helping to identify the most sustainable 
options.

For the desktop ship studies, this work considers various ship types to 
provide a comprehensive overview of the differing design and Fig. 1. LCA framework.
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performance characteristics related to ammonia storage tanks. The re
sults will highlight the LCA performance of these tanks, illustrating their 
contribution to the overall environmental impact of the ships by 
reflecting both their functional role and the environmental implications 
of their design and development.

The CML methodology, developed by Leiden University, is a widely 
recognized approach for conducting LCA and is applied in this study to 
assess environmental impacts systematically (CML - Department of In
dustrial Ecology, 2016; Huijbregts, 2016)It provides a structured 
framework for evaluating the environmental impacts of a product or 
process throughout its life cycle, from raw material extraction to 
disposal or recycling. It focuses on quantifying impacts across various 
categories using scientifically validated models. Key Features of the CML 
methodology are: 

1. The CML methodology, used in this study for impact assessment, 
offers a structured and scientifically robust approach to evaluating 
environmental effects across the full life cycle of ships. It operates 
through a midpoint-oriented framework, concentrating on stressors 
such as emissions and resource use, rather than endpoint conse
quences like biodiversity loss or human health outcomes. Environ
mental impacts are categorized under key indicators such as global 
warming potential (GWP), acidification potential (AP), eutrophica
tion potential (EP), and photochemical ozone creation potential 
(POCP), among others. CML applies characterization factors to 
translate emissions, such as CO2 and methane, into comparable 
metrics like CO2 equivalents, thereby facilitating consistent impact 
quantification. The model primarily uses global or European baseline 
conditions but allows for regional customization where relevant, 
enabling better alignment with local environmental contexts. 
Detailed emission quantification is integral to the methodology, 
capturing inputs and outputs throughout the ship’s life cycle. Addi
tionally, normalization and grouping can be employed to contextu
alize and synthesize results for more informed decision-making, 
depending on the goals and scope of the analysis.

3.1. Governing equations

Using the specific fuel oil consumption (SFOC) approach, fuel con
sumption and emissions for a marine engine can be estimated as follows: 

mfuel = SFOC × Pengine × t                                                             (1)

where: 

• mfuel = total fuel consumption (kg)

• SFOC = specific fuel oil consumption (g/kWh)
• Pengine = engine power output (kW)
• t = operating time (hours)

The total fuel energy input is estimated, and this is used then for the 
conversion of fuel from traditional fuels (HFO and MDO) to alternative 
fuel (ammonia): 

Efuel = mfuel × LHV                                                                        (2)

where: 

• Efuel = fuel energy input (MJ)
• LHV = lower heating value of the fuel (MJ/kg)

Emissions generated from fuel consumption are estimated using 
emission factors: 

Memission,i = mfuel × EFi                                                                  (3)

where: 

• Memission,i = mass of pollutant i (kg)
• EFi = emission factor for pollutant i (kg/kg fuel)

A generalized governing equation for Life Cycle Assessment (LCA) 
that incorporates multiple life phases and environmental impact po
tentials can be expressed as: 

Itotal =
∑

p

∑

e

∑

i

(
Mp,e,i ×EPFe,i

)
(4) 

where: 

• Itotal = total environmental impact
• p = life cycle phase (e.g., production, transportation, storage, oper

ation, end-of-life)
• e = environmental impact category (e.g., global warming, acidifi

cation, eutrophication, photochemical ozone creation)
• i = specific emission (e.g., CO2, NOx, SO2, NH3, etc.)
• Mp,e,i = mass of emission i in phase p contributing to impact category 

e
• EPFe,i = emission potential factor or characterization factor linking i 

to impact category e

This equation aggregates emissions and resource uses across 
different life cycle phases while converting them into environmental 
impact based on impact category characterization factors. It is worth 

Fig. 2. Scope of the LCA study.
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noting that some of the environmental impact has been collected from 
published literature, which is directly added to the total environmental 
impact bypassing the calculation from the above equation.

The assumptions used in this study include: 

1. Shipyard processing and electricity data are sourced from the 
SHIPLCA database, which represents a UK shipyard. This may 
introduce inaccuracies when applying the data to different 
shipyards.

2. For the scrapping phase, the same material processing technologies 
and specifications (e.g., speed and power) were assumed due to a 
lack of specific information on scrapping yards at this stage.

3.2. SHIPLCA software

The SHIPLCA software is an in-house innovative tool developed as 
part of the SHIPLYS project (Wang et al., 2020), aimed at enhancing the 
sustainability of maritime operations through comprehensive life cycle 
assessment. SHIPLCA allows users to evaluate environmental impacts 
from design through to decommissioning, considering factors such as 
materials, construction, operation, maintenance, and end-of-life 
disposal. Users can input a wide range of parameters, including ship 
particulars, operational profiles, fuel types, and machinery specifica
tions, ensuring the assessments are tailored to specific operational sce
narios. The software calculates various environmental impact metrics, 
including greenhouse gas emissions, energy consumption, and resource 
utilization. This data helps users identify environmental hotspots and 
areas where operational improvements can be made. SHIPLCA is 
designed with ease of use in mind, providing an intuitive interface that 
makes it accessible to a broad range of stakeholders, including ship 
designers, operators, and policymakers. The user-friendly platform fa
cilitates quick data entry and analysis, enabling users to generate 
insightful reports.

Within the context of the LCA, SHIPLCA can effectively conduct 
detailed life cycle assessments of NH3 fuel systems, following the same 
LCA analysis structure outlined in Chapter 2, including the associated 

storage tanks. Fig. 3 illustrates the architecture of the SHIPLCA software. 
By inputting specific data related to ship designs, operational profiles, 
and ammonia production methods, users can analyse the environmental 
impacts across various life cycle stages. This process enables stake
holders to identify areas for improvement, optimize designs for sus
tainability, and assess the overall feasibility of ammonia as a fuel source. 
As the maritime industry faces increasing challenges related to envi
ronmental regulations and the push for sustainable practices, SHIPLCA 
provides stakeholders with the tools needed to make informed decisions 
that support a greener, more sustainable future for shipping, particularly 
during the transition to ammonia-based fuels. Through its comprehen
sive assessments and user-friendly design, SHIPLCA fosters innovative 
solutions that balance operational efficiency with environmental re
sponsibility in the industry.

4. Data collection for ammonia fuel

This section outlines the data collection methods and types of in
formation needed to assess the environmental impacts of NH3 fuel, along 
with its storage tanks. This encompasses various aspects, including the 
types of ammonia produced, energy consumption and CO2 emissions 
during production, transportation logistics, storage practices, and 
characteristics of different storage tank designs.

4.1. Ammonia fuel types

Ammonia can be categorized into three primary types based on the 
production methods employed and their environmental impacts: brown 
ammonia, blue ammonia, and green ammonia. Each type has unique 
characteristics that significantly influence energy consumption, CO2 
emissions, and overall sustainability.

Brown ammonia is produced primarily from fossil fuels, specifically 
through the Haber-Bosch process, which combines nitrogen from the air 
with hydrogen derived from natural gas. This method is characterized by 
high energy consumption and significant CO2 emissions resulting from 
fossil fuel combustion.

Fig. 3. SHIPLCA software architecture.
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Blue ammonia employs a similar production process as brown 
ammonia but integrates carbon capture and storage (CCS) technologies 
to mitigate CO2 emissions. The energy consumption data for blue 
ammonia production needs to be focused in parallel to the emission 
generation.

Green ammonia is produced using renewable energy sources, such as 
wind or solar power, to electrolyze water and generate hydrogen, which 
is then combined with nitrogen.

4.2. Ammonia production

Ammonia production is an energy-intensive process, and its energy 
consumption varies depending on the production method. For tradi
tional “brown” ammonia production, which relies on fossil fuels, the 
energy requirement is approximately 8 MWh per ton of ammonia. 
However, around 90 % of this energy consumption stems from the 
production of hydrogen, which is a key input in the ammonia synthesis 
process. Various feedstocks such as coal, heavy fuel oil, and naphtha can 
be used for hydrogen production, but these have much higher associated 
CO2 emissions compared to natural gas. For instance, coal, heavy fuel 
oil, and naphtha produce between 2.5 and 3.8 tons of CO2 per ton of 
ammonia, while natural gas emits approximately 1.6 tons of CO2 per ton 
of ammonia (Royal Society, 2020).

Brown ammonia production primarily uses fossil fuels, with natural 
gas being the most common. The carbon intensity of brown ammonia 
varies depending on the feedstock, with natural gas being the least 
carbon intensive. The overall carbon footprint of brown ammonia re
mains significant, with most of the emissions stemming from the 
hydrogen production process. Coal, heavy fuel oil, and naphtha 
contribute significantly higher CO2 emissions, further exacerbating the 
environmental impact of brown ammonia production.

Blue ammonia incorporates CCS technologies to reduce its carbon 
footprint. The energy conversion efficiency of blue ammonia production 
varies depending on the CCS technology and the level of hydrogen re
covery. For instance, post-capture processes with 90 % hydrogen re
covery yield an energy conversion efficiency of 76 %, while syngas 
capture with 70 % hydrogen recovery achieves 70 %. Other recovery 
configurations offer efficiencies between 72 % and 73 %, depending on 
the capture process used (Leeds City Gate, 2016). These efficiencies 
highlight the trade-offs between energy use and carbon reduction in blue 
ammonia production.

Green ammonia is produced using renewable energy sources, typi
cally through water electrolysis to generate hydrogen. The energy con
sumption for hydrogen production in green ammonia processes ranges 
from 4.3 to 7.5 kWh per cubic meter of hydrogen (equivalent to 8.4–14.7 
MWh per ton of ammonia) (Ursúa et al., 2012). Since green ammonia 
production relies solely on renewable energy, it has the potential to 
achieve zero CO2 emissions, making it a highly sustainable alternative to 
fossil-fuel-based ammonia production.

The CO2 emissions from ammonia production are closely tied to the 
energy source used for hydrogen production. For brown ammonia, CO2 
emissions can range between 2.5 and 3.8 tons of CO2 per ton of ammonia 
when using coal, heavy fuel oil, or naphtha, while natural gas produces 
1.6 tons of CO2 per ton of ammonia. In the case of blue ammonia, CO2 
emissions are significantly reduced due to CCS technologies. Depending 
on the CCS configuration, emissions can range from 39.8 to 59.4 g/kWh 
(equivalent to 0.2–0.3 tons of CO2 per ton of ammonia). For example, 
post-capture processes with 90 % hydrogen recovery result in CO2 
emissions of 57.2 g/kWh (0.3 tons of CO2 per ton of ammonia), while 
syngas capture with 90 % hydrogen recovery can achieve emissions as 
low as 39.8 g/kWh (0.2 tons of CO2 per ton of ammonia). Green 
ammonia, on the other hand, produces zero CO2 emissions, making it the 
most environmentally friendly option for ammonia production.

4.3. Ammonia transportation

Transportation plays a vital role in the overall environmental impact 
of ammonia fuel.

For pipeline transportation (Huib et al., 2003), the emissions and 
energy consumed for transporting ethylene and propylene within the EU 
is used in this study, as shown in Table 1, Tables 2 and 3. The usage of 
this data is due to a lack of ammonia transportation data and this 
chemical transportation can be a good indication for the energy and 
emission assumption from ammonia transportation via pipeline.

4.4. Ammonia storage and bunkering

Effective storage and bunkering practices are essential for main
taining the safety and integrity of ammonia fuel. This section will 
explore key storage methods, including loading and unloading pro
cesses, liquefaction, and overall ammonia storage practices.

The energy consumption for loading and unloading ammonia is 
relatively minimal compared to other stages of the ammonia lifecycle. 
According to Al-Breiki and Bicer (2020), the energy required for this 
process is approximately 0.00196 MJ per kilogram of ammonia. This 
low energy usage reflects the efficiency of modern loading and 
unloading technologies, particularly in well-optimized industrial oper
ations. Although the energy requirement is small, it still contributes to 
the overall energy footprint of ammonia logistics and should be 
considered in life cycle assessments of ammonia as a fuel or industrial 
product.

The storage of ammonia involves two key energy-consuming pro
cesses: liquefaction and the maintenance of storage conditions. Lique
faction is required to convert ammonia into its liquid form for more 
efficient storage and transport. This process consumes about 0.02 kWh 
per kilogram of ammonia, which ensures that ammonia can be stored at 
low temperatures in a condensed state.

Once ammonia is liquefied, the energy required to maintain stable 
storage conditions is slightly higher, at around 0.12 kWh per kilogram of 
ammonia. This energy is used to maintain the low temperatures neces
sary to keep ammonia in its liquid form, preventing it from vaporizing 
and maintaining its safety and usability over long periods. Ammonia 
storage at high pressure is not considered, while ammonia stored at low 
temperature is preferred, which is in line with the latest IMO interim 
guidelines, 2024 (CCC10) (IMO, 2024). Together, the liquefaction and 
storage processes represent a significant portion of the energy required 
for ammonia’s handling and logistics, making them important factors in 
assessing its environmental and economic viability as an alternative fuel 
(Bañares-Alcántara et al., 2015).

4.5. Emissions of ammonia

4.5.1. Well to tank (WTT) emissions
The well-to-tank (WtT) emissions of ammonia cover the full range of 

activities from raw material extraction (the “well”) through production, 
transportation, and storage on shore facilities, up to the point where 
ammonia is ready for use (the “tank”). These emissions vary signifi
cantly depending on the production pathway, whether brown, blue, or 
green ammonia. These pathways differ in their energy sources and 
carbon management strategies, affecting the overall environmental 
impact. Tables 4–8 indicate the emission factors for various types of 
ammonia fuel, combining all the data collected in the previous sections. 

Table 1 
Emission factors for pipeline transportation.

Transportation emission factors Emissions

CO2 NOx PM10 SO2 VOC

Emission factor (g/MJ) 60.00 0.11 0.02 0.29 0.01
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The GWP, AP, EP and POCP emission impacts (GWI, AI, EI, POCI)) are 
presented.

4.5.2. Tank to wake (TTW) emissions
The tank-to-wake (TtW) emissions of ammonia refer to the envi

ronmental impact that occurring during its use as a fuel, specifically 
from the point it leaves the on-board storage tank to its combustion or 
utilization in an engine. Unlike fossil fuels, ammonia is a carbon-free 
molecule, meaning that it does not directly emit CO2 when burned. 
However, ammonia combustion can produce other pollutants, such as 
NOx, which are harmful to the environment and human health. 
Advanced combustion technologies, such as selective catalytic reduction 
(SCR) systems, can be employed to mitigate NOx emissions, reducing 
their impact significantly to meet IMO Tier III NOx emission regulations 
(Table 9) (Mckenney, 2023). It is assumed in this study sufficient mea
sures will be adopted to meet this regulation so that the NOx emission 
can be estimated based on the target emission level of 2g/kWh. Addi
tionally, if ammonia leaks or is unintentionally released, it can 
contribute to air pollution and pose risks due to its toxicity. Subject to 
data availability on ammonia slip from ammonia engines (which will be 
released soon) and considering a safe design, ammonia release is not 
considered. Overall, ammonia’s TtW emissions are considered relatively 
low in terms of GHGs compared to conventional fuels, but effective NOx 
management and safety measures are crucial for minimizing its envi
ronmental footprint during use. One of the benefits of ammonia as a 
marine fuel is that it does not produce SOx or PM emissions during 
combustion. The normalised target levels for emissions are included in 
the same table.

The environmental impacts of the emissions presented in Table 9, 
along with their corresponding emission indicators, are summarized in 
Table 10. The indicative emissions for GWP, AP, EP and POCP are CO2, 
SO2, PO4

3− and C2H4 respectively. Using the normalised emission 
quantities and the environmental potentials of each emission, Table 11
presents the normalised tank-to-wake environmental impacts for 
ammonia in terms of GWP, AP, EP and POCP.

4.6. Case study

This section outlines the diverse range of inputs required for an ac
curate analysis of the environmental impacts associated with ammonia 
fuel and its storage tanks. By incorporating detailed vessel-specific data, 
in particular demonstrator and desktop studies, from NH3CRAFT proj
ect, it is aimed to accurately estimate fuel consumption and emissions 
generated throughout the different lifecycle stages of these components.

4.6.1. Ship particulars
This includes identifying specific information about the design, di

mensions, and operational capabilities of the demonstrator considered 
in the project (Table 12). Key details such as the ship’s size, type, age, 
and intended use are critical for LCA to understand its performance and 
fuel efficiency. Parameters such as cargo capacity, cruising speed, and 
fuel type provide insights into the overall operational profile and its 
impact on ammonia fuel consumption. The ship particulars for the 5 
desktop studies are shown in the following tables (Tables 13–17).

4.6.2. Operational profile and machinery data
The operational profile encompasses the typical routes, speeds, and 

Table 2 
Energy consumption for pipeline transportation.

Energy consumption (MJ/ton-km)

Best 0.11
Worst 0.18
Average 0.14

Table 3 
Emission types for pipeline transportation.

Transportation Emission Emissions (g/ton-km)

CO2 NOx PM10 SO2 VOC

Best 6.60 0.01 0.0022 0.03 0.0011
Worst 10.80 0.02 0.0036 0.05 0.0018
Average 8.40 0.02 0.0028 0.04 0.0014

Table 4 
WtT emission impact for brown ammonia (Coal, HFO, Naphtha).

Emission impact Amount Unit

GWI 7.67E+00 kg CO2 e/kg fuel
AI 2.02E-04 kg SO2 e/kg fuel
EI 3.92E-03 kg PO4

3− e/kg fuel
POCI 7.13E-05 kg C2H4 e/kg fuel

Table 5 
WtT emission impact for brown ammonia (Natural Gas).

Emission impact Amount Unit

GWI 2.16E+00 kg CO2 e/kg fuel
AI 2.02E-04 kg SO2 e/kg fuel
EI 2.37E-04 kg PO4

3− e/kg fuel
POCI 3.56E-05 kg C2H4 e/kg fuel

Table 6 
WtT emission impact for blue ammonia (Post capture).

Emission impact Amount Unit

GWI 6.87E-01 kg CO2 e/kg fuel
AI 2.02E-04 kg SO2 e/kg fuel
EI 2.37E-04 kg PO4

3− e/kg fuel
POCI 3.56E-05 kg C2H4 e/kg fuel

Table 7 
WtT emission impact for Blue Ammonia (Syngas capture).

Emission impact Amount Unit

GWI 5.93E-01 kg CO2 e/kg fuel
AI 2.02E-04 kg SO2 e/kg fuel
EI 2.37E-04 kg PO4

3− e/kg fuel
POCI 3.56E-05 kg C2H4 e/kg fuel

Table 8 
WtT emission impact for green ammonia.

Emission impact Amount Unit

GWI 3.00E-02 kg CO2 e/kg fuel
AI 2.75E-05 kg SO2 e/kg fuel
EI 7.15E-06 kg PO4

3− e/kg fuel
POCI 1.54E-06 kg C2H4 e/kg fuel

Table 9 
TtW Emission level for Ammonia.

Emission Target level Normalised target level

N2O 0.06 g/kWh 0.00032 kg/kg NH3

NOx Tier III (≈2 g/kWh) 0.011 kg/kg NH3

SOx N/A N/A
PM N/A N/A
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operational patterns of the ship. This information is vital for estimating 
fuel consumption and emissions across different operational scenarios. 
Factors such as voyage length, weather conditions, and port calls can 
significantly influence fuel use and emissions, which requires a detailed 
assessment of the ship’s operational behaviour. For the demonstrator, 
different types of fuel and ammonia will be considered for the life cycle 

analysis in order to showcase the environmental impacts when changing 
to different fuels.

Data related to the ship’s machinery, including engines, generators, 
etc., is essential for evaluating fuel efficiency and emissions. This in
cludes specifications on: 

- Engine Type: Information on the type of engines used (e.g., dual-fuel, 
gas engines) and their operational efficiencies.

- Power Output: Details on the rated power output of the machinery, 
which will help estimate the energy requirements during different 
operational stages.

- Performance Metrics: Data on fuel consumption rates, thermal effi
ciencies, and emissions profiles for different machinery under vary
ing load conditions.

In this study, for a simplified estimation, the annual fuel oil con
sumption of the original ships was used (Table 18). It is used to estimate 
the TtW emissions for both the original ship using fossil fuel (HFO/ 
MDO) and the ammonia retrofit ship. The ammonia fuel required is a 
direct conversion from fossil fuel with the same energy amount from the 
lower heating value of fuels (MDO: 42.78 MJ/kg, ammonia 18.8 MJ/kg)

4.6.3. Tanks properties
Table 19 provides detailed information on the capacities of ammonia 

storage tanks used aboard ammonia-fuelled ships. These storage tanks 
are critical for safely storing and transporting ammonia as a marine fuel. 
Also, the table outlines several key parameters, including the tank vol
ume, which indicates the amount of ammonia that can be stored in each 

Table 10 
Environmental potentials of emissions compared to emission indicators.

Environmental potentials GWP AP EP POCP

CO2
a 1 – – –

SO2
a – 1.2 – 0.048

PO4
3− a – – 1 –

C2H4
a – – – 1

N2O 265 – 0.27 –
NOx – 0.5 0.13 0.028

a These emissions are the emission indicators for the environmental 
potentials.

Table 11 
TtW environmental impact (Normalised TtW emission factors) for ammonia.

Emission impact Amount Unit

GWI 8.37E-02 kg CO2 e/kg fuel
AI 5.26E-03 kg SO2 e/kg fuel
EI 1.45E-03 kg PO4

3− e/kg fuel
POCI 2.95E-04 kg C2H4 e/kg fuel

Table 12 
Main characteristics of the demonstrator: multi-purpose dry-cargo heavy lift 
vessel.

Ship particulars Value Unit

Overall length 193.9 m
Breadth (moulded) 28.2 m
Depth (moulded) 15.6 m
Draught (moulded) 11.2 m
Deadweight 31,000 ton
Cargo capacity 39,700 m3

Container capacity 2019 TEU
M/E power (@CSR) 10,458 kW
Engine speed (@CSR) 120 rpm
Service speed (@CSR) 16.8 knot
Endurance 15,000 nautical miles
Years remain in service 17a Years

a Calculated based on the ship entering service in 2011, with a life span of 30 
years, and for the current year, 2024

Table 13 
50,000t DWT Bulk carrier particulars.

Length O.A. 190.633 m
Length B.P. 184.00 m
Breadth (moulded) 32.26 m
Depth (moulded). 17.30 m
Draft (design) 10.15 m
Draft (scantling) 12.00 m
Deadweight 50,000 t DWT

Table 14 
50,000t DWT Tanker particulars.

Length O.A. 183.06 m
Length B.P. 175.15 m
Breadth (moulded) 32.20 m
Depth (moulded) 19.10 m
Draft (design) 11.00 m
Draft (scantling) 13.30 m
Deadweight 50,000 t DWT

Table 15 
2700 TEU Container ship particulars.

Length O.A. 186.0 m
Length B.P. 177.0 m
Breadth (moulded) 34.8 m
Depth (moulded) 17.9 m
Draft (design) 8.5 m
Draft (scantling) 11.00 m
Total container capacity 2746 TEU
Container capacity on deck 1660 TEU
Container capacity in hold 1086 TEU

Table 16 
1500 RoPax ferry particulars.

Length O.A. 145.9 m
Length B.P. 133.5 m
Breadth (moulded) 23.2 m
Draft (design) 5.7 m
Draft (scantling) 5.9 m
Deadweight 2300 ton

Table 17 
Small double ended ferry particulars.

Length O.A. 43.5 m
Length B.P. 39.99 m
Breadth (moulded) 12.2 m
Breadth (extreme) 12.3 m
Draught (maximum) 1.74 m
Depth (moulded) 3 m
Deadweight 95 ton

Table 18 
Annual fuel oil consumption (ton) of the demonstrator ship.

Operational condition M/E Prop. A/E Prop. Boiler Total

Laden 3976.3 505.2 1.5 4483.0
Ballast 402.3 56 0.3 458.6
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tank. This volume is a crucial factor for determining the operational 
range of the ship, as larger tanks enable the vessel to carry more fuel and 
thus travel longer distances between refuelling.

In addition to volume, the weight of the tanks is also specified in 
Table 18. This includes both the weight of the tank structure itself and 
the ammonia it contains. The weight is an important consideration for 
ship stability and performance, as heavier tanks can affect the ship’s 
draft, balance, and fuel efficiency. Managing the weight distribution on 
board is essential for maintaining the ship’s operational efficiency and 
safety.

Lastly, Table 19 describes the materials used in the construction of 
the tanks. Ammonia is a highly corrosive substance, and the choice of 
materials is vital to ensure the long-term durability and safety of the 
tanks. Common materials for ammonia tanks include stainless steel and 
specialized composite materials, which are resistant to corrosion and 
capable of withstanding the low temperatures required to keep 
ammonia in its liquid state. The materials must also meet stringent 
safety and regulatory standards to prevent leaks and other hazards 
associated with ammonia storage.

Together, these parameters—volume, weight, and materi
als—provide a comprehensive view of the design and performance 
characteristics of ammonia storage tanks on ammonia-fuelled ships. The 
data helps evaluate the LCA performance of the storage tanks in this 
study, reflecting both their functionality and the environmental impact 
of their design and development. For desktop studies, the tank details 
are presented in Table 20.

4.6.4. Material specifications
Understanding the material specifications of ammonia fuel storage 

tanks is essential for assessing both their performance and safety. This 
evaluation includes not only the types and quantities of materials used in 
the previous section but also the associated environmental impacts, such 
as emissions during steel and glass fibre production (Burchart-Korol, 
2013; PwC, 2023), as summarized in the following tables (Tables 21 and 
22). It is observed that the GWI, AI and EI of steel production are lower 
than glass fibre production; however, the POCI comparison results show 
the opposite.

4.6.5. Shipyard data
Data from shipyards involved in the new-building (containership) or 

retrofitting of ships (other vessels) for ammonia fuel usage is essential 
for understanding the feasibility and potential challenges associated 
with implementing ammonia as a fuel source. This includes: 

- Construction Techniques: Insights into the construction methods 
used for building or modifying ships to accommodate ammonia fuel 
systems, including any specific challenges or innovations.

- Timeline and Costs: Information on the timelines and costs associ
ated with building or retrofitting ships for ammonia fuel use, which 
will help inform economic assessments.

Subject to data availability, the existing data (Tables 23 and 24) from 
SHIPLCA software was adopted for the LCA study.

5. Results and discussion

5.1. Demonstrator

The results of the LCA study for the demonstrator considering 
different ammonia fuel types as well as tank materials (metallic and 
composite) are presented in Fig. 4.

The procedure are summarized as follows: 

• Section 3.1 presents the governing equations relevant to the esti
mation of environmental impact including equations for calculating 
fuel consumption and environmental impact.

• Section 4 provides the necessary input data, covering fuel types and 
tank materials.

• Using the governing equations and the collected data, the environ
mental impact results are obtained.

The results reveal that brown ammonia, particularly the one pro
duced from coal, has the highest GWI, at 894,536 tons CO2e. This 
alarming figure highlights the substantial carbon emissions associated 
with coal-based ammonia production, posing significant challenges in 
mitigating climate change. In contrast, brown ammonia produced from 
LNG shows a markedly lower GWI of 467,189 tons CO2e. While LNG is 
less carbon-intensive than coal, it still contributes significantly to 
greenhouse gas emissions, indicating the need for cleaner alternatives.

The LCA results for blue ammonia, produced with CCS, show a 
notable reduction in GWI. The post-CCS production method (blue post) 
results in 100,483 tons CO2e, while the syngas CCS (blue syngas) 
approach further reduces this figure to 77,377 tons CO2e. These findings 
highlight the effectiveness of CCS technologies in decreasing the carbon 
footprint of ammonia production, making blue ammonia a more viable 
option in the transition to a low-carbon economy.

The lowest GWI is observed for green ammonia, which has a GWIof 
just 24,974 tons CO2e. This stark contrast emphasizes the potential of 
green ammonia produced from renewable energy sources to serve as a 
sustainable solution in decarbonizing energy systems. The significantly 
lower emissions from green ammonia illustrate its potential as a future 
fuel, particularly for maritime applications where reducing carbon 

Table 19 
Storage tank properties of the demonstrator ships.

Tank types Material Weight (ton) Volume (m3)

Metallic tanks Low-Temperature Carbon Steel 191 690
Composite tanks Glass fibre 19 80

Table 20 
Tank details of the desktop study ships.

Ship types Weight (ton)

50,000t DWT Bulk carrier 275 (Steel)
50,000t DWT Tanker – Design Variant 1 369 (Steel)
50,000t DWT Tanker – Design Variant 2 369 (Steel) + 4 (Glass 

fibre)
2700 TEU Container ship 128 (Steel)
1500 RoPax ferry 121 (Steel)
Small double ended ferry inland waterways 4.2 (Steel)
Multi-purpose dry-cargo heavy lift vessel 

(Demonstrator)
191 (Steel) +19 (Glass 
fibre)

Table 21 
Emission factors of steel production.

Emission impact Amount Unit

GWI 1.70 kg CO2 e/kg steel
AI 4.81E-03 kg SO2 e/kg steel
EI 0.81E-03 kg PO4

3− e/kg steel
POCI 8.12E-03 kg C2H4 e/kg steel

Table 22 
Emission factors of glass fibre production.

Emission impact Amount Unit

GWI 2.02 kg CO2 e/kg GF
AI 8.21E-03 kg SO2 e/kg GF
EI 1.03E-03 kg PO4

3− e/kg GF
POCI 6.45E-03 kg C2H4 e/kg GF
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emissions is crucial.
When examining AI, EI and POCI, the results reveal consistent values 

across all ammonia types. This uniformity suggests that while the pro
duction pathways influence GWI significantly, the acidification, eutro
phication, and photochemical impacts are less variable. This indicates 
that further improvements in these areas may be more closely linked to 
overall production methods and emission control technologies rather 
than the feedstock alone.

The LCA results highlight a clear gradient in the environmental im
pacts of ammonia production methods, with green ammonia emerging 
as the most sustainable option. The GWI of brown ammonia (coal) is 
about 33 times higher than that of green ammonia and even for brown 
ammonia (LNG), the GWI is about 10 times higher than green ammonia. 
This underscores the urgent need to transition towards cleaner pro
duction pathways. As the global community intensifies efforts to combat 
climate change, the findings from this LCA study can guide policymakers 
and industry stakeholders in making informed decisions about ammonia 
production and its role in future energy systems.

5.2. Desktop studies

The LCA study for desktop ships is focused on the storage tanks only, 
as the overall benefits of the ammonia-fuelled vessels have already been 
clearly illustrated for the demonstrator vessel. The operational profiles 
of the desktop study vessels are collected from NH3CRAFT project 
(Table 25) (NH3CRAFT, 2024). Therefore, with the provided tank con
figurations, i.e. volume, weight and materials, the LCA performances for 
different tanks for desktop study ships are summarized and presented in 
Table 26 and Fig. 5.

The primary observation is that GWI serves as the key environmental 
indicator (unit is ton CO2e) in these studies, significantly surpassing the 
values of other categories (unit is kg indicative emissions equivalent). 
For tanks of the same type, the results will show a linear increase or 
decrease in emissions based on the weight of the tanks. Furthermore, 
when considering two different tank types in case ships, such as steel and 
composite, the variations in environmental impact values are minimal 
and do not diminish the dominant influence of GWI in the overall LCA 
performance.

5.3. Sensitivity and uncertainty analysis

The results from the sensitivity analysis of various fuel types shown 
in Table 27, reveal how changes in the fuel composition can significantly 
affect the environmental impact metrics of GWI, AI, EI, and POCI. The 
data provides critical insights into the environmental implications 
associated with different fuels utilized in maritime applications.

The GWI varies dramatically among fuel types. Brown Ammonia 
from coal has the highest GWI at 1.96E+06 tons CO2e, indicating a se
vere impact on climate change. In contrast, green ammonia stands out 
with a significantly lower GWI of 5.92E+04 tons CO2e, underscoring its 

potential as a sustainable alternative. The other brown ammonia variant 
from LNG also exhibits substantial GWI values of 5.87E+05 tons CO2e, 
reinforcing the necessity for transitioning to greener fuels.

HFO and MDO cases have GWI of 3.01E+05 and 3.08E+05 tons 
CO2e, respectively, which are still high but lower than that of brown 
ammonia. This highlights the potential for improving the environmental 
profile of conventional marine fuels by exploring alternative options.

The AI figures reveal that HFO and MDO have significantly higher 
acidification impact at 5320 tons SO2e, compared to all ammonia fuel 
types, which consistently present an AI of 1400 tons SO2e. This finding 
indicates that while ammonia fuels may have a relatively lower GWI, 
they still contribute to acidification, although to a lesser extent than 
conventional marine fuels. The increased AI associated with HFO and 
MDO raises concerns about their potential to contribute to acid rain and 
related environmental issues.

Eutrophication impact remains consistent across all fuel types, with 
HFO and MDO presenting an EI of 569 tons PO4

3− e, while the ammonia 
fuels exhibit EI ranging from 372 to 1350 tons PO4

3− e. These variations 
suggest that transitioning to ammonia as a fuel from coal-based pro
duction may significantly worsen eutrophication impacts and make it a 
more environmentally friendly option in terms of nutrient loading in 
aquatic systems, while utilising cleaner and greener production of 
ammonia.

When it comes to POCI, HFO/MDO shows the highest value at 282 
tons C2H4e. In contrast, ammonia fuel types exhibit lower values from 
79 to 96 tons C2H4e across the board. This indicates that ammonia fuels 
have a reduced potential for contributing to photochemical ozone for
mation, further reinforcing their environmental advantages.

In addition to the sensitivity analysis of fuel types, Table 26 primarily 
contributes to the sensitivity analysis of desktop studies, considering 
factors such as the amount of fuel stored, consumed, and transported, as 
well as tank type, materials used, and ship type.

The sensitivity analysis clearly illustrates that different fuel types 
have varying degrees of GWI, AI, EI, and POCI. The substantial differ
ences in GWI between brown ammonia and green ammonia highlight 
the importance of transitioning to cleaner alternatives. While the acid
ification and eutrophication potentials are relatively lower for ammonia 
fuels, the overall findings suggest that ammonia, particularly green 
ammonia, presents a more sustainable option for maritime applications. 
This analysis provides essential insights that can guide fuel selection and 
inform strategies aimed at reducing the environmental impact of ship
ping activities.

Ammonia as a marine fuel is a clear option for sustainable energy, 
but its adoption faces several operational challenges and regulatory 
considerations when compared to traditional fuels: 

1. Operational Challenges
• Toxicity and Safety Risks

Ammonia is highly toxic and corrosive, requiring special handling to 
protect crew, cargo, and the environment. It poses acute health risks via 
inhalation or skin contact and requires gas detection, ventilation sys
tems, and emergency response protocols beyond what is needed for 
conventional fuels. 

• Combustion and Engine Technology

Ammonia has poor ignition properties, low flame speed, and narrow 
flammability limits, making direct combustion challenging. Engine 

Table 23 
Steel processing data.

Processing Cutting Bending Welding Blasting Coating Cleaning

Speed unit/hour 0.72 m 1 ton 24 m 57.6 m2 600 m2 ​
Power requirement (kW) 6.5 50 9.1 160 160 160

Table 24 
Electricity data.

Grid mix electricity Value Units

GWI 1.23E-01 kg CO2 e/kWh
AI 3.52E-04 kg SO2 e/kWh
EI 3.19E-05 kg PO4

3− e/kWh
POCI 2.25E-05 kg C2H4 e/kWh
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modifications or dual-fuel systems (e.g., ammonia–diesel pilot) are 
required, and combustion stability must be addressed to avoid issues like 
incomplete combustion or NOx formation. 

• Energy Density and Storage

Ammonia has lower volumetric and gravimetric energy density than 
conventional marine fuels. As a result, ships require larger or more 

complex storage systems (pressurized or refrigerated tanks), which can 
reduce cargo capacity and increase system complexity. 

• Bunkering and Infrastructure

Unlike conventional fuels, ammonia bunkering infrastructure is 
currently lacking in most ports. Its toxicity demands strict handling 
protocols, dedicated pipelines, and compatible bunkering equipment, all 

Fig. 4. LCA performance of the demonstrator (fuel and tank).
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of which are still under development or in pilot stages. 

• Corrosiveness

Ammonia is corrosive to several common metals used in marine fuel 
systems. Special materials and coatings are required for pipelines, tanks, 
and engine components to ensure durability and prevent leakage. 

2. Regulatory Perspectives

The IMO is developing guidelines for ammonia as a marine fuel 
under the International Code of Safety for Ships using Gases or other 
Low-flashpoint Fuels (IGF Code). However, these are not yet finalized, 
and current regulatory frameworks are based on risk assessments and 
case-by-case approvals. Due to the lack of standardized rules, class so
cieties (e.g., DNV, Lloyd’s Register) provide notations and technical 
guidance for ammonia-fuelled ships. Compliance often involves addi
tional design verification, hazard identification (HAZID), hazard oper
ation, fmea and quantitative risk assessments (QRA). Ports may restrict 
or delay the approval of ammonia bunkering due to local safety con
cerns. National or regional regulations may impose strict limitations on 
ammonia transport, storage, and use within port areas, requiring 
harmonization for international operations. Although ammonia elimi
nates CO2 during operation, its lifecycle emissions must be assessed. 
Future regulations might incorporate full lifecycle emissions under 
IMO’s carbon intensity targets, influencing ammonia’s acceptability 
depending on its production pathway. Regulatory frameworks will need 
to include updated requirements for crew training, certification, and 
medical surveillance due to ammonia’s hazards.

Table 25 
Operational profile of desktop study ships.

Sample ship Cruising range Actual operational 
range

50,000 DWT bulk carrier 3600 nm (oil 
mode)

1680 nm

5300 nm (gas 
mode)

50,000 DWT tanker 18,300 nm 4370 nm
2700 TEU Container ship 15,000 nm 4320 nm
1500 RoPax ferry 1820 nm 650 nm
Small double ended ferry inland 

waterways
830 nm 465 nm

Table 26 
LCA performance of desktop study ship (tank only).

Ship types Tank material Weight (ton) GWI (ton CO2e) AI (kg SO2e) EI (kg PO4
3− e) POCI (kg C2H4e)

50,000 DWT bulk carrier Metallic 275 618.35 1754.47 261.73 2257.63
50,000 DWT Tanker - Design variant 1 Metallic 369 830.14 2355.39 351.38 3030.89
50,000 DWT Tanker - Design variant 2 Metallic 369 830.14 2355.39 351.38 3030.89

Composite 4 8.07 32.81 4.12 25.77
2700 TEU Container ship Metallic 128 288.37 818.20 122.06 1052.85
1500 RoPax ferry Metallic 121 273.22 775.21 115.65 997.53
Small double ended ferry inland waterways Metallic 4.2 9.46 26.83 4.00 34.53
Multi-purpose dry-cargo heavy lift vessel (Demonstrator) Metallic 191 430.07 1220.25 182.04 1570.19

Composite 19 38.38 155.99 19.57 122.55

Fig. 5. Tank weights and environmental impacts for various ship types.

Table 27 
Environmental impact comparison between various types of ammonia and conventional shipping fuels.

Environmental 
impact

Brown ammonia - 
coal

Brown ammonia - 
LNG

Blue ammonia - Post 
CCS

Blue ammonia - Syngas 
CCS

Green 
ammonia

HFO MDO

GWI (ton CO2e) 1.96E+06 5.87E+05 2.22E+05 1.99E+05 5.92E+04 3.01E+05 3.08E+05
AI (ton SO2e) 1.40E+03 1.40E+03 1.40E+03 1.40E+03 1.35E+03 5.32E+03 5.32E+03
EI (ton PO4

3− e) 1.35E+03 4.29E+02 4.29E+02 4.29E+02 3.72E+02 5.69E+02 5.69E+02
POCI (ton C2H4e) 9.60E+01 8.70E+01 8.70E+01 8.70E+01 7.86E+01 2.82E+02 2.82E+02
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To ensure a trustworthy outcome from the LCA study, an uncertainty 
analysis on the various data collections was carried out. The data 
collection is through literature review, database application and provi
sion of project-specific data. Goerlandt and Reniers (2016) proposed a 
qualitative approach to apply strength-of-evidence to develop three 
levels of data confidence based on expert judgments and assumptions. 
Three levels are colour-coded as green/yellow/red, which presents 
strong/medium/low data confidence (Table 28). The same confidence 
level percentages have been applied to judgments based on expert 
opinions and assumptions agreed upon by experts.

Based on the defined confidence level and the data collected from the 
different sources, the confidence levels of the data used in this study are 
derived and summarized in Table 29. There are 13 groups of data 
collected following the LCA approach presented in Chapter 2. It is 
observed that no data is in weak level of confidence; the lowest level of 
confidence (medium: 69.5) is found for the shipyard working hour 
assumption, which is difficult to get a more accurate calculation without 
real data, which varies significantly with the area and the country that 
the shipyard is located. There are four other data categorized with a 
medium level of confidence because these data are from published 
literature and an existing database.

6. Conclusion and recommendations

The comprehensive evaluation of the environmental impacts of 
ammonia fuel systems and storage solutions, alongside sensitivity ana
lyses of different fuel types, underscores the substantial potential of 
ammonia as a sustainable alternative for marine applications. The 
findings from the LCA studies reveal that while ammonia-fuelled ships 
exhibit varying impacts, GWI consistently emerges as the dominant 
environmental indicator, emphasizing the urgent need to shift from 
traditional fossil fuels to more sustainable options. Key findings from the 
study include: 

1. Brown ammonia, produced from coal and LNG, demonstrates sig
nificant GWI values, highlighting the necessity of reducing reliance 
on these high-emission fuels. In contrast, blue ammonia, especially 
when coupled with CCS technologies, and green ammonia, show 
much lower GWI values, positioning them as promising solutions to 
reduce the maritime sector’s environmental impact.

2. The evaluation of desktop ship designs shows that variations in 
storage tank designs—such as size, weight, and material choic
es—can affect emission profiles. However, GWI remains the primary 
environmental concern, indicating that while improvements in tank 
configurations can enhance environmental performance, the urgent 
need to transition to cleaner fuels should remain a priority.

3. The sensitivity analysis further highlights the environmental impact 
differences among fuel types, particularly pointing to the higher 
emissions associated with HFO and MDO in comparison to ammonia. 
The significantly lower acidification and eutrophication impacts of 
ammonia-based fuels suggest their ability to mitigate common 
environmental issues related to traditional marine fuels.

Based on these findings, the following recommendations are 
proposed: 

1. Prioritize the development and adoption of green ammonia as the 
primary fuel source for maritime applications, due to its low GWI and 
minimal environmental impact. Investments in renewable energy for 
hydrogen production should be accelerated to ensure a sustainable 
ammonia supply chain.

2. Support policies and regulations that encourage the transition to 
ammonia fuels, such as financial incentives for green and blue 
ammonia technologies, and stricter emission standards for conven
tional fossil fuels.

3. Promote the integration of CCS technologies with blue ammonia 
production to further reduce GWI and improve the environmental 
feasibility of ammonia as a marine fuel.

4. Focus on designing advanced storage tank configurations that reduce 
weight and maximize efficiency without compromising safety. 
Emphasis should be placed on using sustainable materials to lower 
the environmental impact associated with tank production and 
operation.

5. Continue conducting long-term studies on the environmental im
pacts of ammonia fuels, including potential ecosystem effects and 
operational challenges in different maritime settings. These studies 
should assess the entire lifecycle of ammonia production, storage, 
and use to identify further opportunities for improvement.

By implementing these recommendations, the maritime industry can 
significantly reduce its environmental impact and contribute to global 
sustainability objectives, facilitating the transition toward a more 
resilient and eco-friendly future for shipping.

The LCA study is dependent on data collection from both literature 
and the project, and then the following limitations and assumptions are 
considered: 

1. The data collected from the literature and the project may not fully 
capture the LCA’s performance, making sensitivity and uncertainty 
analysis essential to assessing the impact of parameter variation and 
the data’s confidence level.

2. The SHIPLCA software is used according to the guidance and 
manual. It has been verified and validated within the SHIPLYS 
project.

3. Operational profiles and annual fuel consumption are theoretically 
derived from collaborative partners in the NH3CRAFT project. 
However, the LCA results may differ with real operational data.

4. Due to the unavailability of maintenance data for the containment 
system, the maintenance phase has been excluded from the study.

5. Several environmental impact data are gathered from literature and 
applied to this LCA study directly. It will affect the composition of the 
LCI; however, the LCIA result will not be affected by using these 
published data from literature.

Table 28 
Definition of data confidence levels.
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