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Abstract: This paper provides an in-depth analysis of alternative fuels, including liquefied natural 
gas (LNG), hydrogen, ammonia, and biofuels, assessing their feasibility based on operational re-
quirements, availability, safety concerns, and the infrastructure needed for large-scale adoption. 
Moreover, it examines hybrid and fully electric propulsion systems, considering advancements in 
baĴery technology and the integration of renewable energy sources, such as wind and solar power, 
to further reduce SOV emissions. Key findings from this research indicate that LNG serves as a 
viable short- to medium-term solution for reducing GHG emissions in the SOV sector, due to its 
relatively lower carbon content compared to MDO and HFO. This paper finally insists that while 
LNG presents an immediate opportunity for emission reduction in the SOV sector, a combination 
of hydrogen, ammonia, and hybrid propulsion systems will be necessary to meet long-term decar-
bonisation goals. The findings underscore the importance of coordinated industry efforts, techno-
logical innovation, and supportive regulatory frameworks to overcome the technical, economic, and 
infrastructural challenges associated with decarbonising the maritime industry. 
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1. Introduction 
Offshore supply ships (SOVs) play a crucial role in supporting offshore industries, 

particularly the oil, gas, and renewable energy sectors, by transporting essential supplies, 
equipment, and personnel to offshore platforms and installations. These vessels often op-
erate in dynamic environments, requiring high operational flexibility, fuel efficiency, and 
compliance with increasingly stringent environmental regulations. As the offshore energy 
sector transitions towards greener energy sources, the need for decarbonising SOVs has 
become a priority. Transitioning to alternative fuels presents an opportunity to signifi-
cantly reduce the environmental impact of these vessels while meeting the operational 
demands of the industry. 

Various alternative fuels, including ammonia, hydrogen, liquefied natural gas 
(LNG), methanol, biodiesel, and electricity, have been proposed as potential solutions to 
decarbonise the maritime sector. Each of these fuels offers distinct advantages and chal-
lenges in terms of energy density, fuel storage, engine compatibility, environmental im-
pact, and cost. Despite these developments, there is no universally applicable solution due 
to the vast diversity in ship types, sizes, operational profiles, and routes. 
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Given the critical nature of fuel choice in achieving both economic and environmental 
objectives, a thorough comparative analysis of alternative fuels is essential. This analysis 
is necessary to evaluate the technical feasibility of each fuel, assess the environmental and 
regulatory impacts, and understand the economic implications for ship operators. Addi-
tionally, it is important to consider the broader infrastructure requirements, such as fuel 
production, supply chains, and bunkering facilities, which will play a major role in the 
adoption of alternative fuels. 

Conducting a comparative analysis allows stakeholders to make informed decisions 
about which fuels are best suited for different vessel types and operational contexts. This 
is particularly important as the maritime industry faces increasing pressure to make stra-
tegic decisions about fuel transitions, given the rapid development of fuel technologies 
and evolving international regulations. The purpose of this paper, therefore, is to provide 
an in-depth comparative analysis of the most promising alternative fuels, exploring their 
technological readiness, environmental benefits, and economic considerations to support 
the maritime sector in its journey towards decarbonisation. 

A voluminous body of research on marine alternative fuels and decision-making pro-
cesses highlights the growing need for decarbonising the maritime sector in light of in-
creasing environmental regulations and international climate targets. Various alternative 
fuels—such as liquefied natural gas (LNG), hydrogen, ammonia, methanol, and bio-
diesel—are being investigated for their potential to reduce greenhouse gas (GHG) emis-
sions, sulphur oxides (SOx), nitrogen oxides (NOx), and particulate maĴer (PM) com-
pared to traditional fossil fuels. 

Several studies emphasise LNG as a key transitional fuel due to its relative maturity 
and immediate availability [1]. It is noted for its lower CO2 emissions and beĴer perfor-
mance in reducing SOx and PM. However, the issue of methane slip, which releases me-
thane into the atmosphere during incomplete combustion, poses a challenge as methane 
is a potent greenhouse gas [2]. Studies that compare GHG emissions across various fuels, 
such as LNG, hydrogen, and ammonia, conclude that while LNG offers near-term bene-
fits, it is not a long-term solution for achieving zero-carbon operations [3]. 

Hydrogen and ammonia are considered more promising for long-term decarbonisa-
tion due to their potential to operate as zero-carbon fuels. Hydrogen, in particular, is dis-
cussed in terms of its ability to fuel both internal combustion engines and fuel cells, the 
laĴer of which can significantly reduce emissions if used in maritime applications [4]. 
However, hydrogen faces significant challenges in storage and transportation due to its 
low energy density and need for cryogenic or high-pressure storage [5]. Ammonia, while 
offering the potential for zero-carbon emissions at the point of use, poses safety concerns 
due to its toxicity, as well as technical challenges related to combustion and storage [6]. 

Methanol is gaining aĴention as a cleaner alternative fuel, particularly because of its 
simpler storage and handling compared to LNG and hydrogen [7]. It is highlighted in 
studies for its ability to reduce SOx and NOx emissions and its adaptability to existing 
engine designs with minor modifications. However, methanol’s lower energy density 
compared to conventional fuels means larger fuel tanks are required, which poses logisti-
cal challenges, particularly for space-constrained vessels. 

Biodiesel, derived from renewable sources such as vegetable oils and animal fats, is 
considered a near-term alternative that can be used with minimal engine modifications 
[8]. On the other hand, biodiesel’s scalability and its potential to increase NOx emissions 
are critical concerns, which limit its long-term viability for widespread adoption in the 
shipping sector [9]. 

Foretich, Zaimes [10] (p. 100033) points to the crucial role of regulatory frameworks 
in driving the adoption of alternative fuels. Studies on policy impacts indicate that strong 
international regulations, such as the International Maritime Organization’s (IMO) 2030 
and 2050 emissions targets, are key drivers for fuel transition. The adoption of market-
based measures such as carbon pricing is identified as an essential tool to incentivise the 
shift to alternative fuels [11]. 
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In conclusion, while significant research has been conducted on alternative marine 
fuels, it is clear that each fuel option presents its own set of advantages and limitations. 
Fuels like LNG reduce emissions short-term but face challenges like methane slip, while 
hydrogen and ammonia offer long-term potential with technical barriers. Methanol and 
biodiesel also have trade-offs. A multi-criteria decision-making approach is crucial to eval-
uate environmental, technical, and economic factors for optimal fuel selection in maritime 
decarbonisation. 

In terms of decision-making processes, multi-criteria decision-making (MCDM) ap-
proaches are frequently mentioned. These frameworks allow for the evaluation of multi-
ple factors, including cost, environmental impact, fuel availability, and regulatory com-
pliance, to support strategic decision making in the selection of marine fuels [12]. Several 
studies consistently highlight the importance of integrating sustainability criteria along-
side economic and operational considerations to ensure the most effective fuel transition 
for various vessel types and operational profiles [13]. 

Several studies have applied MCDM approaches to assess the viability of various 
alternative fuels in the maritime sector. For example, Mandić, Ukić Boljat [14] (p. 2600) 
utilised the AHP method to rank alternative fuels based on environmental, economic, and 
technical criteria. 

Similarly, Mandić, Ukić Boljat [14] (p. 2600) applied the TOPSIS method to evaluate 
the most sustainable fuels by considering emissions reduction, cost, infrastructure re-
quirements, and safety. Their findings emphasised the difficulty in balancing environ-
mental performance with economic and technical feasibility. For instance, although hy-
drogen emerged as an ideal candidate for zero-emission shipping, the costs associated 
with its production, storage, and transportation were prohibitive when considering cur-
rent technological capabilities. 

Stranĵali, Livanos [12] (p. 7498) applies the TOPSIS and AHP methods to assess LNG 
and hydrogen for maritime use, incorporating uncertainty into the evaluation process. 
This highlights the difficulty of weighing short-term benefits (like LNG’s maturity) 
against long-term environmental impacts (hydrogen’s zero-emission potential). 

One of the previous studies applying MCDM to alternative marine fuels, this paper 
compares LNG and biodiesel, focusing on emissions, cost, and availability [15]. This study 
identifies key limitations in data availability and subjectivity in criteria weighting, which 
are still relevant today.  

The use of multi-criteria decision-making (MCDM) methods has proven to be a val-
uable tool in assessing the feasibility of alternative marine fuels. MCDM allows for the 
systematic evaluation of various fuel options by considering a wide range of factors, in-
cluding environmental performance, economic viability, technical feasibility, and regula-
tory compliance. This method enables stakeholders to make informed decisions by bal-
ancing the trade-offs between different fuel types, making it especially useful in navi-
gating the complexities of maritime fuel transition under the stringent decarbonisation 
targets. 

Many MCDM studies are limited by theoretical models and lack real-world data on 
fuel performance, operational costs, and safety. These evaluations often rely on projected 
data, expert judgment, and simplified assumptions, reducing their accuracy and applica-
bility to actual ships and the evolving maritime industry. 

To overcome these limitations, more practical, field-based studies are necessary. Such 
studies would integrate real-world data from case ships and operating conditions, provid-
ing a more comprehensive and accurate assessment of alternative fuels. Practical trials 
and pilot projects could offer valuable insights into the long-term viability, economic fea-
sibility, and environmental performance of different fuel options, thereby supporting the 
industry in identifying the most suitable marine fuels for the future. This shift from theo-
retical to more practicable studies is essential to provide the maritime sector with clear, 
actionable recommendations for transitioning to sustainable fuel alternatives. 
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2. Methodology 
The purpose of this paper was to seek to determine the viability of green technologies 

for the SOV by carrying out a high-level screening of the case ship and potential technical 
solutions to achieve low- or zero-carbon operation. 

To achieve this goal, all credible technical solutions for the SOV were investigated 
through a feasibility study on using various low- or zero-carbon fuels—ammonia, hydro-
gen, and inland electricity, biodiesel, LNG, methanol, and hybrids—as marine fuels. Cred-
ible business scenarios in consideration of the operational profile were provided by the 
ship consultant. Then, a series of comparative analyses were conducted across the pro-
posed alternative fuel sources and technologies. The technical aspects of these fuels for 
maritime application were also evaluated in consideration of safety, regulation, costs, in-
frastructural availability, supply chain constraints, barriers, and the downstream emission 
pathways to their uptake onboard.  

This comparative analysis deals with technology assessment using a matrix analysis 
for each fuel type and technology as well as propulsion technologies including baĴery 
powertrains, ICEs, fuel cells, and others as required. The matrix employs scoring methods 
for each fuel and technology from technical, environmental, economic, and safety per-
spectives.  

Firstly, it involves identification of all credible design scenarios with alternative fuels 
and propulsion systems. Then, a comparative analysis is conducted to investigate the pro-
posed design scenarios both qualitatively and quantitatively in consideration of technical 
maturity, fuel availability, potential risks, safety regulations, capital expenditures, oper-
ating expenditures, fuel costs, and space required. Lastly, a decision matrix suggests the 
most viable fuel and propulsion system solutions. 

Figure 1 shows the overall process of the preliminary assessment to confirm the most 
viable design solutions. This process was designed to identify the optimal design solution, 
including fuel selection, for the case ship, which remains relatively unexplored. This ap-
proach provides new insights into the performance of alternative fuels under conditions 
unique to Service Operation Vessels (SOVs). 

 
Figure 1. Overview of assessment. 

2.1. Case Ship Analysis (Step 1) 
The case ship, an offshore supply vessel (SOV), is specifically designed to transport 

supplies, equipment, and personnel to and from offshore wind power platforms and other 
offshore installation/maintenance platforms. The vessel is generally equipped with a 
cargo crane, deck space, and other specialised equipment to handle and transport the sup-
plies needed for offshore operations. The SOV also provides accommodation and other 
support services to the offshore workforce. It is also equipped with dynamic positioning 
systems, which allow it to remain in a fixed position in the sea, and others are equipped 
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with an A-frame or a moonpool to perform heavy lifting operations, such as the installa-
tion of subsea structures. 

2.1.1. Ship Specifications 
The case ship is an 85 m SOV proposed to be built in 2026, and its service area consists 

of, in general, windfarms in Northeast Scotland. Table 1 describes the prospective specifi-
cations of the case ship with which the technical assessment was implemented. 

Table 1. Case ship specifications. 

Items Specifications
Flag British
Class IACS

Notations  
(DNV used as example) 

A1A, Offshore Service Vessel (Windfarm Maint), 
WALK2WORK, CRANE, DYNPOS (AUTR), 

NAUT (AW), E0, BIS, CLEAN (DESIGN), BWM(T), 
Strengthened (DK), COMF-V(2)C(2), 

SPS, RECYCLABLE.
POB 90 persons maximum
Length overall (LOA) 85.0 m
Length (LBP) 84.0 m 
Breadth moulded 19 m 
Depth moulded 7.5 m 
Summer draught 5.0 m 
Displacement @ Ts  5525 t 
Power source Diesel–electric
Baseline fuel MGO 
4 Qty main generators 2000 kW
Emergency generator 200 kW

Transit Performance 
Max speed at a design draught of 
5.0 metres, not exceeding Beaufort 
scale 2, 100% power (2 x 1850kw) 

14 knots

Service speed  
(Same environmental conditions) 

10–11 knots

2.1.2. Service Route Analysis (Operating Profile) 
The case ship was considered to be engaged in service for the ScoĴish windfarm 

Morven, which is 37.2 miles off the coast of Aberdeen, the mother port of the case ship. 
The case ship was assumed to have a 14-day operation for each voyage. Given this, the 
bunkering interval would be considered as every voyage (14 days) so that the capacity of 
the fuel storage tanks for each design scenario was assessed. Table 2 illustrates the daily 
operation paĴern while discretising daily hours into different operational phases: port 
call; transit (10 kts); DP operations; interfiled transits; standby; and at anchor or moored. 
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Table 2. SOV operation time sheet. 

Projected 14-Day SOV Operational Profile 

 To-
tal 

Day 
1 

Day 
2 

Day 
3 

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Day 
9 

Day 
10 

Day 
11 

Day 
12 

Day 
13 

Day 
14 

Port call 15 12 - - - - - - - - - - - - 3 
Transit (10 
kts) 

12 6 - - - - - - - - - - - - 6 

W2W DP 
operations 

51.5 - 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.5 

Interfield 
transits 

51.5 - 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.5 

Standby 
(non-DP) 

76 - 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 6.0 4.0 

At anchor 
or moored 

130 6 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 4.0 

Total hours 336 24 24 24 24 24 24 24 24 24 24 24 24 24 24 
Notes: (1) W2W DP operations based on 8 W2W DP interventions per 24 h, each lasting 30 min each. 
(2) Interfield transits based on 8 transits per 24 h period between turbines, each lasting 30 min each. 
(3) Total of 6 h per day of standby (non-DP) time allowed for vessel waiting/lunch break with vessel 
standing by on location using only aft azimuth thrusters. (4) Time at anchor or moored is without 
DP and/or vessel operations and shall also be considered available charging time offshore. Port call 
duration shall additionally be available for shore power supply and charging. 

2.1.3. Electric Load Analysis 
Due to the lack of data availability, the power requirements of the case ship across 

different operating modes was assumed based on the data from a very similar ship, as 
described in Table 3. On the other hand, the electric load varies depending on service 
speeds and sea states. To investigate those impacts on the electric loads as well as ship 
designs, the project team proposed four different operating scenarios, as given in Table 4. 

Table 3. Electric load analysis for the case ship. 

 Unit 

Sailing at 
Eco Speed  
(10~11 
Knots) 

Sailing 
at Max 
Speed  
(14 
Knots) 

Manoeu-
vring 

DPS Opera-
tion  
(Sea State 3, 
Tide 1 Knot) 

DPS Opera-
tion  
(Sea State 4, 
Tide 2 Knot) 

At Harbour  
(with Eco 
Sailing) 

At Harbour  
(with Max 
Sailing) 

Propulsion kW 1665 3515 925 0 0 0 0 
Auxiliary system kW 280 280 1180.0 1480 2892.5 50 50 
Hotel load kW 150 150 150 200 200 200 200 
Margin (10~20%) kW 209.5 394.5 338.3 336 618.5 25 25 
Total load (/h) kW 2304.5 4339.5 2593.3 2016.0 3711.0 275.0 275.0 
Total power consump-
tion (daily) 

kW
h 

14,220.9 20,084.1 1556.0 12,096.0 22,266.0 3088.0 3512.2 

Case of ME + GE/mechanical propulsion (GE capacity 1480 kW) 
Number of working gen-
erators 

Set 1 1 2 2 3 1 1 

Generator load factor % 43% 56% 56% 68% 84% 19% 19% 
Case of GE/electrical propulsion (GE capacity 1960 kW) 
Number of working gen-
erators 

Set 2 3 2 2 3 1 1 
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Generator load factor % 59% 74% 66% 51% 63% 14% 14% 

Table 4. Forecast of operating scenarios. 

4 Different Operating Scenarios 
1 2 3 4 

Eco speed sailing + 
DPS at sea state 3 

Max speed sailing + 
DPS at sea state 3 

Eco speed sailing + 
DPS at sea state 4 

Max speed sailing + 
DPS at sea state 4 

2.2. Credible Design Solutions (Step 2) 
2.2.1. Market Availability for Fuels and Propulsion Systems by 2026 

A realistic roadmap for deploying carbon-neutral propulsion systems requires a cor-
responding technological maturity. This includes non-fossil fuels such as ammonia, hy-
drogen, biodiesel, LNG, methanol, and electricity, and also a carbon capture system. To 
identify all credible fuels and technologies available in 2026, the market availability was 
explored.  

A DNV report [16] provides a timeline for the implementation of alternative fuels 
and CCS technologies in maritime applications. Methanol and ammonia are the closest to 
regulatory and technological readiness, particularly for engines, while hydrogen and CCS 
are expected to take longer to reach high regulatory maturity and full onboard deploy-
ment. The graph underscores the gradual transition in maritime energy sources, indicat-
ing which technologies will likely become viable and safe for onboard application first, 
with methanol leading, followed by ammonia, hydrogen, and CCS. The following is a 
summary of the current status/projection of each fuel technology projected by the report. 
 Methanol: Methanol is expected to reach high regulatory maturity for onboard use 

before 2026. Both 2-stroke and 4-stroke engines for methanol are projected to be avail-
able around 2024, while other applications, such as in boilers and fuel cells, are antic-
ipated to become available by approximately 2028. 

 Ammonia: The 2-stroke engine technology is anticipated to be available around 2025, 
with regulatory maturity still in progress. Full maturity for regulations is expected 
by 2030. Other applications for ammonia, such as in fuel cells and boilers, are pro-
jected to reach availability in later years, with some potentially extending into the 
early 2030s. 

 Hydrogen: The 4-stroke engine and fuel cell technologies are anticipated to become 
available around 2026–2028. Regulatory maturity for hydrogen technologies is fore-
casted for around 2030. 

 CCS (Carbon Capture and Storage): CCS technology is in the early stages of regula-
tory maturity. Full maturity is expected to be achieved around 2030, with onboard 
technology potentially available around the same timeframe. 

2.2.2. Identification of Credible Solutions: 15 Design Scenarios 
Through the technical review on the current statuses of fuels and systems, 15 credible 

design scenarios were identified, as given in Table 5. 

Table 5. Propulsion system scenarios. 

Design Sce-
nario 

Technology Fuel Types 

1 

ICE with mechanical propulsion 

LNG + HFO/MGO 
2 Biodiesel 
3 Methanol 
4 Ammonia 
5 Generator with electric propulsion LNG 
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6 Biodiesel 
7 Methanol 
8 Ammonia 
9 

Generator with electric propulsion and battery 

LNG + electricity 
10 Biodiesel + electricity 
11 Methanol + electricity 
12 Ammonia + electricity 
13 Full battery Electricity 
14 Fuel cell with battery Hydrogen 
15 Fuel cell with cracking system and battery Ammonia 

2.3. Technical Impact (Step 3) 
The fuel storage capacity is greatly affected by the fuel consumption and bunkering 

cycle. In addition, based on the characteristics of the fuel itself, the energy density of the 
fuel is a key feature that determines the amount of fuel to be stored. Therefore, the tech-
nical impact score was justified based on Table 6. 

Table 6. Characteristics regarding fuel storage capacity and rating number details. 

Fuel 
Energy Density 

(MJ/L) 

Tank Size Ratio to 
HFO/MGO Tank 

(Times) 
Weight Unit (kg/m3) Tank Type 

Ammonia 12.7 3–4 683 Type C 
Hydrogen (LH2) 8.5 7 71 Type C 

Hydrogen (CGH2) 8.5 13–15 42 Type C 
Biodiesel 35.7 1 880 Integral tank 
Methanol 15.7 2.5 791 Integral tank 

LNG 21.2 2–3  450 Type C 
Electricity 
(battery) 

2.1 - - Battery 

Scoring justification: 5: energy density (MJ/L) 31–50; 4: energy density (MJ/L) 15–30; 3: energy den-
sity (MJ/L) 10–14; 2: energy density (MJ/L) 5–9; 1: energy density (MJ/L) 0–4. 

The potential fuel types and propulsion systems available by 2026 are listed in Table 
7, and their technical maturity levels were assessed based on the data/information (DNV, 
MARITIME FORECAST TO 2050. 2022). 

Table 7. Technical maturity per fuel and rating number details for maturity. 

Fuel Propulsion System Maturity 

Ammonia 
ICE 4 

Fuel cell 2 
Hydrogen Fuel cell 4 
Biodiesel ICE 4 

Methanol 
ICE 4 

Fuel cell 3 

LNG 
ICE 5 

Fuel cell 3 
Electricity Battery 5 

Note: ICE: the internal combustion engine (ICE) composed of an engine, fuel tank, and process sys-
tem. The fuel cell comprises a fuel cell, fuel tank, electric motor, converter, and baĴery. The baĴery 
system has an electric motor, baĴery, and baĴery management system (BMS) as components. Scor-
ing justification: 5: equipment that is off the shelf and commonly used on new ships; 4: equipment 
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that is commercially available, but not fully mature, 3: equipment that is under pilot testing, and/or 
with only a few commercial applications; 2: equipment that has not been tested at full scale and has 
no piloting or full-scale testing underway; 1: equipment that has been under development or is ex-
pected to be present on the market soon. 

Fuel storage capacity and technological maturity can be summarised as shown in the 
following table, Table 8, based on the energy density, applied fuel, and power source types 
of the fuel. 

Table 8. Rating numbers for technical impact assessment. 

Fuel Case Fuel Type 
Technical Impact 

Fuel Storage Capacity Technological Maturity Total 

Ammonia 

Mechanical pro-
pulsion 

Grey 3 4 7 
Blue 3 4 7 

Green 3 4 7 

Electric propul-
sion 

Grey 3 4 7 
Blue 3 4 7 

Green 3 4 7 

Electric propul-
sion + battery 

Grey 3 4 7 
Blue 3 4 7 

Green 3 4 7 
Fuel cell 

(PEMFC) + bat-
tery 

Grey 3 2 5 
Blue 3 2 5 

Green 3 2 5 

Hydrogen 
Fuel cell 

(PEMFC) + bat-
tery 

Grey 2 4 6 
Blue 2 4 6 

Green 2 4 6 

Biodiesel 

Mechanical pro-
pulsion 

1st gen. 5 4 9 
2nd gen. 5 4 9 

Green 5 4 9 

Electric propul-
sion 

1st gen. 5 4 9 
2nd gen. 5 4 9 

Green 5 4 9 

Electric propul-
sion + battery 

1st gen. 4 4 8 
2nd gen. 4 4 8 

Green 4 4 8 

Methanol 

Mechanical pro-
pulsion 

Grey 4 4 8 
Bio 4 4 8 
E 4 4 8 

Electric propul-
sion 

Grey 4 4 8 
Bio 4 4 8 
E 4 4 8 

Electric propul-
sion + battery 

Grey 3 4 7 
Bio 3 4 7 
E 3 4 7 

LNG 

Mechanical pro-
pulsion 

Grey 4 5 9 
Bio 4 5 9 
E 4 5 9 

Electric propul-
sion 

Grey 4 5 9 
Bio 4 5 9 
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E 4 5 9 

Electric propul-
sion + battery 

Grey 4 5 9 
Bio 4 5 9 
E 4 5 9 

Electricity Battery 
Grey 1 5 6 
Blue 1 5 6 

Green 1 5 6 

2.4. Environmental Impacts (Step 4) 
The LCA study examined fuel production and usage in ship propulsion systems 

through WTT and TTW aspects. Fuels were categorised as grey, blue, or green based on 
production methods. Propulsion systems were classified as mechanical, electric, fuel cell, 
or baĴery-powered. Mechanical systems mainly use diesel, emiĴing various pollutants. 
Electric propulsion is less harmful but still contributes to climate change. Fuel cells pri-
marily use hydrogen, emiĴing only water and heat, but their impact depends on fuel pro-
duction. BaĴery-powered systems do not emit pollutants, but their environmental impact 
depends on the electricity source used for charging. 

2.4.1. Environmental Data Collection 
Considering the fuel production stage (WTT stage) and fuel consumption stage (TTW 

stage), the results of the comprehensive environmental impact on various alternative fuels 
were estimated, as shown in Table 9 and Figure 2. This study estimated comprehensive 
environmental impacts of various alternative fuels, considering both the WTT and TTW 
stages, based on several research works [17–19]. The results were indexed relative to HFO 
(set at 100). The findings show that all alternative fuels have a significant impact when 
produced as grey fuels, emphasising the importance of using blue or green fuels. Biodiesel 
shows decreasing climate change impact with each generation. Alternative fuels vary in 
local air pollutant emissions; ammonia and methanol emit less SOx and PM but still pro-
duce NOx, while hydrogen and electricity are cleanest. Fuel cells represent the most envi-
ronmentally friendly propulsion system. However, these relative values are not absolute, 
as actual impact depends on factors like production method and region. A comprehensive 
evaluation should consider the physical characteristics of each fuel and the situation of 
the specific ship. 

Table 9. Estimations for emissions of each fuel [18]. 

 
(%/Emissions of HFO) 

Relative GHG Relative SOx Relative NOx Relative PM 

Ammonia 
Grey [19] 139 0 100 0
Blue 34 0 100 0
Green 0 0 0 0

Hydrogen 
Grey [19] 166 0 0 0
Blue 14 0 0 0
Green 0 0 0 0

Biodiesel 
1st gen. [17] 90 11 70 26
2nd gen. [17] 50 11 70 26
Green  1 11 108 26

Methanol 
Grey 129 0 19 0
Blue 51 0 19 0
Green 15 0 19 0

LNG 
Grey 92 0 7 4
Blue 24 0 7 4
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Green 2 0 0 0

Electricity 
Grey 6 0 0 0
Blue 0 0 0 0
Green 0 0 0 0

HFO Grey 100 100 100 100

 
Figure 2. Emission estimation per fuel. 

(a) Ammonia 
Ammonia is emerging as a promising hydrogen storage and distribution solution for 

marine fuel, largely due to its higher energy density compared to liquid hydrogen [20]. 
Specifically, ammonia has a volumetric energy density of 12.7 MJ/L, which is greater than 
that of liquid hydrogen at 8.5 MJ/L, making it particularly suitable for long-distance ship-
ping applications [21]. 

However, traditional ammonia production through the Haber–Bosch process is asso-
ciated with significant CO₂ emissions. In contrast, green ammonia produced through elec-
trolysis using renewable energy is a more environmentally friendly alternative, offering a 
path towards reduced carbon footprints in shipping [22]. Quantitative assessments indi-
cate that green ammonia derived from renewable sources is the most promising carbon-
free fuel for maritime use, whereas grey ammonia produced from fossil fuels actually gen-
erates higher greenhouse gas (GHG) emissions compared to heavy fuel oil (HFO) [23]. 

Despite its potential, a major challenge in utilising ammonia as a green fuel is the 
emission of nitrogen oxides (NOx) during combustion. Nitrous oxide (N₂O), in particular, 
has a global warming potential (GWP) roughly 270 times that of CO₂, which underscores 
the need for advanced combustion technologies and effective emissions control systems 
when considering ammonia as a marine fuel [23]. 
(b) Hydrogen 
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Hydrogen is emerging as a promising marine fuel due to its potential to significantly 
reduce greenhouse gas emissions, as its only combustion byproduct is water vapor. This 
makes it an aĴractive alternative for decarbonising the maritime sector, although several 
challenges need to be addressed to facilitate its adoption [24]. 

The environmental impact of hydrogen depends heavily on the production method. 
Steam Methane Reforming (SMR), a common production method, is cost-effective but 
emits high levels of carbon—around 11 kg of CO2 per kg of hydrogen produced [25]. Elec-
trolysis offers lower emissions—about 2.02 kg CO2 per kg—when powered by renewable 
energy. However, using grid electricity increases emissions to 17.2 kg CO2 per kg [25]. 
Biomass gasification is another alternative that can lower greenhouse gas emissions but is 
associated with significant aquatic ecotoxicity and human toxicity impacts [26]. 

In addition to environmental concerns, there are technological and economic barri-
ers. Many advanced production methods, like thermochemical processes, require further 
development to enhance efficiency. Additionally, high capital and operational costs hin-
der the competitiveness of hydrogen compared to traditional fuels [27]. 

Despite these challenges, hydrogen remains a key component in the shift towards 
cleaner marine fuel systems. Continued research into production efficiency, cost reduc-
tion, and sustainability is crucial for hydrogen to fulfil its potential as a viable solution for 
maritime decarbonisation. 
(c) Biodiesel 

Biodiesel, derived from renewable sources such as vegetable oil, animal fat, and re-
cycled cooking oil, offers a cleaner alternative to conventional marine fuels. It significantly 
reduces emissions of sulphur oxides (SOx), nitrogen oxides (NOx), and particulate maĴer, 
contributing to improved air quality and environmental sustainability. The production 
process, primarily through transesterification, allows for the conversion of waste oils into 
biodiesel, which can displace fossil fuels and mitigate greenhouse gas emissions by up to 
86% compared to petroleum diesel [28].  

The environmental impact of biofuels largely depends on the feedstock and produc-
tion methods used. Second-generation biofuels, derived from lignocellulosic materials 
like agricultural residues, can reduce greenhouse gas (GHG) emissions by 70–90% com-
pared to heavy fuel oil (HFO). Advanced methods, such as biological pretreatment, sig-
nificantly improve the yields of these biofuels [29,30]. 

In contrast, first-generation biofuels produced from food crops like soybean and 
palm oil often result in indirect land use changes that negate GHG savings. When these 
changes are taken into account, GHG emissions from these biofuels can be similar to those 
from fossil fuels [31,32]. 

This highlights the promise of second-generation biofuels for sustainability, while 
underscoring the need for beĴer feedstock selection and production practices to ensure 
environmental benefits in biofuel development. 
(d) Methanol 

Methanol can be combined with marine gas oil to create a low-emission fuel with 
virtually no sulphur content, making it well suited for maritime engines that have lower 
energy demands compared to traditional fuels [33]. Renewable production methods, such 
as carbon dioxide capture powered by renewable energy, enhance the sustainability of 
methanol [34]. However, conventional methods using fossil fuels like coal and natural gas 
are carbon-intensive and detrimental to the environment [35,36]. In contrast, methanol 
produced from biomass has the potential to be carbon-neutral or even carbon-negative, 
representing a more sustainable pathway for the energy transition. 
(e) LNG 

Liquefied natural gas (LNG), primarily composed of methane, has a lower carbon 
content compared to conventional marine fuels. Utilising LNG in marine engines can re-
sult in a reduction in CO₂ emissions by approximately 20–25% [37]. Additionally, LNG 
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provides significant environmental benefits by emiĴing considerably lower levels of sul-
phur oxides (SOx), nitrogen oxides (NOx), and particulate maĴer compared to traditional 
marine fuels [38]. 

However, the climate benefits of LNG are complicated by methane slip—a phenom-
enon where unburned methane escapes either during combustion or through the supply 
chain [39]. This is of particular concern because methane is a highly potent greenhouse 
gas, with a global warming potential 28–36 times greater than that of CO₂ over a 100-year 
horizon [40]. 

The overall climate impact of LNG as a marine fuel depends on several critical fac-
tors. Methane slip rates vary significantly across different engine types [39], and this slip 
tends to increase during operation at low engine loads, underscoring the necessity for 
optimal engine performance [37]. As a result, although LNG provides immediate green-
house gas reductions, it is not seen as a comprehensive long-term solution for achieving 
climate neutrality in the maritime sector. Both the International Maritime Organization 
(IMO) and the European Union are advocating for more ambitious decarbonisation path-
ways that extend beyond LNG [41]. 

To fully leverage the benefits of LNG while mitigating its climate challenges, ongoing 
research and technological innovation remain crucial. Key focus areas include enhancing 
engine technology to reduce methane slip and improving monitoring systems throughout 
the supply chain. 
(f) Electricity 

Electricity produced from fossil fuels can lead to emissions comparable to those from 
traditional marine fuels, contributing significantly to greenhouse gases, SOx, NOx, and 
particulate maĴer. The maritime sector, being a major emiĴer, faces considerable chal-
lenges in adopting low-carbon alternatives due to its high energy requirements and cur-
rent dependence on fossil fuels [42]. 

Conversely, renewable energy sources like solar, wind, and hydropower present a 
much cleaner alternative by generating electricity without direct emissions. Moving to-
wards renewable energy is crucial for achieving zero-emission shipping, and solutions 
like lithium-ion baĴeries have proven effective for ships with short-to-medium-range op-
erations [42]. 

Although the transition to renewable energy for shipping is a promising strategy to 
mitigate environmental impacts, there is a need to balance the advantages of emission 
reduction with the environmental cost of renewable infrastructure [43]. As a result, the 
overall environmental benefit depends on the electricity source used. 

2.4.2. Environmental Impact Analysis 
Based on Table 10, the final rating numbers are indicated in Table 11. 

Table 10. Rating number capacity (environmental assessment). 

Rating 
Number 

Relative Life-Cycle 
GHG 

Relative Life-Cy-
cle SOx 

Relative Life-
Cycle NOx 

Relative Life-Cycle 
PM2.5 

5 0 0 0 0 
4 1–20 1–20 1–20 1–20 
3 21–59 21–59 21–59 21–59 
2 60–89 60–89 60–89 60–89 
1 90– 90– 90– 90– 
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Table 11. Rating numbers for environmental assessment. 

Fuel  Case Fuel Type 

Environment Impact 
Relative 
Life-Cycle 
GHG 

Relative Life-Cy-
cle SOx 

Relative Life-
Cycle NOx 

Relative Life-
Cycle PM2.5 

Total 

Ammonia 

Mechanical pro-
pulsion 

Grey 1 5 1 5 12 
Blue 3 5 1 5 14 
Green 5 5 5 5 20 

Electric propul-
sion 

Grey 1 5 5 5 16 
Blue 3 5 5 5 18 
Green 5 5 5 5 20 

Electric propul-
sion + battery 

Grey 1 5 5 5 16 
Blue 3 5 5 5 18 
Green 5 5 5 5 20 

Fuel cell 
(PEMFC) + bat-
tery 

Grey 1 5 5 5 16 
Blue 4 5 5 5 19 
Green 5 5 5 5 20 

Hydrogen 
Fuel cell 
(PEMFC) + bat-
tery 

Grey 1 5 5 5 16 
Blue 4 5 5 5 19 
Green 5 5 5 5 20 

Biodiesel 

Mechanical pro-
pulsion 

1st gen. 1 4 2 3 10 
2nd gen. 3 4 2 3 12 
Green 4 4 1 3 12 

Electric propul-
sion 

1st gen. 1 4 2 3 10 
2nd gen. 3 4 2 3 12 
Green 4 4 1 3 12 

Electric propul-
sion + battery 

1st gen. 1 4 2 3 10 
2nd gen. 3 4 2 3 12 
Green 4 4 1 3 12 

Methanol 

Mechanical pro-
pulsion 

Grey 1 5 4 5 15 
Bio 3 5 4 5 17 
E 4 5 4 5 18 

Electric propul-
sion 

Grey 1 5 4 5 15 
Bio 3 5 4 5 17 
E 4 5 4 5 18 

Electric propul-
sion + battery 

Grey 1 5 4 5 15 
Bio 3 5 4 5 17 
E 4 5 4 5 18 

LNG 

Mechanical pro-
pulsion 

Grey 1 5 4 4 14 
Bio 3 5 4 4 16 
E 4 5 5 5 19 

Electric propul-
sion 

Grey 1 5 4 4 14 
Bio 3 5 4 4 16 
E 4 5 5 5 19 

Electric propul-
sion + battery 

Grey 1 5 4 4 14 
Bio 3 5 4 4 16 
E 4 5 5 5 19 

Electricity Battery 
Grey 4 5 5 5 19 
Blue 5 5 5 5 20 
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Green 5 5 5 5 20 

2.5. Economic Impact 
The preliminary economic assessment aims to identify the financial benefit for each 

case. The results of the cost analysis rely heavily on the reference data, which are based 
on commercial prices, market-based research, and academic studies. The most reliable 
data are selected from the various data collected from numerous studies and research 
works. Since this study is based on a realistic scenario in the UK, the USD ($) and EUR (€) 
cost from research are converted into GBP (£) using an exchange rate of GBP 1 = USD 1.21, 
and GBP 1 = EUR 1.14, which were exchange rates in early January 2023 [8,9]. The lifetime 
of the case ship is set to 20 years with 8736 h per annum based on a 14-day voyage.  

CapEx includes the installation cost of machinery and equipment, with costs varying 
for fuel tanks (GBP/kg) and machinery (GBP/kW), as shown in Figure 3. Less mature tech-
nologies like hydrogen tanks and fuel cells have significant cost variations, while ICE is 
stable with diesel but differs for alternative fuels. BaĴeries require replacement every 
35,000 h, and fuel cells every six years, leading to four and two replacements, respectively, 
over the vessel’s lifespan. Mechanical propulsion connects the propeller directly to the 
engine, while electric propulsion uses an electric motor and gearbox. Figure 3 represents 
the variation in CapEx based on various data. 

 
Figure 3. The variation in CapEx data [44–56]. 

Figure 4 shows the OpEx factors, which include operation and maintenance costs. 
While some studies include fuel price in OpEx, this study treats it separately due to its 
high variability and influence on life-cycle cost. Marine fuel options are diversifying due 
to emissions regulations. Although OpEx is lower than CapEx, it incurs yearly costs until 
a ship’s retirement. Most equipment requires maintenance, except for diesel and methanol 
storage systems, which need no special treatment. 
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Figure 4. The variation in OpEx data and fuel costs [44–68]. 

Based on the operation scenario and collected data matrix, the cost analysis is calcu-
lated. The major goal of this cost assessment is to identify the cost capacity of each case in 
CapEx, OpEx, and fuel cost from a general economic perspective. Individual figures are 
rated from 5 (favourable performance) to 1 (unfavourable performance) for each CapEx, 
OpEx, and fuel cost. The rating capacity depends on the distribution of figures. 

Table 12 shows the distribution of CapEx, OpEx, and fuel cost, as well as the range of 
rating figures. In the preliminary stage, the rating numbers indicate quantitative analysis 
for each factor per system and fuel. To organise this information, Table 13 was created, as 
shown below. 

Table 12. Rating number capacity (economic assessment). 

Rating Number CapEx Capacity (k£) OpEx Capacity (k£) Fuel Cost Capacity (k£) 
5 ~15,000 ~3000 ~20,000 
4 15,000~30,000 3000~4000 20,000~30,000 
3 30,000~60,000 4000~5000 30,000~40,000 
2 60,000~120,000 5000~6000 40,000~50,000 
1 120,000~ 6000~ 50,000~ 

Table 13. Rating numbers for economic assessment. 

Fuel  Case Fuel Type 
Cost Rating 
CapEx  OpEx  Fuel Cost Sum  

Ammonia 

Mechanical propulsion 
Grey 5 5 5 15 
Blue 5 5 3 13 
Green 5 5 2 12 

Electric propulsion 
Grey 5 4 5 14 
Blue 5 4 3 12 
Green 5 4 2 11 

Electric propulsion + bat-
tery 

Grey 3 2 5 10 
Blue 3 2 3 8 
Green 3 2 3 8 

Fuel cell (PEMFC) + bat-
tery 

Grey 2 1 5 8 
Blue 2 1 3 6 
Green 2 1 4 7 

Hydrogen 
Fuel cell (PEMFC) + bat-
tery 

Grey 2 1 5 8 
Blue 2 1 2 5 
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Green 2 1 2 5 

Biodiesel 

Mechanical propulsion 
1st gen. 5 5 2 12 
2nd gen. 5 5 1 11 
Green 5 5 1 11 

Electric propulsion 
1st gen. 5 5 2 12 
2nd gen. 5 5 1 11 
Green 5 5 1 11 

Electric propulsion + bat-
tery 

1st gen. 4 3 3 10 
2nd gen. 4 3 2 9 
Green 4 3 2 9 

Methanol 

Mechanical propulsion 
Grey 5 5 4 14 
Blue 1) 5 5 2 12 
Green 2) 5 5 2 12 

Electric propulsion 
Grey 5 5 4 14 
Blue 5 5 2 12 
Green 5 5 2 12 

Electric propulsion + bat-
tery 

Grey 4 3 4 11 
Blue 4 3 3 10 
Green 4 3 3 10 

LNG 

Mechanical propulsion 
Grey 5 4 1 10 
Blue 3) 5 4 3 12 
Green 4) 5 4 2 11 

Electric propulsion 
Grey 5 3 1 9 
Blue 5 3 3 11 
Green 5 3 2 10 

Electric propulsion + bat-
tery 

Grey 3 1 1 5 
Blue 3 1 4 8 
Green 3 1 3 7 

Electricity Battery 
Grey 1 5 5 11 
Blue 1 5 5 11 
Green 1 5 5 11 

Note: 1) Bio-methanol fuel cost is considered as blue methanol fuel cost; 2) E-methanol fuel cost is 
considered as green methanol fuel cost; 3) bio-LNG fuel cost is considered as blue LNG fuel cost; 4) 
E-methanol fuel cost is considered as green LNG fuel cost. 

Table 13 presents a quantitative analysis of the economic benefit, where higher values 
indicate beĴer economic performance. Fuel cell systems using hydrogen and ammonia 
rank lowest in both CapEx and OpEx. ICE remains economically viable for both mechan-
ical and electric propulsion. However, the ICE–baĴery hybrid ranks lower than single-use 
ICE or baĴery systems. Alternative fuels like ammonia and methanol show strong eco-
nomic value across most systems. 

2.6. Safety Impact 
In this section, an analysis of fuel characteristics, which serve as a critical parameter 

in terms of safety, and a review of the safety regulations and guidelines for potential al-
ternative fuels are conducted to impart a comprehensive understanding of the safety as-
sessment of various fuel options. A number of crucial inherent characteristics of alterna-
tive fuels, including electricity, have a direct impact on the safe application of these fuels 
onboard. The analysis of these aspects is critical in understanding the safe utilisation of 
alternative fuels in the maritime environment. 

Table 14 presents an overview of the fuel characteristics of relevant fuels. 
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Table 14. Fuel characteristics regarding safety [19,69]. 

Property Ammonia Hydrogen Biodiesel Methanol LNG (Methane) 
Chemical formula NH3 H2 RCOOCH3 CH3OH CH4 
Toxicity Highly toxic Not toxic Not toxic Low acute toxicity  Not toxic 
TWA [ppm] 25 - - 200 - 
STEL [ppm] 35 - - 250 - 
Flammability limits 
(% by volume) 

15–28  4.1–74 0.6–7.5 7.3–36 5.3–15 

Flashpoint (°C) 132 Not defined >61 12 −188 
Autoignition tem-
perature (°C) 

630 500 204 470 537 

Physical properties 
for storage 

Liquid at −33 °C 
Compressed gas 
at >250 bar or liq-
uid at −253 °C 

Liquid 
Liquid (up to 
65 °C) 

Liquid at −162 °C 

Lower heating 
value (MJ/kg) 

18.6 119.93 42.7 19.93 50.02 

Safety regulations for alternative fuels are developed after the technology reaches 
technical maturity. Over the past decade, the IMO has established regulations to mitigate 
risks for marine fuels. Interim guidelines for methanol, ethanol, fuel cells, and LPG have 
been introduced based on limited operational experience, as seen in Figure 5. These guide-
lines are expected to be integrated into the IGF Code soon, with additional regulations 
applied for fuel cells depending on the fuel used. 

 
Figure 5. A brief overview of the formulation process in the IMO for IGF Code and interim guide-
lines. 

The IMO has not yet focused on ship baĴery use, though this may change with new 
GHG targets. Development is mostly led by Flag States, such as through the UK’s guide-
lines for lithium-ion baĴeries. Safety standards for ammonia, hydrogen, and baĴeries fol-
low MSC.1/Circ.1455, which outlines alternative fuel approvals. The IGF Code requires a 
HAZID study during design to assess risks. Safety readiness for alternative fuels is eval-
uated based on two criteria: (a) fuel-specific requirements for handling and storage, and 
(b) onboard energy systems like propulsion, fuel cells, and baĴeries. Ships must comply 
with both, as shown in Figure 6. 
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Figure 6. Flow chart for evaluation of safety regulation readiness. 

Safety regulations for mechanical and electrical propulsion systems for LNG, meth-
anol, and HFO are available, but regulations for ammonia and hydrogen are still under 
development. Once fuel-specific requirements are established, mechanical propulsion 
regulations will apply through the IGF Code or interim guidelines. Electric propulsion 
systems are governed by SOLAS Chapter II-1, which covers electrical power generation. 
For lithium-ion baĴeries, this analysis assumes limited application based on UK regula-
tions. Some biofuels have flashpoints between 52 °C and 60 °C, with IMO guidelines still 
in development, meaning full regulatory readiness is not yet achieved. 

The evaluation of the potential risk posed by ship fuel necessitates a thorough exam-
ination of its physical properties and characteristics, including toxicity, corrosiveness, and 
flammability. Based on Table 15, the final rating numbers are indicated in Table 16. 

Table 15. Rating numbers for fuel characteristics. 

Rating Number 
Toxicity  

(TWA ppm) 
Corrosiveness 

Flammability  
(Range of Flammability, ULF-LFL) 

5 0–200 Too low 0–4 
4 201–400 Low 5–8 
3 400–600 Moderate 9–20 
2 600–800 High 21–30 
1 800–1000 Too high 30- 

Table 16. Rating numbers for safety assessment. 

Fuel  Case Fuel Type 
Safety Impact 

Toxicity 
Corrosive-
ness 

Flammability 
Rules and Regu-
lations 

Total 

Ammonia 

Mechanical pro-
pulsion 

Grey 1 1 3 1 6 
Blue 1 1 3 1 6 
Green 1 1 3 1 6 

Electric propul-
sion 

Grey 1 1 3 1 6 
Blue 1 1 3 1 6 
Green 1 1 3 1 6 

Electric propul-
sion + battery 

Grey 1 1 3 1 6 
Blue 1 1 3 1 6 
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Green 1 1 3 1 6 
Fuel cell 
(PEMFC) + bat-
tery 

Grey 1 1 3 2 7 
Blue 1 1 3 2 7 
Green 1 1 3 2 7 

Hydrogen 
Fuel cell 
(PEMFC) + bat-
tery 

Grey 5 4 1 2 12 
Blue 5 4 1 2 12 
Green 5 4 1 2 12 

Biodiesel 

Mechanical pro-
pulsion 

1st gen. 5 1 4 4 14 
2nd gen. 5 1 4 4 14 
Green 5 1 4 4 14 

Electric propul-
sion 

1st gen. 5 1 4 4 14 
2nd gen. 5 1 4 4 14 
Green 5 1 4 4 14 

Electric propul-
sion + battery 

1st gen. 5 1 4 3 13 
2nd gen. 5 1 4 3 13 
Green 5 1 4 3 13 

Methanol 

Mechanical pro-
pulsion 

Grey 1 1 2 4 8 
Bio 1 1 2 4 8 
E 1 1 2 4 8 

Electric propul-
sion 

Grey 1 1 2 4 8 
Bio 1 1 2 4 8 
E 1 1 2 4 8 

Electric propul-
sion + battery 

Grey 1 1 2 4 8 
Bio 1 1 2 4 8 
E 1 1 2 4 8 

LNG 

Mechanical pro-
pulsion 

Grey 5 5 3 5 18 
Bio 5 5 3 5 18 
E 5 5 3 5 18 

Electric propul-
sion 

Grey 5 5 3 5 18 
Bio 5 5 3 5 18 
E 5 5 3 5 18 

Electric propul-
sion + battery 

Grey 5 5 3 4 17 
Bio 5 5 3 4 17 
E 5 5 3 4 17 

Electricity Battery 
Grey 5 5 3 4 17 
Blue 5 5 3 4 17 
Green 5 5 3 4 17 

2.7. Fuel Availability 
Figure 7 illustrates the fuel production sites that are available in Scotland, but only 

inland locations are included. The availability of fuels based in Scotland is taken into ac-
count when scoring the matrix. 
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Figure 7. Fuel production sites in Scotland. 

Ammonia is primarily produced from fossil fuels, but Scotland has green and blue 
hydrogen production sites, with more expected due to GHG reduction policies. While 
ammonia production infrastructure is sufficient, the lack of bunkering facilities remains a 
key barrier to its adoption in shipping. 

Hydrogen can be produced from various energy sources without major capacity lim-
itations. Green hydrogen is essential to avoid GHG emissions from grey hydrogen pro-
duction. While 95% of global hydrogen comes from fossil fuels, Scotland has significant 
green and blue hydrogen production capacity. However, the lack of bunkering infrastruc-
ture is a key challenge for using hydrogen as a future marine fuel. 

Biodiesel has the advantage of being classified as a drop-in fuel and can be easily 
applied to ships. However, the current production capacity is very limited, especially rare 
in green biodiesel. On the other hand, bunkering infrastructure of conventional fuels can 
be shared considering the characteristics of these fuels. 

Methanol is not yet a major marine fuel, so bunkering infrastructure is limited. How-
ever, building infrastructure for methanol is expected to be easier than for hydrogen or 
ammonia. With existing production infrastructure, methanol production can scale up eas-
ily as demand increases. 

As the number of ships using LNG as fuel increases, LNG bunkering infrastructure 
is gradually being established around the world. However, the UK currently lacks the 
infrastructure for LNG bunkering, especially in Scotland, where there are no LNG ports, 
which poses challenges to fuel applications in terms of infrastructure. In addition, LNG 
production is not well seĴled in Scotland. 

Onshore power supply infrastructure is well developed, but few ships use baĴeries 
as their main propulsion, and the energy density of electric power limits its application to 
sea-going vessels, resulting in limited charging infrastructure. Scotland, however, has am-
ple green electricity production from renewables, generating more than half of its 
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electricity this way, which also supports the production of green ammonia and hydrogen. 
As shown in Figure 8, more than half of total electricity is generated by renewable energy. 
Based on this, green ammonia and hydrogen can be produced in Scotland as well. 

 
Figure 8. Electricity production by sources in Scotland. 

Table 17 summarises the results of ratings associated with fuel availability in consid-
eration of fuel types, infrastructure available, and production capacity for various propul-
sion systems.  

Table 17. Rating numbers for fuel availability. 

Fuel  Case Fuel Type 
Fuel Availability 
Infrastructure (Bunker-

ing) 
Production Capacity Total 

Ammonia 

Mechanical pro-
pulsion 

Grey 2 4 6 
Blue 2 4 6 
Green 2 4 6 

Electric propul-
sion 

Grey 2 4 6 
Blue 2 4 6 
Green 2 4 6 

Electric propul-
sion + battery 

Grey 2 4 6 
Blue 2 4 6 
Green 2 4 6 

Fuel cell 
(PEMFC) + bat-
tery 

Grey 2 4 6 
Blue 2 4 6 
Green 2 4 6 

Hydrogen 
Fuel cell 
(PEMFC) + bat-
tery 

Grey 1 4 5 
Blue 1 4 5 
Green 1 4 5 

Biodiesel 
Mechanical pro-
pulsion 

1st gen. 4 3 7 
2nd gen. 4 2 6 
Green 4 1 5 
1st gen. 4 3 7 
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Electric propul-
sion 

2nd gen. 4 2 6 
Green 4 1 5 

Electric propul-
sion + battery 

1st gen. 4 3 7 
2nd gen. 4 2 6 
Green 4 1 5 

Methanol 

Mechanical pro-
pulsion 

Grey 3 3 6 
Bio 3 3 6 
E 3 2 5 

Electric propul-
sion 

Grey 3 3 6 
Bio 3 3 6 
E 3 2 5 

Electric propul-
sion + battery 

Grey 3 3 6 
Bio 3 3 6 
E 3 2 5 

LNG 

Mechanical pro-
pulsion 

Grey 3 3 6 
Bio 3 2 5 
E 3 1 4 

Electric propul-
sion 

Grey 3 3 6 
Bio 3 2 5 
E 3 1 4 

Electric propul-
sion + battery 

Grey 3 3 6 
Bio 3 2 5 
E 3 1 4 

Electricity Battery 
Grey 2 4 6 
Blue 2 4 6 
Green 2 4 6 

2.8. Matrix Analysis (Step 8) 
The initial feasibility study aims to identify the most viable design options for the 

case ship. To evaluate feasibility, four criteria were examined in relation to ship design, 
technical assessment, and social assessment. While this is not a comprehensive list of cri-
teria, the purpose of this research is to address the most significant issues that would affect 
the future development of the SOV. 

2.8.1. Matrix Scoring 
A decision matrix was developed to determine the best developmental options by 

gathering all the evaluation criteria and scores into one evaluation. This method has the 
advantage of being clear and can be easily modified if necessary. Each criterion is given a 
score from 1 to 5 based on either data or expert opinion. The scoring system for each at-
tribute can be found in Table 18.  
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Table 18. Technical aĴributes applied to matrix. 

No. of Attrib-
utes 

Top Level  Second Level Description Scoring Justification 

1.1 
Technical impact 

Fuel storage capacity Size of fuel tank storage required onboard Section 2.3 
1.2 Technical maturity  Availability of the technology for the case ship in 2026 Section 2.3 
2.1 

Environmental im-
pact 

Life-cycle GHG Well-to-wake greenhouse gas emission from fuels 

Section 2.4 
2.2 Life-cycle SOx Well-to-wake SOx emission from fuels 
2.3 Life-cycle NOx Well-to-wake NOx emission from fuels 
2.4 Life-cycle PM Well-to-wake PM emission from fuels 
3.1 

Economic impact 
CAPEX Capital cost of and initial investment in the technologies 

Section 2.5 3.2 Maintenance cost Lifetime operating/maintenance costs for the technologies 
3.3 Fuel cost Lifetime fuel costs 
4.1 

Safety impact 

Toxicity Risk to humans 

Section 2.6 
4.2 Corrosiveness Risk to ship/structures 
4.3 Flammability Risk of fire/explosion to humans/ship 
4.4 Rules and regulations Availability of safety requirements from International Maritime Organization (IMO) 
5.1 

Fuel availability 
Infrastructure Bunkering infrastructure/supply chain 

Section 2.7 
5.2 Production capability  Infrastructure of fuel production plant and its capacity for marine usage 
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2.8.2. Weighting Factor 
Weighting factors were applied in the matrix to prioritise and allocate relative im-

portance to different aĴributes (both top and second levels). By assigning weights to dif-
ferent aĴributes, the project team could determine the overall importance of each option 
and make more informed decisions. This process would help the team to ensure the most 
viable design solutions for the case ship by taking into account all relevant factors in a 
way that aligns with their objectives and goals. 

The weighting for each aĴribute was determined based on a professional survey con-
ducted among the project partners. The details of the weighting values were reviewed and 
agreed on by the consortium based on the results of the survey. The linguistic evaluations 
were translated into weighting scores, as proposed in Table 19. 

Table 19. Weighting scores for five linguistic scales. 

Linguistic Scale Weighting Score 
Not important 20 
Less important 40 
Normal 60 
Highly important 80 
Extremely important 100 

The weighting factors were proposed with the two different stages. The scores were 
then multiplied by their assigned weighting values to create weighting factors. 

Weighting factors for each sub-aĴribute = Top Score × Second Score  (1)

2.8.3. Results of Scoring 
The responses were made by eight (8) persons, four from UoS and four from ORE 

Catapult. Table 20 shows the results of the linguistic assessment for the consortium mem-
bers, which confirm the weighting factors for top and sub-aĴributes. 

Based on that, the final ‘Decision matrix’ has been developed and provided in Figure 9. 

Table 20. Weighting scores for aĴributes. 

Top Attributes Weighting Sub-Attributes Weighting Overall Factor 

Technical impact 0.70 
Fuel storage capacity 0.83 0.58 
Technological maturity (availabil-
ity) 

0.68 0.47 

Environmental im-
pact 

1.00 

Life-cycle GHG 1.00  1.00 
Life-cycle SOx 0.60  0.60 
Life-cycle NOx 0.60  0.60 
Life-cycle PM2.5 0.55  0.55 

Economic impact 0.70 
CAPEX 0.73  0.51 
OPEX 0.73 0.51 
Fuel cost 0.80 0.56 

Safety impact 0.88 

Toxicity 0.88 0.77 
Corrosiveness 0.65 0.57 
Flammability 0.75 0.66 
Rules and regulations 0.70 0.61 

Fuel availability 0.68 
Infrastructure (bunkering) 0.78  0.52 
Production capacity  0.75  0.51 
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Figure 9. Decision matrix 
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The design scenarios are ranked in order from the highest weighted score to the low-
est, as given in Figure 10. 

 
Figure 10. Results with weighting factors (higher is greater). Note: MP—mechanical propulsion; EP—
electric propulsion; EPBA—electric propulsion + battery; BA—battery; FCBA—fuel cell + battery. 

The results of the preliminary assessment using the decision matrix show that the use 
of LNG is the most viable solution overall, having obtained relatively higher scores in 
environmental and safety impacts. For environmental impact, green LNG is considered 
as a carbon-neutral fuel, and its life-cycle SOx NOx, and PM2.5 emissions are close to zero. 
In terms of safety impact, safety regulations for using LNG are fully developed, and its 
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safety records with LNG carriers and LNG-fuelled ships have been excellent over several 
decades.  

On the other hand, there are still questions regarding the use of LNG for the case 
ship, particularly in terms of fuel availability in a green form and bunkering infrastruc-
ture. In particular, the ScoĴish Government has affirmed its strong ambition to reduce 
GHG emissions from national shipping by 75% by 2030 and 100% by 2045. To meet this 
target, the use of LNG (especially in a grey or blue form) may not be the ideal option [70].  

The second viable option could be baĴery-powered technology using on/offshore 
electricity. This has shown excellence in terms of environmental impact as well as safety 
impact. The technical maturity of baĴeries for marine usages is still in its early stage, and 
the economic impact of this option is also relatively higher than that of other options. 
Therefore, the application of full baĴery-powered technology for the case ship may not be 
an ideal option due to its technical immaturity and high costs. During the conceptual de-
sign, the technical availability of the full baĴery power systems will be thoroughly re-
viewed, and if necessary, hybrid concepts can also be considered to enhance viability more 
realistically. 

The third viable option involves biodiesel (green), which can possibly be a carbon-
neutral fuel. A key advantage of using biodiesel can be found in its technical maturity. 
Diesel technology onboard has proven useful over multiple decades, and biodiesel can be 
immediately used with existing diesel ICEs. On the other hand, it should be noted that 
green biofuels are limited in terms of their production, and their use is highly prioritised 
in other transport sectors: road and aviation. According to the UK Government, biodiesel 
is not recommended to be utilised in shipping.  

Overall, based on the initial assessment results, it is highly recommended that a sec-
ond-round decision-making process be conducted in the form of a case-specific analysis 
of the case ship and Scotland’s current and future strategies on shipping decarbonisation. 
The results of the second-round decision-making process will finally be confirmed for the 
conceptual design. 

3. Discussion 
This paper presents a timely and comprehensive analysis of alternative marine fuels 

with a specific focus on their application to offshore supply vessels (SOVs). While numer-
ous studies have explored decarbonisation pathways for the maritime sector, the novelty 
of this work lies in its detailed comparative evaluation of four key fuel options: liquefied 
natural gas (LNG), hydrogen, ammonia, and biofuels. By concentrating on SOVs, a crucial 
but under-researched segment of the maritime industry, this paper addresses a critical 
gap in the existing literature, which has predominantly focused on larger vessels such as 
tankers and container ships. 

One of the core contributions of this study is its multi-dimensional approach to fuel 
feasibility, which incorporates not only the environmental benefits of each fuel but also 
operational, safety, and infrastructure considerations. While previous studies have tended 
to focus on either the environmental performance of alternative fuels or their technical 
viability, this paper integrates these aspects with a pragmatic analysis of the real-world 
challenges associated with fuel adoption. It evaluates the trade-offs between reducing 
greenhouse gas emissions, fuel availability, infrastructure readiness, and safety concerns, 
thus offering a more holistic view of decarbonisation for SOVs. 

In particular, this paper’s findings regarding LNG as a short- to medium-term solu-
tion are a key original contribution. While LNG is widely discussed as a transitional fuel 
for the maritime industry, this study provides a focused assessment of its application to 
SOVs, highlighting not only its benefits in terms of lower carbon content but also the chal-
lenges posed by methane slip. By addressing this duality, this paper adds a layer of critical 
analysis to the debate on LNG’s role in maritime decarbonisation, emphasising the need 
for more long-term solutions such as hydrogen and ammonia. 
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Another original aspect of this research is its in-depth evaluation of hydrogen and 
ammonia as long-term alternative fuels. While hydrogen and ammonia are often men-
tioned in the context of future zero-carbon shipping, this paper provides a detailed assess-
ment of their specific advantages and limitations when applied to SOVs. The identification 
of ammonia as a particularly promising fuel, due to its high energy density and zero-car-
bon emissions at the point of use, offers valuable insights for the industry. However, this 
paper also acknowledges the significant safety and regulatory hurdles that need to be 
overcome before ammonia can be widely adopted, contributing a balanced perspective to 
the ongoing discussion. 

Furthermore, this paper introduces an innovative analysis of propulsion systems, in-
cluding hybrid configurations that combine LNG engines with baĴery storage. This ex-
ploration of hybrid systems, alongside fully electric propulsion and renewable energy in-
tegration, is particularly novel in the context of SOVs. While electrification has been ex-
tensively studied for other vessel types, its application to SOVs presents unique chal-
lenges, especially regarding baĴery energy density and offshore charging infrastructure. 
This study’s focus on hybrid solutions as a bridge to full electrification provides a fresh 
perspective on how the SOV sector can gradually transition to zero-carbon operations. 

In terms of economic contributions, this paper’s analysis of the cost implications of 
adopting low- and zero-carbon fuels for SOVs is another original element. By considering 
not only the immediate fuel costs but also the long-term investments required for retrofit-
ting and infrastructure development, this study offers a more realistic outlook on the fi-
nancial challenges facing the sector. This economic analysis, coupled with discussions on 
regulatory incentives and carbon pricing, highlights the importance of policy frameworks 
in enabling the transition to alternative fuels. 

The novelty of this research lies in several key findings that contribute new insights 
to the field of alternative marine fuels, specifically for offshore supply vessels (SOVs). 
First, this study provides a focused analysis of various alternative fuels—LNG, hydrogen, 
ammonia, and biofuels—tailored to the operational requirements of SOVs. This vessel-
specific approach is relatively unexplored, offering new perspectives on how these fuels 
perform under conditions unique to SOVs, such as range, refuelling, and safety. 

A key result is the identification of LNG as the most viable short- to medium-term 
solution for reducing GHG emissions in the SOV sector. While green LNG has been dis-
cussed in previous research, this study positions it as a practical transitional fuel until 
more advanced technologies, such as hydrogen and ammonia, can be widely adopted. 
This strategic framework for managing the fuel transition process provides fresh insight 
into how the maritime industry can balance immediate emission reductions with long-
term decarbonisation goals. 

Additionally, this research expands on the integration of hybrid and fully electric 
propulsion systems, assessing the feasibility of combining these systems with alternative 
fuels. The consideration of advancements in baĴery technology and renewable energy 
sources introduces a more comprehensive approach to decarbonisation, particularly for 
SOVs. 

Finally, this paper emphasises the infrastructural challenges associated with large-
scale adoption of alternative fuels, particularly hydrogen and ammonia. By identifying 
these challenges and advocating for coordinated industry and regulatory efforts, this 
study contributes valuable knowledge on the practical steps required to achieve long-term 
decarbonisation. 

In conclusion, this paper makes several original contributions to the field of maritime 
decarbonisation, particularly through its focus on SOVs, its multi-faceted evaluation of 
alternative fuels, and its novel analysis of hybrid propulsion systems. The findings offer 
valuable guidance for both industry stakeholders and policymakers as they navigate the 
complex challenges of transitioning to a low-carbon future in the offshore supply vessel 
sector. 



Appl. Sci. 2024, 14, 11196 30 of 33 
 

At a conceptual level, this paper has considered factors such as spatial constraints, 
refuelling intervals in relation to bunkering infrastructure, and the operational profile. 

Nevertheless, it is worth mentioning that further investigation is needed at the de-
tailed design stages to fully consider ship-specific restrictions such as space restrictions 
for fuel tanks, refuelling periods, and limitations of baĴery usage such as volume, weight, 
charging time, etc. 

4. Conclusions 
This paper conducted a comprehensive analysis of alternative fuels and propulsion 

technologies for offshore supply vessels (SOVs), focusing on LNG, hydrogen, ammonia, 
biofuels, and hybrid systems. Based on the findings, several key conclusions can be 
drawn: 
(1) LNG as a Transitional Fuel: The analysis reveals that LNG provides the most feasible 

short- to medium-term solution for SOVs, with the potential to reduce greenhouse 
gas (GHG) emissions by approximately 20–25% compared to marine diesel oil 
(MDO) and heavy fuel oil (HFO). In addition to its lower carbon footprint, LNG in-
frastructure is relatively well developed, making it a viable near-term option for de-
carbonisation in the SOV sector. 

(2) Hydrogen and Ammonia for Long-term Decarbonisation: Hydrogen and ammonia 
have been identified as promising long-term alternatives, with the potential for zero-
carbon emissions when produced using renewable energy. However, their wide-
spread adoption faces significant challenges, particularly in terms of storage, han-
dling safety, and the need for new infrastructure. For SOVs, hydrogen and ammonia 
could reduce CO2 emissions by up to 100%, but only if these challenges are ad-
dressed. 

(3) Hybrid Propulsion Systems: The integration of hybrid propulsion systems, combin-
ing alternative fuels with electric or baĴery-based propulsion, was found to offer en-
hanced operational flexibility and fuel efficiency. In particular, hybrid systems could 
reduce fuel consumption by up to 15%, depending on operational profiles. BaĴery 
technology improvements also make full-electric operation increasingly viable for 
short-distance and low-power applications. 

(4) Infrastructure and Regulatory Needs: The adoption of hydrogen and ammonia for 
SOVs will require substantial investment in bunkering infrastructure and safety reg-
ulations. As such, these fuels are recommended as long-term solutions, while LNG 
and hybrid systems serve as more immediate alternatives for reducing emissions in 
the near future. 
In conclusion, this study underscores the importance of a phased approach to fuel 

transition in the SOV sector. LNG can offer immediate reductions in GHG emissions, 
while hydrogen, ammonia, and hybrid systems hold the potential to meet long-term de-
carbonisation goals, provided that technological and infrastructural barriers are ad-
dressed. 
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