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I. INTRODUCTION 

The maritime sector is shifting toward clean 

energy sources in response to international pressure 

for emissions reduction. Hydrogen is a strong 

candidate due to its zero-emission profile during 

combustion. However, its safe integration requires 

thorough analysis of the physical and operational 

hazards associated with storage, transfer, and 

utilization onboard ships. This paper presents a 

structured evaluation of these risks and proposes 

mitigation strategies based on expert insights. 

II. Literature review 

The body of literature on hydrogen as a 

maritime fuel remains comparatively limited but has 

expanded in recent years. Studies by [1] and [2] have 

underscored both the environmental benefits and the 

safety concerns tied to hydrogen adoption. In 

addition, international organizations such as the 

IMO have begun to explore hydrogen within the 

framework of alternative fuels, although dedicated 

standards remain under development. A key theme 

in recent work is the lack of harmonized global 

safety codes, which creates operational uncertainty 

and hinders investment in hydrogen-powered 

vessels. Bayesian network approaches [3] and safety 

barrier analyses [4] represent methodological 

advances, yet there remains a gap in integrating 

these quantitative methods with qualitative expert 

input. This paper addresses that gap by combining 

structured risk modeling with perception-based 

surveys, providing a more holistic perspective. 

Literature indicates hydrogen’s potential for 

maritime use, yet there are substantial gaps in the 

safety framework. The outlined alternative fuel risks. 

It emphasized safety procedures, while the IMO has 

begun outlining protocols for hydrogen usage. 

Nonetheless, research combining structured risk 

assessment with real-world expert perception is 

scarce. 

Several recent studies have investigated 

hydrogen safety in maritime contexts from different 

perspectives. 

Jeong et al. [29] conducted a comparative risk 

assessment of gaseous and liquid hydrogen fuel 

supply systems, highlighting distinct risk profiles in 

explosion and leakage behavior. Similarly, Kang et 
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al. [32] employed a Bayesian network with 

bidirectional reasoning to analyze hydrogen leakage 

risks in fuel-cell ships, underscoring the necessity of 

probabilistic approaches to capture uncertainty. 

Furthermore, systematic reviews such as 

Koromila et al. [31] stress that most existing studies 

focus heavily on technical failure modes while 

underrepresenting organizational and regulatory 

dimensions. 

Building on these insights, the present 

research advances the field by explicitly 

incorporating expert perceptions through surveys 

combined with conventional FMEA-based gap 

analysis. This integrated approach not only identifies 

technical vulnerabilities but also highlights systemic 

gaps, providing a more comprehensive basis for 

maritime hydrogen safety management. 

III. Methodology 

3.1 Survey Design and Participants 

To complement the FMEA-based gap analysis, 

an expert survey was conducted. A total of 49 

experts participated, representing diverse 

professional backgrounds, including ship operation 

(captains and officers), shipbuilding engineers, 

safety and risk management specialists, academic 

researchers, and regulatory officials. 

The survey was structured into three main 

components: 

1. Quantitative assessment of failure modes 

using the FMEA Risk Priority Number 

(RPN). 

2. Evaluation of concern levels for key 

safety domains, such as tank integrity, crew 

training, monitoring systems, and 

emergency response. 

3. Open-ended questions that allowed 

respondents to provide additional insights 

on emerging risks, including bunkering 

operations, regulatory uncertainty, sensor 

reliability, and training gaps. 

This design enabled the integration of quantitative 

scoring and qualitative insights, addressing 

potential gaps in conventional risk assessment 

methods. 

Field/Profession Number of 

Respondents 

Percentage 

(%) 

Ship Operation 

Experts (Captains, 

Officers) 

15 30% 

Shipbuilding 

Engineers 

12 24% 

Safety & Risk 

Management Experts 

10 20% 

Academics/Researche

rs 

7 14% 

Regulators/Policy 

Makers 

5 10% 

Total 49 100% 

Table 1. Composition of survey respondents 

Table 1 indicates that ship operation experts 

constituted the largest group of respondents (30%), 

highlighting the emphasis on operational knowledge 

in identifying practical risks. Shipbuilding engineers 

(24%) contributed technical perspectives, while 

safety and risk experts (20%) emphasized systematic 

hazard management. Academics and researchers 

(14%) provided theoretical and methodological 

viewpoints, and regulators (10%) offered policy-

oriented insights. 

3.2Analytical Toolsincluded Python (pandas, 

matplotlib) for quantitative data processing, 

producing both descriptive statistics and graphical 

outputs. SPSS software was employed to conduct 

reliability analysis and cross-tabulation of expert 

responses. Additionally, qualitative comments from 

the survey were coded thematically, allowing for 

integration of narrative insights into the risk 

assessment framework. These combined methods 

ensured both rigor and richness in the findings. 

3.3This methodological approach has been similarly 

emphasized in recent studies [6], [7], [8] which 

validate the integration of expert survey methods 

with gap analysis for maritime hydrogen safety. 
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Experts were asked to score each domain on a scale 

of 1 to 5. The ideal score of 5 represents complete 

readiness, while lower scores indicate deficiencies. 

The difference between the expert score and the 

ideal value is recorded as the gap. A higher gap 

value highlights areas requiring urgent improvement. 

By aggregating across multiple expert responses, the 

analysis not only quantifies technical and operational 

weaknesses but also highlights perception-based 

risks, which are often overlooked in conventional 

assessments. This dual view of technical and human-

centered gaps provides a comprehensive evaluation 

framework. 

The Gap Index (GI) is computed as follows: 

(1)    GIᵢ = ∑ (5 - xᵢⱼ) / n 

where xᵢⱼ is the score given by expert j for factor i, 

and n is the number of experts. 

The overall structure of the research 

methodology is illustrated below in Fig. A. It shows 

the sequential process of literature review, survey 

design, expert feedback, gap analysis, and synthesis 

of recommendations. This flow ensures 

methodological rigor and practical relevance. 

A hybrid method was employed. FMEA rated risks 

by severity, occurrence, and detectability. HAZID 

workshops explored potential hazards in storage and 

bunkering scenarios. An expert survey of 49 

professionals from marine safety, naval engineering, 

and fuel system operations contributed perception 

data. Responses included Likert-scaled ratings and 

qualitative inputs. 

 

Fig. A. flowchart of the research methodology 

process 

 

IV. RESULTS AND DISCUSSION 

The expert survey revealed tank rupture, 

bunkering leaks, and training inadequacies as top 

concerns. These perceptions matched FMEA 

outcomes, where top RPN values were assigned to 

these failure modes. 

4.1 FMEA Results 

The results of the FMEA highlighted the 

disproportionate risk associated with valve 

malfunctions and tank ruptures. Although sensor 

reliability issues scored slightly lower in terms of 

RPN, expert commentary suggested that early 

warning failures could escalate incidents rapidly, 

turning minor leaks into significant safety threats. 

This finding underlines the importance of 

redundancy in leak detection systems and consistent 

calibration protocols. 

The analysis of failure modes using the FMEA 

methodology reveals distinct patterns in risk 

perception and potential system vulnerability. Fig. 1 

presents the top five failure modes ranked by their 

Risk Priority Number (RPN), with valve 

malfunction during hydrogen transfer operations 

receiving the highest score. This indicates that even 

routine operations like fuel transfer, if unmonitored 

or under-regulated, can represent considerable 

threats. Experts attribute high severity to tank 

rupture and sensor failure due to their possibility of 

triggering secondary incidents like explosion or 

undetected leaks. These risks emphasize the critical 

need for integrated safety mechanisms that include 

redundancy in valves and real-time diagnostics. 

 

Fig. 1. top 5 risk priority number (rpn) failures from 

expert perception. 
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4.2 Concern Levels 

Experts expressed substantial concerns about 

system sensor failures and undetected leaks. The 

survey showed 93% concern with tank safety and 

78% with training programs.Survey data on concern 

levels revealed consensus among experts that 

structural integrity and human preparedness are 

equally important. While tank design is critical, 

respondents emphasized that even the most 

advanced containment systems are ineffective 

without properly trained personnel. The results 

indicate that investment in technical infrastructure 

must go together with capacity building initiatives. 

 

Fig. 2. critical concern areas identified by experts 

 

4.3Extended Concerns 

The extended concerns highlighted by experts 

broaden the scope of traditional risk assessment. 

While FMEA results pointed to technical failures 

such as valve malfunctions or sensor reliability, the 

open-ended responses revealed systemic issues that 

often lie outside the immediate engineering domain.  

Fire response readiness was the most frequently 

cited concern, reflecting the high flammability of 

hydrogen and the lack of specialized firefighting 

protocols tailored for cryogenic fuels.  

Bunkering operations were also emphasized as 

high-risk moments in the hydrogen fuel cycle, with 

experts noting the absence of harmonized 

international standards for bunkering procedures.  

Training gaps appeared consistently in 

responses, underscoring that crew preparedness is a 

decisive factor in whether incidents escalate into 

full-scale emergencies.  

Sensor reliability, though also captured in 

quantitative scoring, gained more nuanced emphasis 

in narrative comments, especially regarding the need 

for redundancy and cross-verification in detection 

systems.  

Lastly, regulatory uncertainty was highlighted 

as a persistent barrier, where national and 

international frameworks remain fragmented. 

Collectively, these extended concerns suggest that 

risk management for maritime hydrogen must move 

beyond technical design to encompass regulatory 

alignment, operational practices, and institutional 

capacity building. 

 

Fig. 3. extended safety concerns from open-ended 

survey input 

 

4.4Prioritization of safety domains 

The prioritization of safety domains, as shown 

in percentage distribution, demonstrated clear expert 

preference for focusing on tank integrity and crew 

training. This prioritization confirms that addressing 

a small number of critical areas could yield outsized 

improvements in overall safety performance. 
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Fig. 4. percentage of priority safety domains 

 

4.5Recommendations 

The recommendations provided by experts 

provide actionable pathways for closing the safety 

gaps identified in earlier analyses. Hydrogen-

specific training programs received the highest level 

of support, reinforcing the notion that seafarers must 

be equipped with knowledge tailored to the unique 

risks of hydrogen, rather than extrapolating from 

conventional fuel experience. Real-time monitoring 

systems were also strongly endorsed, with experts 

pointing to digital innovations and IoT-based sensors 

as promising tools for early detection and 

intervention. Updated regulations ranked third, 

underscoring the importance of developing 

consistent and internationally harmonized safety 

codes to reduce operational uncertainty. Finally, 

while emergency protocols were ranked lowest, they 

remain crucial in ensuring that once an incident 

occurs, escalation is contained swiftly. Together, 

these recommendations outline a multi-pronged 

strategy where technology, regulation, and training 

must advance in parallel. 

The most supported solutions included real-

time monitoring systems (71%) and training 

enhancements (78%). Regulatory updates were also 

considered crucial by 68% of respondents. 

 

Fig.5. expert-recommended risk mitigation measures 

V. LIMITATIONS 

The study has several limitations that 

should be acknowledged. First, the expert survey 

was limited to 49 participants, which, while 

valuable, may not fully capture the diversity of 

perspectives across different regions, vessel types, 

and operational contexts. Second, the applied gap 

analysis and FMEA approach relies heavily on 

expert judgment, introducing the possibility of 

subjective bias. Third, the evolving regulatory 

environment for hydrogen as a marine fuel means 

that some emerging standards and policies were not 

fully integrated into this study. Lastly, the qualitative 

concerns expressed by experts, although highly 

informative, are open to interpretation and may vary 

depending on the respondents’ backgrounds and 

professional experiences. These limitations suggest 

the need for future studies that combine expert-based 

assessments with empirical operational data and 

broader stakeholder engagement. 

 

VI. CONCLUSION 

In conclusion, the paper makes several 

significant contributions. It demonstrates how a 

hybrid methodology can combine the rigor of FMEA 

and HAZID with the nuanced insights of expert 

surveys, offering a more comprehensive perspective 

on hydrogen safety in maritime operations. The 

results highlight the dual importance of tank 

integrity and crew training as critical safety domains, 

while also acknowledging monitoring systems and 

emergency response as indispensable supporting 

mechanisms. 

Regulatory readiness, consistent with 

findings by Bucelli et al. [33], is recognized as a 

foundational enabler for successful hydrogen 

adoption. Furthermore, the extended concerns raised 

by experts, including bunkering safety, sensor 
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reliability, and international regulatory 

harmonization, underscore the necessity of 

addressing not only technical challenges but also 

organizational and institutional barriers. 

Although this study is limited by its 

reliance on expert perception and a relatively modest 

sample size, it provides a structured framework for 

identifying and prioritizing safety gaps. Future 

research should incorporate empirical accident data, 

pilot-scale demonstrations, and cross-national 

collaboration to validate and refine the findings. 

Ultimately, this research offers timely 

guidance for policymakers, shipbuilders, and 

maritime operators, supporting the establishment of 

robust safety standards, specialized training 

programs, and integrated management systems 

essential for advancing the safe and sustainable 

transition to hydrogen-powered maritime transport. 
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