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Abstract

Hydrogen is increasingly recognised as one of the leading pathways for decarbonising the
maritime sector. Proton exchange membrane fuel cell (PEMFC) hybrid propulsion is
emerging as a promising low-emission technology; however, its safe deployment depends
on marine engineers being trained to interpret and manage coupled hydrogen, fuel cell,
battery, and electric propulsion systems. However, a critical training gap remains. Alter-
native fuel guidance identifies hazards and safety barriers, but does not consistently trans-
late hydrogen PEMFC-LFP operation into observable competence assessment evidence
and implementation pathways. This paper develops a demonstrator-anchored and regu-
latory-grounded competency framework for marine engineers operating compressed hy-
drogen PEMFC-lithium iron phosphate (LFP) battery—electric propulsion systems. A
structured purposive narrative synthesis combined prototype vessel testing evidence
with regulatory safety training, and competency framework literature. The experimental
operational data, including compressed hydrogen supply, pressure regulation, PEMFC
charging, battery buffering, propulsion current demand, voltage sag, state-of-charge re-
sponse, monitoring tasks, alarms, and emergency isolation, were used as operational an-
chors rather than calibrated performance validation evidence. The analysis identified six
competency domains. Compared with IGF/LNG model course training, the largest hydro-
gen-specific competence gaps concerned compressed hydrogen handling, PEMFC purge
and shutdown logic, battery-buffered propulsion monitoring, integrated emergency shut-
down, and communication during abnormal operation. These findings were translated
into assessable learning outcomes, a provisional 40 h training module, instructor prereq-
uisites, practical assessment evidence, a proposed digital twin/VR supplement, and a
staged implementation roadmap. The proposed framework provides a structured pilot
pathway. It translates operational testing evidence into assessable maritime education
and training. It also establishes a foundation for future competency development and cer-
tification for commercial vessels.
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1. Introduction

Hydrogen is increasingly considered a low- and zero-carbon energy carrier for ship-
ping, particularly where battery-only electrification cannot satisfy vessel range or duty
cycle requirements [1]. In PEMFC-LFP battery—electric hybrid propulsion, producing
electrical power is only part of the engineering challenge. Operators must also understand
how the hydrogen supply, pressure regulation, fuel cell balance of plant, battery, propul-
sion load, and emergency isolation system interact. For marine engineers, hydrogen pro-
pulsion changes the nature of machinery watchkeeping because the prime mover is no
longer only a combustion engine but a combined fuel, electrochemical, electrical, and con-
trol safety architecture [2].

The transition from conventional fuels and LNG-oriented low-flashpoint fuel train-
ing to hydrogen PEMFC hybrid propulsion cannot be achieved by transferring theoretical
knowledge alone. Some competence areas are transferable from the existing IGF/LNG
training. These may include: hazardous-zone awareness, gas detection, emergency shut-
down logic, bunkering discipline, and safety management [3]. However, hydrogen intro-
duces additional characteristics that alter operational risk, such as wide flammability lim-
its, very low ignition energy, rapid dispersion, invisible flames under some conditions,
high-pressure release behaviour, permeation, embrittlement, and fuel cell-specific purge
and shutdown requirements [4]. These differences need to be converted into observable
marine engineering competence.

We built and used a hydrogen PEMFC-LFP battery electric boat as our test bed. The
vessel used compressed hydrogen feed, a PEM fuel cell system, a 48 V LFP battery, a man-
ually supervised energy management arrangement, and a 7 HP electric outboard motor.
The project included operational testing and recording of hydrogen supply handling, fuel
cell charging behaviour, battery voltage and SOC response, propulsion current demand,
alarms, and emergency isolation procedures. These records provide a concrete opera-
tional basis for defining what marine engineers must observe, interpret, communicate,
and perform during hydrogen PEMFC operation [5].

Current international maritime training is struggling to keep pace with alternative
fuel propulsion. Studies on hydrogen and ammonia in shipping focus heavily on fuel
properties, emissions, propulsion design, storage, bunkering, and safety risks [6-8]. How-
ever, few studies translate these hazards into observable competencies, assessment evi-
dence, and institutional implementation pathways. This gap urgently needs to be ad-
dressed. As vessels adopt hydrogen, ammonia, methanol, batteries, and fuel cells, the
competence requirements extend well beyond conventional engine room watchkeeping
to include fuel-specific, system-integrated, safety-critical capabilities. International initia-
tives increasingly recognise this, calling for training that combines hazardous fuel aware-
ness, emergency response, energy management, electrical safety, human factors, and sim-
ulator-based scenarios. The emerging approach goes beyond adding alternative fuel the-
ory to existing courses. It uses competency-based, scenario-driven, and assessable training
to prepare marine engineers for normal, abnormal, and emergency operation of complex
hybrid systems [9].

Our research objective is to develop a defensible, demonstrator-informed compe-
tency and training framework for marine engineers operating hydrogen PEMFC hybrid
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propulsion systems. The paper therefore begins with a concise characterisation of the de-
veloped test vessel and its safety-critical operating requirements, then translates those re-
quirements into competence domains and assessment evidence. The specific contributions
are: (i) synthesis of project, regulatory, safety, training, and competency evidence; (ii) def-
inition of six competency domains for hydrogen PEMFC marine operation; (iii) mapping
of IGF/LNG transferable competence to hydrogen-specific increments; (iv) design of a
provisional 40 h module with instructor competence prerequisites; (v) specification of au-
thentic assessment and standard-setting requirements; and (vi) a staged implementation
roadmap including a proposed digital twin/VR supplement.

1.1. Related Work

Hydrogen PEMFC-battery hybrid propulsion is attracting growing interest for short
sea shipping, ferry, inland waterway, and specialist vessel operations [2]. PE-FCs offer
high efficiency, low noise, modularity, and zero direct carbon exhaust; however, unre-
solved challenges remain in hydrogen storage, bunkering infrastructure, durability, cost,
system integration, and operational safety [6,10]. Hybridising PEMFCs with batteries is a
common solution, allowing the fuel cell to operate in a stable region while the battery
absorbs transient propulsion loads. In such systems, operators must monitor hydrogen
supply, stack voltage and current, battery state of charge, DC-bus stability, propulsion
load, and energy management behaviour as an integrated whole rather than as isolated
components [11,12]. Experiments on larger test vessels, hydrogen ferries, and inland ves-
sels show that system complexity increases substantially with hydrogen inventory, in-
stalled power, refuelling rate, redundancy, class approval, and port interface require-
ments [2].

Hydrogen also differs from conventional fuels and LNG in ways that directly shape
onboard operation and training. Its wide flammability range, low minimum ignition en-
ergy, rapid dispersion, invisible flame, high-pressure release behaviour, and enclosed
space accumulation risks require engineered barriers and specific, disciplined procedures
[13]. For PEMFC-LFP hybrid propulsion, safety extends beyond the hydrogen line to ven-
tilation, leak detection, emergency shutdown, fuel cell purge logic, battery management,
high-current electrical isolation, cooling, and post-event reset. Our demonstrator vessel
reflects the presence of this integrated safety problem: its operating procedure requires
pre-start checks of cylinder pressure, regulator condition, ventilation, BMS status, battery
SOC, and ESD readiness, followed by continuous monitoring of stack voltage and current,
hydrogen flow, temperature, battery voltage, propulsion current, and SOC [1]. Safe hy-
drogen PEMFC operation therefore requires marine engineers to combine hydrogen fuel
competence, electrical propulsion competence, battery system awareness, and emergency
response discipline [14].

STCW Regulation V/3 and the IGF Code provide a useful baseline for hazardous ar-
eas, fuel system safety, bunkering communication, gas detection, and emergency shut-
down [15-18]. However, they do not fully address the operation of hydrogen, ammonia,
and fuel cell systems. Hydrogen introduces invisible flames, rapid dispersion, very low
ignition energy, and fuel cell purge logic; ammonia introduces toxicity, corrosiveness, and
different emergency response requirements [19]. Maritime training is therefore moving
toward fuel-specific, scenario-based, competency-based models that combine hazardous
fuel awareness, system operation, electrical safety, energy management, human factors,
simulator exercises, and practical familiarisation.

Key international frameworks include the IMO interim training guidelines for alter-
native fuels, the Maritime Just Transition Task Force hydrogen training frameworks and
instructor handbook, and DNV-RP-0703 on hydrogen competence as ship fuel [13,17,20].
The IGF/STCW baseline covers hazardous areas, bunkering, gas detection, and emergency
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shutdown, but is insufficient for hydrogen PEMFC systems: it does not address com-
pressed hydrogen behaviour, invisible flames, fuel cell purge and shutdown logic, battery
integration, or hydrogen-specific emergency response. Table 4 compares transferable and
additional competencies systematically.

Competency framework research argues that marine engineer training should define
observable behaviours, proficiency levels, and reliable assessment evidence [21-23]. Au-
thentic assessment studies further show that workplace-like tasks and scenario-based ex-
ercises with clear rubrics are more valid for assessing operational competence than written
tests alone [24,25]. For hydrogen PEMFC operation, learners must understand hydrogen
hazards and trace the hydrogen and electrical energy paths. They must also interpret nor-
mal and abnormal system states, perform start-up and shutdown procedures, activate
ESD correctly, communicate alarm status, and justify a controlled restart after an abnor-
mal event. Physical demonstrators, digital twins, and VR environments support this by
making energy flow behaviour, alarm logic, leak scenarios, ESD response, and team com-
munication visible, repeatable, and assessable [26-28].

It is worth mentioning that hydrogen can be produced via fossil fuel reforming, re-
forming with carbon capture, biomass-based processes, or water electrolysis. Green hy-
drogen produced by electrolysis using renewable electricity is particularly relevant to
maritime decarbonisation, offering substantially lower lifecycle emissions than fossil-de-
rived alternatives. Although the production pathway does not alter onboard PEMFC op-
eration, marine engineers should understand its implications for fuel traceability, lifecycle
emissions, sustainability reporting, and bunkering documentation [29].

1.2. Research Gap

Despite the aforementioned body of literature, a clear gap remains between the de-
velopment of alternative-fuel propulsion systems and the slower development of practical,
assessable training frameworks for the engineers who will operate them. Many studies
address propulsion performance, emissions, storage design, or fuel cell durability, while
the operational competence required to monitor, isolate, troubleshoot, and recover these
systems remains secondary. Safety guidance identifies hazards and barriers but does not
consistently translate them into learning outcomes, observable behaviours, pass/fail evi-
dence, instructor requirements, or implementation pathways. Existing IGF/LNG training
provides a foundation but is insufficient for hydrogen PEMFC-LFP systems, where fuel
properties, leak dispersion, flame visibility, purge logic, battery integration and the elec-
trical propulsion interface differ substantially from conventional low-flashpoint machin-
ery.

The second gap concerns scale transfer. Small demonstrators allow learners to ob-
serve hydrogen supply, PEMFC charging, battery response, and emergency isolation logic
in a controlled setting but cannot represent the consequence profile of vessels with higher
hydrogen inventory, multi-stack redundancy, and complex port interface procedures. De-
monstrator-based learning therefore requires a clear framework distinguishing what
transfers directly, what requires digital simulation, and what must be confirmed through
vessel-specific familiarisation. This study addresses both gaps by using the project’s de-
signed and built hydrogen PEMFC-LFP experimental vessel as structured operational ev-
idence for developing an assessable competency framework. The paper translates the de-
monstrator’s operational and safety requirements into competence domains, learning out-
comes, assessment tasks, instructor prerequisites, digital simulation requirements, and an
implementation roadmap for maritime education and training. Scale transfer relies on an-
alytical rather than statistical generalisation. The demonstrator’s numerical values are not
assumed to represent commercial vessel operating thresholds. Instead, the transferable
elements are the relationships among system state, hazard, operator interpretation, re-
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quired action, and assessment evidence. These relationships were corroborated against
regulatory, safety, and training guidance before being incorporated into the competency
framework.

The remainder of this paper is organised as follows. Section 2 presents the materials
and methods, including the demonstrator evidence base, document synthesis approach,
task-to-competence mapping method, and framework development process. Section 3
presents the demonstrator-informed operational and safety characterisation, the resulting
competency framework, IGF/LNG transferability analysis, provisional training module,
assessment design, digital twin/VR proposal and implementation roadmap. Section 4 dis-
cusses the contribution of the framework, assessment and standard-setting implications,
digital simulation, scale transfer, limitations, and future work. Section 5 concludes the pa-

per.

2. Materials and Methods
2.1. Study Design

The study used a structured purposive narrative synthesis because the evidence base
combines project deliverables, regulatory and safety documents, existing maritime train-
ing logic, competency framework literature, and demonstrator operating records. The aim
was not to perform a statistical meta-analysis, but to translate heterogeneous evidence
into an operationally meaningful competency framework. The synthesis was conducted
in five steps: (1) define the training problem from the project’s demonstrator; (2) identify
and screen regulatory, safety, and competency sources; (3) map operational tasks to haz-
ards and competence domains; (4) specify learning outcomes, assessment evidence, and
instructor requirements; and (5) convert the outputs into an implementation roadmap.

Because this study was designed as a structured purposive narrative synthesis rather
than a systematic review, PRISMA procedures were not applied. Reproducibility was in-
stead supported through predefined search strings, inclusion and exclusion criteria,
screening counts, evidence stream classification, and a documented task-to-competence
mapping process.

2.2. Evidence Search and Selection

Academic searches were conducted using Google Scholar, supported by a reproduc-
ible SerpApi-based search audit. Grey literature and regulatory searches focused on offi-
cial and institutional sources. These included IMO, DNV, EMSA, ICS, MJTTF, relevant
Indian and Australian authorities, and selected STCW-recognised maritime training pro-
viders [13]. Each demonstrator observation was translated through five linked elements:
observed variable or task; operating state or hazard; required operator interpretation; ex-
pected action; and corresponding competency and assessment evidence. Requirements
were retained only where supported by regulatory, safety, or maritime training guidance.
The search covered the period of 2015-2026, with older foundational sources retained
where necessary for standard setting, assessment validity, and human factors theory. This
synthesis does not claim systematic review completeness; rather, it uses a structured pur-
posive narrative approach to triangulate regulatory, safety, training, and operational evi-
dence for competency framework design.

Search terms combined “hydrogen marine fuel”, “hydrogen”, “training”, “PEM fuel
cell vessel”, “IGF Code training”, “STCW V/3”, “LNG fuel training”, “hydrogen safety on
ships”, “seafarer competency framework”, “maritime authentic assessment”, “maritime
digital twin”, and “alternative fuel simulator”. Inclusion criteria were direct relevance to
hydrogen or alternative fuel operation, fuel cell/battery electric marine systems,
IGF/STCW training logic, seafarer competence, authentic assessment, digital simulation,
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or Indian/Australian implementation contexts. Sources focused only on land-based hy-
drogen without transferable operational relevance, promotional material with no compe-
tence content, and sources not linked to training or safety were excluded.

The Google Scholar audit identified 277 raw records from 12 predefined search
strings. Title-based deduplication removed 44 duplicate records, leaving 233 unique rec-
ords. Relevance screening then excluded a further 23 records, resulting in 210 records be-
ing retained for review. In total, 67 records were removed across the deduplication and
screening stages. The records excluded during relevance screening lacked sufficient ma-
rine or maritime relevance, fell outside the main search period without foundational im-
portance, or were not adequately connected to hydrogen, alternative fuels, safety, training,
competency development, or simulation. A summary of the distribution of retained rec-
ords across the main evidence areas used in the synthesis is given in Figure 1a, while Fig-
ure 1b indicates retained records by publication year. Because some retained records con-
tributed to more than one evidence area, the relevance area categories in Figure 1a are not
mutually exclusive.

The selected evidence was organised into five evidence streams, as summarised in
Table 1. Project evidence was used to define the project’s demonstrator configuration, op-
erating procedures, and quantitative training traces. Regulatory and safety guidance was
used to define hydrogen hazards, roles and responsibilities, safety barriers, and compe-
tence expectations [20]. Training framework sources supported the structure of the provi-
sional training module, while competency framework and authentic assessment literature
informed the use of observable behaviours, performance evidence, and assessment stand-
ards. Simulation and scale transfer evidence supported the design of the proposed digital
twin/VR supplement and the distinction between small demonstrator learning and com-
mercial vessel competence.

The overall evidence-to-framework logic is illustrated in Figure 2. Project-specific test
evidence was first used to define the operational context of the demonstrator, including
system specifications, operating records, and field test traces. The project evidence was
then compared with relevant safety and regulatory guidance. These sources included
STCW/IGF, IMO interim guidance, DNV-RP-0703, EMSA, and MJTTF materials, and were
used to identify hazards, operational tasks, and competence requirements. The narrative
synthesis then translated these inputs into task-to-competence mapping across hydrogen
handling, PEMFC operation, battery/EMS monitoring, bunkering, emergency shutdown,
and human factors. The final outputs were learning outcomes, assessment evidence, in-
structor guidance, and the staged implementation roadmap.

To provide a desk-based content validity cross-check, the six proposed competency
domains were compared against external hydrogen and maritime training guidance be-
fore being finalised. In particular, the domains were cross-checked against DNV-RP-0703
on competence related to the use of hydrogen as fuel [20] and the MJTTF hydrogen in-
structor framework [13], with additional reference to IMO interim training guidance [17],
EMSA hydrogen safety guidance [14] and maritime human factors literature where rele-
vant. This cross-check was not intended to replace an expert panel or Delphi validation;
rather, it was used to confirm that the pilot framework covered the main externally rec-
ognised areas of hydrogen hazard awareness, fuel storage and supply, fuel cell system
operation, safety barriers, emergency response, communication, and scale transfer re-
quirements.

No formal expert panel was consulted during the evidence search. Instead, the pro-
visional competency domains were cross-checked against DNV, MJTTF, IMO, and EMSA
guidance. Formal expert panel and modified Delphi validation are reserved for the next
validation stage and are included in the implementation roadmap and future work section.
Figure 1c summarises the methodological workflow. Evidence was identified, screened,
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and organised into five streams: project records; regulatory and safety guidance; training
frameworks; competency and assessment literature; and simulation and scale transfer ev-
idence. Demonstrator observations were coded by operating variable or task, associated
hazard, required operator interpretation, expected action, and corresponding competency
evidence. These elements were mapped to operational and safety functions, cross-checked
against regulatory and training guidance, and translated into competency domains, learn-
ing outcomes, assessment requirements, instructor prerequisites, simulation needs, and
an implementation roadmap. The feedback loop indicates that pilot evaluation will sup-
port iterative refinement.

Retained Records by Relevance Area

Records may contribute to more than one manuscript evidence area
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Figure 1. Literature search: (a) distribution of retained records across the main evidence areas; and
(b) distribution of retained records by publication date. (c¢) Methodology, workflow, and evidence

coding process used to develop and iteratively refine the competency framework.

Table 1. Evidence streams used in the narrative synthesis and their role in developing the hydrogen
PEMFC competency framework.

Evidence Stream

Examples Used Role in This Study

Project evidence

IMU final report, internal test records, and  Defines demonstrator configuration, operating

draft IAMU technical paper procedures, and quantitative training trace.

Regulatory and safety

guidance [20]

STCW V/3, IGF Code, IMO interim training
guidance, DNV-RP-0703, and EMSA hydro-

Defines role responsibility, hydrogen hazards,

safety barriers, and competence expectations.
gen safety study ty P P

MJTTF hydrogen instructor handbook, ICS

Training frameworks IGF guidance, and advanced IGF course ex-

Structures training domains and supports the

provisional 40 h module benchmark.
amples

Competency frame-

work literature

Seafarer competency and authentic assess-

Requires observable behaviours, proficiency lev-

ment studies els, development guidance, and periodic review.

Simulation and scale Maritime digital twin studies and published
transfer evidence

500 kW hydrogen vessel case evidence

Supports the digital supplement and the distinc-
tion between demonstrator and commercial ves-
sel competence.

' ™ ' ' ™ ' ™
IMU Project Safety and Narrative Task-to- Report
Evidence Regulatory Synthesis Compet.ence Outputs
Sources Mapping
Final report, STCW/IGF, Search, screen Hydrogen, Learning
demonstrator IMO interim and map PEMFC, battery, outcomes,
specifications, guidance, —=| sources to tasks, |=»| EMS, bunkering, |—= assessment,
operational DNV-RP-0703, hazards and ESD and human instructor
records and EMSA, MITTF. competence. factors. guide and
field-test traces. roadmap.
L " L " L " L " L "

Guiding principle: project-specific evidence is treated as ope rational evidence; peer-reviewed and regulatory sources are used to structure compe tence,

assessment and implementation.

Figure 2. Evidence-to-framework logic used in the demonstrator-informed narrative synthesis.

2.3. Demonstrator Case and Scope Boundaries

The demonstrator case is a compressed hydrogen PEMFC-LFP battery—electric pro-
pulsion system installed on a small fibre-reinforced plastic (FRP) test boat. Its overall func-
tional architecture is shown in Figure 3a, where the system is configured as a battery-
dominant hybrid: propulsion demand is supplied through the battery—electric propulsion
chain, while the PEMFC primarily supports battery charging and endurance extension.
This architecture is particularly useful for foundation training because it allows learners
to observe energy flow behaviour, current demand, voltage sag, state-of-charge (SOC)
management, alarms, interlocks, and emergency isolation without requiring a full-scale
commercial hydrogen vessel. The demonstrator data serve as operational anchors rather
than performance validation evidence. The competency domains, learning outcomes, and
assessment standards are grounded primarily in regulatory, safety, and maritime training
literature; the demonstrator provides the operational context that makes those standards
concrete, observable, and teachable.
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The physical demonstrator platform is shown in Figure 3b. The test platform com-
prised a 5.48 m FRP test boat with an approximate beam of 1.75 m and a draft of 0.35 m.
Propulsion was supplied by a 48 V/100 Ah LFP battery pack through a 5.1 kW (7 HP)
electric outboard motor, while the PEMFC acted mainly as an onboard battery charging
and endurance extension source. The onboard system arrangement and PEMFC-related
installation features are further illustrated in Figure 3c. Three transfer levels apply: basic
hazard recognition, energy flow interpretation, and isolation logic transfer directly. Large
system interactions require simulation or commercial-scale evidence; vessel-specific pro-
cedures and emergency command require onboard or approved vessel-specific training.
The hydrogen subsystem used compressed hydrogen with pressure reduction from cyl-
inder pressure to fuel cell working pressure, supported by manual isolation, flow control,
leak checking, and ventilation arrangements. These specifications are not treated as gen-
eralisable vessel performance values; rather, they define the operational envelope from
which competency evidence was derived [5].

The scope of the framework is therefore primarily limited to compressed hydrogen
feeding a PEMFC-LFP hybrid propulsion system. Liquid hydrogen (LH2) is included only
as a supplementary competency extension because it introduces qualitatively different
hazards, including cryogenic exposure, boil-off gas, oxygen enrichment, condensed air,
low-temperature material behaviour, and different bunkering procedures. Only selected
technical material from the report is carried forward into this manuscript. The aim is to
strengthen the scientific grounding of the competency framework without converting the
paper into a pure fuel cell performance study. Accordingly, the retained technical de-
scriptors are those that directly affect training and safety, including compressed hydrogen
storage and pressure regulation, fuel cell charging and purge/thermal management, bat-
tery voltage current SOC monitoring, propulsion current demand, ventilation, leak in-
spection, electrical isolation, and ESD response [5]. The demonstrator used compressed
hydrogen stored at approximately 140 bar. Before entering the PEMFC stack, the hydro-
gen pressure was reduced through the regulator to approximately 1.06 bar. During oper-
ation, the hydrogen volumetric flow rate varied from approximately 8 to 20 L min!, while
the stack temperature generally ranged from 35 to 45 °C. Both hydrogen flow rate and
stack temperature varied with fuel cell load. These values represent the observed operat-
ing envelope of the demonstrator rather than universal operating limits for commercial
PEMEC systems.

Hydrogen Supply Fuel Cell Battery-Electric
Charging Propulsion System Control and Safety

System
[ BMS ]G----;( EMS ]

Compressed
H, Cylinder

-

T
DC-DC
Pressure PEM Charging i
Regulator / Fuel Cell Interface or LFP Battery 1 Motor Przl;\)/lusl's\?on
Isolation Power (48V, 100 Ah) | 1! Controller
(5kw) itioni Motor
Valve Conditioning !

------ +

o PMS

“--| (Mint System)
or Monitoring
Block

Unit

S—

Hydrogen
Detection

Battery-dominant hybrid architecture: PEMFC supports charging; battery supplies propulsion load.

(a)
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Figure 3. The project’s hydrogen PEMFC-LFP demonstrator platform: (a) functional architecture of
the hybrid propulsion system; (b) side view of the 5.48 m FRP prototype test boat; and (c) repre-
sentative onboard PEMFC-hydrogen-battery propulsion arrangement/subsystem installation.

2.4. Demonstrator Subsystems

The demonstrator was treated as an integrated PEMFC-LFP hybrid propulsion sys-
tem. The PEMFC subsystem comprised compressed hydrogen supply, air supply, fuel cell
stack, thermal management, water management, power conditioning, and control/safety
functions. On the anode side, compressed hydrogen was reduced from cylinder pressure
to working pressure through regulation, filtration, and isolation; on the cathode side, air
supply delivered oxygen and supported stack stability. Within the stack, hydrogen and
oxygen react electrochemically to generate DC power, heat, and water. Safe operation
therefore depended on effective cooling, purge control, and power conditioning. These
components, shown in Figure 4a, define the operating variables learners must understand,
monitor, and respond to [5]. The compressed hydrogen supply operated at a cylinder
pressure of approximately 140 bar, which was reduced through the regulator to approxi-
mately 1.06 bar at the PEMFC stack inlet. Hydrogen supply was monitored as volumetric
flow rather than mass flow, with the flow rate varying from approximately 8 to 20 L min~!
depending on fuel cell load. The stack operating temperature similarly varied with load
and was generally maintained between approximately 35 and 45 °C. These values describe
the observed operating envelope of the demonstrator and should not be interpreted as
universal operating limits for commercial PEMFC systems. The demonstrator employed
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a 5 kW PEMEFC stack comprising 60 cells, with a mean effective active area of approxi-
mately 200 cm? per cell. PEMFC temperature is both an operational variable and a system
health indicator: sensitivity shifts with state of health, and unsuitable conditions affect
performance, durability, and operating range. Marine engineers must therefore interpret
temperature trends, recognise persistent deviations, and identify when preventive inspec-
tion or maintenance is warranted [30].

The electrical and propulsion side centred on a 48 V/100 Ah LFP battery, BMS, man-
ually supervised EMS, electrical protection devices, DC distribution, and a 5.1 kW electric
outboard motor (Figure 4b). The battery was the immediate propulsion energy source; the
PEMEC acted primarily as an onboard charging and endurance extension unit. The EMS
coordinated charging and discharging behaviour, allowing the operator to monitor bat-
tery voltage, charging current, propulsion current, SOC, and fuel cell output simultane-
ously. The BMS provided overcharge, overdischarge, overcurrent, thermal, and short-cir-
cuit protection, supported by emergency isolation and safe cable routing. Together, these
arrangements underpin the framework’s emphasis on system-level competence: marine
engineers must interpret hydrogen supply, fuel cell charging, battery state, electrical load-
ing, protection logic, and emergency shutdown as one coupled operating system [5].

0000
Hyd_rozenﬂgw

Fuelcell Stack

Stack measurement Unit

=V

BIRDS inoia

Lithium lon Batteries

LFP BATTERY

5] 6

(b)
Figure 4. The project's PEMFC-LFP demonstrator: (a) air-cooling arrangement and PEMFC stack;

(b) 48 V/100 Ah LFP battery as the immediate propulsion-energy source.

3. Results

3.1. Demonstrator-Informed Educational Evidence

The demonstrator trace provides a useful bridge between abstract hybrid propulsion
concepts and observable operating behaviour. As summarised in Table 2, the available
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records show propulsion current increasing sharply with speed, battery voltage decreas-
ing under high load, and SOC falling during the field trace. These relationships are visu-
alised in Figure 5, which shows the simultaneous rise in current demand, voltage sag, and
SOC reduction as operating speed/load increases. The records are treated as indicative
training values. Table Al (Appendix A) lists available instrumentation manufacturers,
measurement ranges, resolutions, and operating ranges; however, model-specific accu-
racy values and traceable calibration certificates were unavailable for all instruments. For-
mal uncertainty propagation, environmental corrections, and repeatability analysis were
therefore not performed.

The purpose of Table 2 is therefore to convert the demonstrator observations into
educational evidence. Each operating indicator is linked to a training interpretation and
an evidence limitation. For example, the increase in propulsion current from low-load
values to approximately 119.5 A near full load supports training on electrical loading and
endurance management, while the voltage decrease from approximately 49 V to 45 V sup-
ports interpretation of voltage sag under high demand. Similarly, the SOC reduction dur-
ing the field trace reinforces the need for marine engineers to monitor battery state, pro-
pulsion current, and fuel cell charging together rather than treating the PEMFC as a direct
substitute for a conventional prime mover.

The educational interpretation is that stable fuel cell output does not automatically
guarantee propulsion availability. Because the battery is the immediate propulsion energy
source, marine engineers must monitor current demand, voltage, SOC, BMS status, fuel
cell charging, hydrogen supply, and safety interlocks together. They must then decide
whether to continue operation, reduce load, isolate the system, or initiate an emergency
shutdown. The project records also provide useful quantitative anchors for this interpre-
tation: in fuel cell charging trials, 5 A, 8 A, and 13 A charging conditions produced maxi-
mum output powers of approximately 594 W, 672 W, and 832 W, respectively, with a peak
reported efficiency of about 55% near 14 LPM hydrogen flow. These values are used here
as operating-evidence examples for competence design, not as a calibrated optimisation
map for PEMFC performance [5].

The values reflect this demonstrator’s observed operating range and are not statisti-
cally representative of commercial vessels or wider PEMFC systems. Available records
lacked repeated controlled trials, full calibration documentation, and uncertainty bounds,
precluding formal uncertainty analysis. The values therefore illustrate operational rela-
tionships relevant to training only; the competency framework itself rests primarily on
regulatory, safety, and maritime training evidence.

Table 2. Indicative demonstrator technical and operating trace used as educational evidence for

PEMFC-LFP propulsion training.

Operating Indicator Indicative Project Value or Trend Educational Interpretation Evidence Limitation
. 1.2 A atidle/low load to 119.5 A Shows rapid current growth with Sampling/calibration requires
Propulsion current .
near full load speed/load. documentation.
Batterv voltage 49 V decreases to 45 V under high Supports interpretation of voltace sa Repeat controlled runs re-
Y & load PP P 8¢ sag: quired.
95.6% decreasing to 87% during the Connects current demand to endurance Depends on the BMS algorithm
Battery SOC . s
field trace decisions. and battery state.
Speed/power rela- Near 5-6 kn, power/current rises Supports safe speed and endurance plan- Hydrodynamic/loading con-
tion sharply ning. trols were limited.
FRP test boat: 5.48 m LOA, 1.75m  Clarifies small-demonstrator evidence  Scale effects limit commercial

Prototype vessel beam, 0.35 m draft base. transfer.

Compressed H2, pressure regula- Links H2 properties to practical fuel han- Pressure-transient/leak rate evi-

Hydrogen supply tion, isolation, and leak checking dling. dence needed.
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Battery system

48 V/100 Ah LFP; nominal 51.2 V; Makes voltage, current, SOC, and BMS Ageing/thermal uncertainty not

about 5.12 kWh central variables. quantified.

Electric propulsion

48 V outboard, about 5.1 kW (7  Links throttle, speed, voltage sag, and en- Not a general propulsion-per-
HP), current rising toward 120 A durance. formance map.

5/8/13 A tests; max output about

PEMEC chlz:rgmg tri- 594/672/832 W; peak efficiency Supports :;T;lnf ?I,I: I—Elj1 3301‘2, reegulatlon Ir1c11cat1\;e;i rrlfpiit:(l;;gty/uncer-
2 about 55% near 14 LPM a arging pe- amty '
Educational field-test trace: current rise, voltage sag and SOC reduction
120 A
F 90
100 ~
- 80
80
2 3
-f—f— —@— Current (A) ©
F_CJ 60 - - Voltage (V) L 70 ¢
S SOC (%) 8
o S
40 1 L 60
20 L 5o
B——————
0 h—
0

Boat speed / operating point (knots, indicative)

Figure 5. Educational field-test response trace shows current rise, voltage sag, and SOC reduction.

3.2. Six-Domain Competency Framework

The task-to-competence mapping confirms that hydrogen PEMFC operation is not a
single technical skill. As shown in Figure 6, demonstrator tasks were interpreted as oper-
ational demands and hazards, then translated into assessable competency domains. Hy-
drogen handling, PEMFC operation, battery and EMS monitoring, bunkering, leak detec-
tion, emergency shutdown, and communication are closely interconnected. The frame-
work therefore distinguishes hydrogen hazard knowledge from the practical ability to
monitor, diagnose, and respond to system behaviour.

The operating procedure reinforces this mapping. Pre-start checks covered cylinder
pressure, regulator and piping condition, ventilation, BMS status, battery SOC, electrical
protection and ESD readiness. During operation, stack voltage and current, hydrogen
flow, temperature, battery voltage, propulsion current, and SOC were monitored contin-
uously. In abnormal conditions, the required sequence was to isolate hydrogen, shut
down the fuel cell and electrical system, restrict access, and ventilate. These steps justify
treating hydrogen supply, PEMFC-battery operation, electrical safety barriers, communi-
cation, and emergency response as separate but connected domains [1,5,20].

Table 3 converts this logic into a six-domain framework, linking each domain to a
core competence focus, an example demonstrator task, and observable performance evi-
dence. This structure prevents competence from being expressed only as general aware-
ness: hydrogen hazards are linked to SDS interpretation and leak risk explanation;
PEMFC-battery propulsion to current-voltage-SOC interpretation; emergency response
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Operational Tasks / System Areas Hazards or Operational Demands

to ESD drill completion without safety-critical omission. The table provides the practical
assessment bridge between demonstrator operation and marine engineer competence.

The six-domain structure recognises that hydrogen operations require both technical
and behavioural competence. Safety-critical actions—ESD activation, leak escalation, bun-
kering communication, controlled restart—depend on role clarity and disciplined com-
munication as much as technical understanding. Human factors are therefore treated as a
distinct domain rather than as generic soft skills [31,32]. Table 3 also shows the external
sources used for each domain, providing a desk-based content validity check by indicat-
ing how the demonstrator-derived domains align with hydrogen competence guidance,
alternative fuel training frameworks, safety guidance and maritime human factors litera-
ture. It should therefore be read as a pilot framework supported by external cross-check-
ing, rather than as a fully validated competency standard.

Competency Domains

L

.

.

P Compressed hydrogen storage, pressure .
Hydrogen handling — e e — Hydrogen properties and hazards
PEM fuel-cell operation |— h Hyf:lr_o_gerfalr SUPP_IV’ =S A SR L — | PEMFC-battery propulsion operation
umidification, purging, shutdown sequence
Battery and EMS SOC monitoring, voltage/current interpretation, Electrical propulsion and energy
monitoring BMS alarms, load management management
Bunkering / refuelling - Checklist discipline, safety zones, communication, . .
interface compatibility, leak checking —_— Fuel storage and bunkering
. Leak detection and safety - Gas detection, alarm interpretation, ventilation, |
barriers isolation, hazardous zones - Safety barriers and maintenance
Emergency shutdown =L actlvatlons,azdrreosfs:t Isg:;:lgln’ SR | Emergency response
Communication and | Closed-loop communication, situational |
8 —_ R
human factors awareness, role clarity, escalation SR I

i

Translation logic: demonstrator tasks are first interpreted as operational demaonds and hazards,

, then converted into assessable competency domains

Figure 6. Translation of demonstrator tasks into competence domains for hydrogen PEMFC marine

operations.

Table 3. Six-domain competency framework derived from the demonstrator tasks.

Example Demon-

Example Performance Hazard Prevention and

External Cor-

D i F
omain Core Competence Focus strator Task Evidence Mitigation Strategy roboration
DI N Interpret SDS and EXplall:lS f.laTmmablhty Cor.ltro.l 1gn1t1?n sources,
Hvd Flammability, pressure, as- lain wh 1 range, ignition energy, maintain ventilation, use =~ DNV [20],
o yerl;?eie:n d phyxiation, detection, and lz;(lfsa;:evga fitsrflc?‘it- diffusion, invisible ~ hydrogen detection, and M]JTTF [13],
prop CH2/LH2 differences . Y flame, and exposure apply safe access re- EMSA [14]
hazards ical. .
hazards. strictions.
D2 Trace the hydrogen Correctly identify val Use compatible contain-
Cylinder, regulator, valves, ce the ,y Oge ° elc . ydentity vaive ment, pressure regula- DNV [20],
Fuel storage, ) . path and identify ~ positions, regulator . .
leak checking, shore inter- . . . tion, leak checking, valve MJTTF [13],
supply, and . isolation bounda- function, and pre-start . .
) face, and purge logic . isolation, and controlled ~ IMO [17]
bunkering ries. checks. .
bunkering procedures.
D3 PEMFC, balance of plant, Interpret field-test Classifies normal, high- Monitor hydrogen flow, IMU [5],
PEMFC-batteryLFP batterv. BMS. EMS. cur- current-voltage- load, and abnormal  stack temperature, volt- M]JTTF [13],
propulsion ¥ ! § SOC data. states. age, current, and SOC; re- DNV [20]
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rent, voltage, and SOC Interprets current, volt- duce load or initiate con-
trends. age, SOC, and tempera- trolled shutdown when
Stack temperature trends ture trends and identi- abnormal trends occur.
and state-of-health aware- fies conditions requir-
ness. ing inspection or
Oxygen excess ratio control maintenance.
and dynamic air supply re- Interprets abnormal air-
sponse. flow, voltage, and load
Reversible voltage-loss re- responses during dy-
covery and interpretation of namic operation and
voltage trends in relation to identifies the appropri-
operating history. ate operational action.
Thermal management Interprets abnormal
awareness, including cool- stack or coolant temper-
ant circulation, heat rejec- ature, flow, and pres-
tion, localised overheating sure indications and
and cooling system failure identifies when load re-
in liquid-cooled PEMFC in- duction, alarm escala-
stallations. tion, or controlled shut-
down is required.
D4 Apply ventilation, gas de-
Safety barriers Ventilation, gas detection, Perform a pre- Specifies gas testing,  tection, ESD, permit-to- DNV [20],
and mainte- ESD, permit-to-work, and maintenance isola- isolation, PPE, and au- work, lockout/tagout, and EMSA [14],
nance lockout/tagout tion scenario. thorisation evidence. pre—mainte'nance gas test-  IMO [17]
ing.
D5 Use clear role allocation, M]JTTF [13],

Situation awareness, closed- Conduct an alarm
Human factors

Use concise callouts, closed-loop communica- Chauvin et al.

. loop communication, role response with role confirmation, and esca- tion, alarm confirmation, [31], Schroder-
and communi- . . . . L
cation clarity, and handover allocation. lation. handover, and escalation Hinrichs et al.
procedures. [32]
Isolate the hydrogen
. souljce, activate ESD, re- DNV [20],
D6 . Complete an emer- Complete all safety-crit- strict access, evacuate
Emergency re Leak, fire, vapour release, ency shutdown ical steps without un- where required, ventilate MITTE [13],
& N y first aid, and ESD sequence gency drill fP ission nd or q Nt ,t it ntil, IMO [17],
sponse . safe omission. and prevent restart u EMSA [14]

the system is confirmed
safe.

3.3. Transferability from IGF/LNG Training and Hydrogen

The transferability analysis avoids unnecessary duplication of existing low-flash-

point fuel competence. Seafarers with IGF/LNG experience may already have a founda-

tion in hazardous zone awareness, gas detection, ESD logic, safety management, bunker-

ing communication, and checklist discipline, all relevant to hydrogen PEMFC operation.

However, compressed hydrogen storage, rapid gas dispersion, low ignition energy, invis-

ible flame behaviour, pressure regulation, fuel cell purge logic, and PEMFC-battery inte-

gration introduces different operational and safety demands that IGF/LNG training does

not cover [20].

Table 4 identifies the additional competencies required when moving from IGF/LNG

training to hydrogen PEMFC operation. It distinguishes transferable competencies from

those requiring hydrogen-specific instruction, demonstrator exercises, scenario-based as-

sessment, and emergency drills. This supports efficient curriculum design: existing low-

flashpoint fuel competence forms the baseline while hydrogen-specific increments are tar-

geted through practical, assessable activities.

The largest increments relate to hazard recognition, compressed hydrogen storage,

detection and alarm interpretation, PEMFC operation, and emergency response. LNG

training may prepare learners for hazardous areas, gas detection, and ESD logic, but hy-
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drogen operation additionally requires understanding of low ignition energy, wide flam-
mability ranges, rapid dispersion, invisible flame detection, high-pressure release behav-
iour, and residual hydrogen in fuel cell systems. Similarly, conventional fuel system mon-
itoring does not prepare operators for PEMFC purge and shutdown requirements, hydro-
gen-—air balance, stack thermal management, DC conversion, and battery buffering. Table
4 provides the structured bridge between existing IGF/LNG competence and the evidence
required for hydrogen PEMFC marine operation [20]. Three transfer classifications were
applied: “completely transferred”, competencies already covered by IGF/LNG training
unchanged; “partially modified”, existing competencies requiring hydrogen-specific
knowledge, procedures, or assessment; and “completely added”, competencies absent
from the IGF/LNG baseline requiring dedicated hydrogen PEMFC training. The compar-
ison shows that the largest competence increment occurs in Domain D3, while Domains
D1, D2, D4, and D6 require substantial hydrogen-specific modification of existing
IGF/LNG competence.

Table 4. Transferable IGF/LNG competence and hydrogen-specific extensions for PEMFC vessel

operation.
Related Compe- Competence Transferable from Transfer  Hydrogen-Specific Extension Assessment Evidence
tency Domain Area IGF/LNG Baseline Classification for PEMFC Vessels
L - tonifi B
Low-flashpoint fuel ow mm%mum A 1o.n. n Explains why small
. . . ergy, wide flammability
Hazard recogni- awareness, hazardous Partially modi- N . hydrogen leaks re-
D1 . N . range, invisible flame, high 7 ;
tion zones, ignition control, fied . quire immediate esca-
and emergency response flame speed, and high-pres- lation
gency response. sure release behaviour. )
C d hyd -
Containment integrity, ompressed yarogen pres
. . sure-energy hazards, permea- e .
double barriers, leak isola- . L. - Identifies isolation
Storage and fuel . . Partially modi- tion, embrittlement, regulator .
D2 tion, tank protection, and . . points and CGHz/LH2
supply . fied faults, and cylinder heat ef- .
fuel handling manual . hazard differences.
. fects; LH2 cryogenic hazards,
logic. .
where applicable.
D 1 for ligh
. Gas detection, alarms, . . etect01.* p a.cemer}t ot l.g t Interprets alarms and
Detection and o Partially modi- gas, rapid dispersion, point-
D4 ESD, ventilation, and ma- . LT . selects the correct re-
alarms chinery space seeregation fied detector limitations, and in- Sponse sequence
Y SP B1¢8 ) visible flame detection. P d )
P 1 t,
Bunker plans, communi- ressure ,OSS fhanagemen Completes pre-bun-
. . L. . . leak checking, purge arrange- .
. cation, checklist disci- Partially modi- ; kering checks and
D2 Bunkering . . ments, hose/coupling compat- ..
pline, safety zones, and fied L . . communication role-
compatibility checks ibility, and rapid escalation la
P Y ) for regulator faults. piay-
PEMEFC purge and shutdown
Machinery watchkeeping, logic, hydrogen-—air balance, Interprets a PEMFC-
Fuel cell opera- . Completely  stack thermal management, LFP energy flow and
D3 . electrical safety, and fuel- .
tion L added DC conversion, battery buff-  system health sce-
system monitoring. . .
ering, and state-of-health nario.
awareness.
Hydrogen-compatible materi-
Permit-to-work, lock- als, residual hydrogen, fuel Defines isolation
D4 Safety barriers  out/tagout, ventilation, Partially modi- cell-specific isolation, post- boundaries, gas test-
and maintenance isolation, and gas-testing fied shutdown gas testing, and ing, PPE, and authori-
procedures. controlled restart require-  sation requirements.
ments.
Role clarity, handover, - . U 1 llouts,
Human factors ol cartty, andover Application of established 5¢s clear caflouts
. closed-loop communica-  Completely L . confirmation, role al-
D5 and communica- communication practices to .
tion, and emergency esca- transferred location, and escala-

tion .
lation.

hydrogen alarms, bunkering, . . .
tion during a scenario.
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ESD, and abnormal operation
scenarios.

Invisible flame, jet fire, as-

Isolation, evacuation, fir Partially modi- phyxiation, cryogenic expo- Performs an ESD drill

. fied . . -
mand communication. residual hydrogen in fuel cell omission.

systems.

Emergency re-
sponse

D6 fighting, muster, and com- sure, oxygen enrichment, and with no safety-critical

3.4. Provisional 40 h Training Module and Instructor Prerequisites

A provisional 40 h entry or transition module is proposed, aligned with the common
five-day advanced IGF-style training rather than a validated optimum. As shown in Fig-
ure 7, the largest allocations are assigned to emergency response drills, safety barriers and
regulatory logic, and PEMFC-LFP operation, reflecting the high operational consequence
of leak response, ESD activation, ventilation, isolation, and alarm interpretation in hydro-
gen systems [13].

Table 5 converts this hour distribution into a teachable and assessable structure, link-
ing each block to a teaching method and competence evidence [13]. Hydrogen properties
and hazards are introduced through lectures, SDS analysis, and short testing; PEMFC-
LFP operation through demonstrator walkthroughs and data interpretation; bunkering,
maintenance, and isolation through checklist and permit-to-work exercises; and emer-
gency response through simulated leak, ESD, fire, and asphyxiation drills. The module
thereby balances technical knowledge, system monitoring, procedural discipline, commu-
nication, and practical assessment.

Instructor readiness is central because the course involves safety-critical technology,
not classroom knowledge alone [13,20]. Pilot delivery should require a lead technical in-
structor with demonstrated competence in electrical propulsion, fuel cell systems, or
IGF/low-flashpoint fuel operations; a safety instructor familiar with gas detection, venti-
lation, hazardous zones, ESD, and emergency response; supervised demonstrator qualifi-
cation; train-the-trainer preparation; and assessment moderation before practical tasks are
scored independently. This ensures delivery depends not only on subject knowledge but
on the instructor’s ability to manage risk, supervise practical scenarios, and apply compe-
tency-based assessment consistently.

Hydrogen properties and hazards — 4 hours 4 Total module duration: 40 hours

Safety barriers and regulatory logic — 6 hours ‘ 6

PEMFC-LFP propulsion operation — 6 hours | 6

Bunkering and ship-shore interface — 5 hours | 5

Maintenance, permits and isolation — 4 hours |4

Human factors and communication — 4 hours |4

Emergency response drills — 7 hours 7

Assessment and debrief — 4 hours | 4

Contact hours

Figure 7. Provisional contact-hour allocation for the 40 h hydrogen PEMFC training module.

The hour allocation in Table 5 is risk- and task-based rather than empirically opti-
mised. Emergency response receives the largest allocation (seven hours) because failures
in leak recognition, ESD activation, evacuation, ventilation control, and restart carry im-
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mediate safety consequences in hydrogen operations. PEMFC-LFP operation and safety
barriers/regulatory logic each receive six hours, reflecting their centrality to watchkeeping
in battery-buffered PEMFC propulsion, where learners must interpret electrical, fuel and
alarm states as a coupled system. Human factors and communication receive four hours
because some practices transfer from existing IGF, engine room, and emergency response
training, but still require adaptation to hydrogen-specific alarm, bunkering, and ESD sce-
narios. The allocation should be regarded as a defensible pilot design rather than a vali-
dated optimum, to be refined following pilot delivery using task frequency analysis,
learner performance data, instructor feedback, and assessor moderation.

Table 5. Proposed 40 h hydrogen PEMFC training module structure and competence evidence.

Module Block

Hours Main Method

Competence Evidence

Hydrogen properties
and hazards

Explains flammability, pressure, detection,
Lecture, SDS analysis, and short quiz ~ asphyxiation and cryogenic hazard catego-

ries.

Safety barriers and
regulatory logic

Maps hazard to barrier, role, and emergency

Barrier mapping and bow-tie exercise .
action.

PEMFC-LFP opera-
tion

Demonstrator walkthrough and data in- Interprets voltage, current, SOC, temperature,
terpretation and alarms.

Bunkering and ship-
shore interface

Completes communication, compatibility,

Checklist exercise and role play and leak-checking checks

Maintenance and iso-
lation

Defines isolation boundary, gas testing, and

Permit-to-work scenario ..
authorisation.

Human factors and
communication

Uses closed-loop communication and shared

Team scenario and debrief . i
situation awareness.

Emergency response

Simulated leak, ESD, fire, and asphyxia- Completes safety-critical steps and communi-

drills tion drills cates status.
Assessment and de- Written, oral, and observed practical Meets provisional knowledge and perfor-
brief tasks mance standards.

The 40 h module should be defined by delivery mode as well as content. For pilot

implementation, it comprises 12 h of guided theory, 12 h of hands-on demonstrator train-
ing, 12 h of simulation-based training, and 4 h of vessel-specific familiarisation. These
components are integrated across the topic blocks (Table 5), not delivered as separate
courses. For example, PEMFC-LFP operation may combine classroom instruction, de-
monstrator observation, and simulated fault analysis within a single module.

Delivery mode selection is based on task fidelity, operational risk, and system speci-

ficity. Physical training is required for component handling and psychomotor skills; sim-
ulation is appropriate for unsafe, rare, or complex scenarios; and vessel-specific familiar-
isation is essential where performance depends on ship-specific systems and procedures.
Demonstrator and generic simulation cannot substitute for onboard familiarisation or sys-
tem-specific certification (Please see Table A2 in Appendix A).

3.5. Assessable Learning Outcomes and Standard Setting

Learning outcomes are written in observable form so that competence is not ex-

pressed merely as knowledge of hydrogen safety [13]. As shown in Table 6, each outcome
defines the condition under which the learner performs, the expected observable behav-
iour, and the performance standard used to judge competence. This is necessary because
reliable assessment requires evidence of what the marine engineer can actually do with
system information, alarms, checklists, and role responsibilities, not only what they can
describe. Outcomes therefore progress from foundational knowledge of hydrogen prop-
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erties and system layout toward higher-risk operational tasks including abnormal-state
classification, permit-to-work judgement, emergency response, and multi-role communi-
cation, reflecting the real operating logic of a hydrogen PEMFC-LFP system.

The proposed assessment model reserves written questions for baseline concepts
only. Core competence is assessed through observed practical tasks, oral questioning, sce-
nario simulation, and portfolio evidence [13,24,25]. As summarised in Table 7, each as-
sessment element has a specific purpose, standard-setting responsibility, and retained ev-
idence for moderation. Written tests can confirm terminology and hazard knowledge, but
practical tasks are needed to verify start-up and shutdown discipline, alarm interpretation,
ESD sequencing, isolation judgement, and closed-loop communication.

The written test threshold should be treated as provisional until a modified Angoff
method standard-setting workshop is conducted with the training institution, alternative
fuel technical experts, maritime education assessors, and, where possible, industry or reg-
ulator observers [33]. Practical tasks should use checklist-based standard setting and as-
sessor moderation rather than percentage scoring alone. Safety-critical omissions during
emergency shutdown or hydrogen alarm response should result in failure regardless of
performance on lower-risk procedural items. This aligns the assessment model with the
operational consequence of hydrogen PEMFC errors and supports defensible pass/fail de-
cisions during pilot delivery [13,21,22].

Table 6. Assessable learning outcomes for the hydrogen PEMFC training pathway.

LO Condition Observable Behaviour Performance Standard
Given an SDS, system dia- Describe hydrogen flammability, pres- No major hazard category omitted; dis-
LO1 gram, and hazard sum- sure, detection, asphyxiation, and cryo- tinguishes compressed and liquid hydro-
mary genic hazards. gen, where relevant.
Trace cylinder/regulator/valve/fuel
Given the demonstrator or y Ireg ! f Correctly identifies fuel path, electrical
LO2 . cell/battery/motor energy path and . . .
a system diagram . . . path, and isolation points.
identify safety barriers.
. Classify normal, high-load, and abnor-
Given current, voltage, . .
mal states from current, voltage, SOC, Correctly classify at least three operating
LO3 SOC, speed, alarm, and . .
temperature, airflow, and alarm data, states and escalation thresholds.
temperature data . .
and state the required action.
Complete communication, compatibil-
Given a bunkering check- . . . o . .
LO4 . 5 ity, leak checking, and exclusion zone No safety-critical checklist missed.
list and role assignment
checks.
LO5 During supervised start- Carry out PEMFC-battery start-up/shut- No unsafe energisation and no skipped
up/shutdown down in correct order. purge/shutdown requirement.
LO6 Given a hydrogen alarm  Select isolation, ESD, evacuation, and Sequence prioritises personnel protection
scenario communication actions. and source isolation.
LO7 Given a permit-to-work or Assess whether the system is safe for ac- Identifies isolation, gas testing, PPE and
maintenance task cess and what evidence is needed. authorisation.
Perform assigned role using closed-loo
During a multi-role emer- . & . & . . p All safety-critical steps completed; status
LO8 . communication and shared situation .
gency drill and handover communicated clearly.
awareness.
Table 7. Assessment elements, standard-setting responsibility, and retained evidence for the hydro-
gen PEMFC module.
Assessment Element Purpose Standard-Setting Responsibility Evidence Retained

Written knowledge test

Modified Angoff panel led by the project’s
instructor and industry/regulator observers
during the pilot stage [33].

Checks baseline concepts and Marked script, item analysis,

terminology. and standard-setting notes.
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Tests reason behind alarms, = Two-assessor moderation during the first

| cuestiond
Oral questioning isolation and ESD. cohort.

Assessor notes and rubric.

Normal operation prac- Checks start-up/shutdown and Scenario checklist moderated by instructor Observation checklist and de-

tical task monitoring. panel.

brief.

Emergency shutdown Checks response to leak/alarm All safety-critical steps required; checklist

Safety-critical checklist and

task scenario. reviewed by safety panel. pass/fail evidence.
Team communication ~ Checking role clarity and Assessor calibration using recorded or Scenario notes, communica-
task closed-loop communication. scripted scenarios. tion rubric and debrief.

3.6. Digital Twin/VR Supplement and Scale Transfer

At the time of this study, a digital twin or VR model of the demonstrator had not yet
been developed. This section therefore presents the proposed architecture, minimum var-
iable set, training functions, and validation pathway for a future digital twin/VR proto-
type. Physical hydrogen demonstrators are expensive, scarce, and operationally con-
strained, particularly for leak scenarios, emergency shutdown, ventilation failure, and
post-event restart. Digital twins and VR should therefore supplement, not replace, hands-
on demonstrator learning [34]. As summarised in Table 8, the proposed simulation archi-
tecture has four tiers: a desktop digital twin for energy flow tracing and alarm interpreta-
tion; immersive simulation for bunkering, invisible flame, evacuation, and team commu-
nication; a case study simulator for larger commercial systems; and an assessment log
system for debriefing and moderation. This tiered structure keeps the physical demon-
strator as the foundation for system familiarisation while simulation provides repeatable
exposure to abnormal and emergency scenarios that would be difficult, costly, or unsafe
to reproduce in hardware [34].

The minimum specification for an initial digital twin/VR prototype should include
hydrogen cylinder pressure, regulator outlet pressure, hydrogen flow, leak alarm state,
ventilation state, stack temperature, stack voltage and current, battery voltage, current,
and SOC, propulsion load and ESD/isolation status. The first version should be causal and
trend-accurate rather than a full physics-validated model, reproducing the direction, tim-
ing, and consequence of operational decisions without claiming electrochemical, thermal,
or dispersion accuracy. Higher-fidelity models can follow once the core training logic has
been validated against demonstrator traces and expert review.

Table 8 also identifies validation methods for each tier: the desktop twin against de-
monstrator traces and subject-matter expert review; VR scenarios through instructor and
safety observer walkthroughs; commercial-scale cases against published large-system ev-
idence; and assessment logs through inter-rater comparison. Simulation validity in a com-
petency framework is not only a modelling question, but it also depends on whether the
simulation produces correct learning cues, prompts appropriate safety decisions, and sup-
ports reliable debriefing [34]. The proposed scenarios are aligned with the assessable
learning outcomes in Table 6. Energy flow, load change, alarm, and abnormal state sce-
narios address LO2-LO3; bunkering and ship-shore interface scenarios address LO4;
start-up, shutdown, and controlled restart exercises address LO5; leak, ventilation failure,
ESD, and evacuation scenarios address LO6; maintenance isolation scenarios address LO7;
and multi-person emergency response scenarios address LO8. Propulsion load variations
may reflect changing operating or sea conditions; however, the simulation is intended to
reproduce operational consequences and decision cues rather than a validated hydrody-
namic or sea state model.

Scale transfer is addressed separately in Table 9 because the 5 kW demonstrator sup-
ports foundation competence but cannot represent commercial vessel sign-off. Competen-
cies that transfer well include hydrogen hazard recognition, basic PEMFC start-up and
shutdown logic, SOC/current/voltage interpretation, and immediate ESD response. Areas
requiring supplementary large-system evidence include release modelling, multi-stack re-
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dundancy, large DC grids, blackout recovery, higher-rate bunkering, and full mission
emergency command. The table distinguishes between competence introduced through
the demonstrator, strengthened through simulation, and confirmed through vessel-spe-
cific familiarisation, approved bunkering exposure, or onboard sign-off, preventing over-
claiming of the demonstrator’s educational role while positioning digital twin and VR
tools as the bridge between small-scale learning and commercial vessel familiarisation.

Table 8. Proposed digital simulation tiers, minimum requirements and validation methods.

Simulation Best-Suited Com-  Function and Scale- Minimum Technical Validation Linked Learning
Tier petency Domains Transfer Role Requirement Method Outcomes
Models hydrogen pres-
flow, stack volt-
Energy flow tracing, sure/flow, stack vo Compare baseline sce-
alarm interpretation, and age/current and tempera- narios against demon-
Desktop digi- . . o ture, battery voltage/cur- . LO2, LO3, LO5,
. D3 and D4 simulation of multi-stack, . strator traces, published
tal twin . rent/SOC, propulsion . . and LO7
DC-bus, load shedding, o commercial system evi-
.\l load, ventilation, ESD, .
and blackout conditions. . dence, and SME review.
and configurable system
scale.
Bunkering, leak escala- Provides a 3D vessel lay- Scenario walkthrough
. tion, invisible flame, evac-  out, exclusion zones, with instructors and
VR/immer- . . . R
. . uation, role allocation, alarm cues, multi-role in- safety observers, sup-  LO4, LO6, and
sive simula- D2, D5 and D6 L . K .
tion and team communication teraction, and instructor- ported by communica- LO8
under high-risk condi- triggered large-system tion and emergency re-
tions. failure events. sponse rubrics.
Includes multi-cylinder or
multi-stack logic, regula-
Case study Transition from the 5 kW For faults, voltage instabil- BerTchmark against pub- LO3, LO4, LO5
. D2, D3 and D6 demonstrator to commer- ity, large-system leak con-  lished large-system
simulator . . . and LO6
cial-scale systems. sequences, shore inter- cases and expert review.
faces, and safe return deci-
sions.
R -
Captures technical deci- . ecords actions,
sions, emergency actions timestamps, alarm
A t ’ ’acknowled t, ESD Inter-rat i
ssessmen D3, D5 and D6 and team performance for a(? n(?w edgemen L. nier-rater comparison LO3, LO6 and LO8
log system activation, communication = between assessors.

assessment and debrief- .
. messages, and debrief
ing.

notes.

Table 9. Scale-transfer framework for moving from the 5 kW demonstrator to commercial vessel

competence.

Minimum Supplementary
Requirement Before Com-
mercial Sign-Off

Evidence Before Commer-
cial Sign-Off

Transferable from 5 kW Supplementary Large-

Competence Item
P Demonstrator System Requirement

Yes: fundamental proper- Release modelling, haz-

Hydrogen hazard | ardous-zone complexity Vessel induction plus writ- Vessel-specific induction and
. ties, leak response, and . L
recognition L and vessel-specific safety ten/oral assessment. safety case familiarisation
ignition control.
case.
Multi-stack sequencin, Observed simulator or
PEMFC start-  Yes: sequence and purge d & Observed simulator or e
onboard familiarisation on

redundancy, and safe re-

rinciples.
p p turn modes.

up/shutdown

onboard familiarisation. .
the installed system

Battery fuel cell Large DC grids, convert-
power manage-

ment

Yes: SOC/current/voltage

trends. load shedding.

ers, blackout recovery, and

System-specific simulator
scenarios covering black-
out/load shedding

Scenario simulation and
system-specific assessment.

Partly: dry-run and
checklist discipline.

Bunkering commu-
nication

High-pressure mass trans- Approved bunkering partic-
fer, hose/coupling compat-ipation or approved simula-

Supervised bunkering partic-
ipation or approved simula-
tor equivalent
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ibility, shore interface, and tor replacement, where al-
regulator faults. lowed.

Passenger/crew command,
port authority liaison, and
full-mission response.

Emergency com-  Partly: immediate ESD Full-mission drill or Full-mission drill including

mand and evacuation. onboard sign-off. port/interface communication

3.7. Implementation Roadmap

The implementation roadmap converts the framework into a staged capacity-build-
ing plan for instructors and wider maritime education contexts. As shown in Figure 8, the
pathway progresses from demonstrator evidence consolidation through scenario and
checklist development, pilot delivery, standard setting, digital twin development, instruc-
tor standardisation, and external validation. Each stage is iterative: demonstrator evi-
dence supports scenario design; the scenario package supports pilot delivery; and pilot
results drive assessment refinement before digital and instructor development stages ex-
tend delivery capacity. This three-level approach operationalises the scale transfer
method introduced in Section 2.3 and prevents demonstrator-based learning from being
treated as direct commercial vessel qualification.

Table 10 assigns indicative timing, lead and support roles, required resources, and
outputs to each stage. For example, Stage 1 requires the training institute to consolidate
demonstrator records, test evidence, safety procedures, and diagrams, while AMC/UTAS
contributes educational interpretation. Subsequent stages convert this into scenario banks,
ESD checklists, task sheets, and assessor materials. During the pilot stage, the modified
Angoff standard-setting method and checklist moderation should be used to revise as-
sessment instruments before wider use [33].

A staged approach reduces implementation risk by allowing training materials,
safety-critical checklists, and assessment tools to be reviewed before any formal certifica-
tion value is attached. It also prevents overclaiming the demonstrator’s role: the physical
system provides foundation evidence for hydrogen PEMFC familiarisation, energy flow
interpretation, and emergency isolation logic, while commercial vessel competence re-
mains dependent on large-system exposure, vessel-specific procedures, and supervised
drills.

Implementation roadmap with responsible activity blocks

1 Demonstrator evidence

2 Scenario/checklist pack -

3 Pilot + standard-setting

4 Digital twin/VR prototype -

5 Instructor moderation -

6 External validation

T T T

0 5 10 15 20
Indicative months after final report

Figure 8. Staged implementation roadmap with indicative activity blocks.
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Table 10. Staged implementation roadmap for instructors.

Stage Timing Lead/Support Required Resources Output
Final Training Institute re-
1. Consolidate demon- 0-1 month Training institute lead; port, test records, safety pro- Verified evidence pack and
strator evidence Instructor support cedures, and photographs/di- source-status note.
agrams

I -led; Traini i k, ESD checkli
2. Scenario/checklist nstructor-led; raining Scenario bank, ESD checklist,

package

Pilot-ready instructor and

1-3 months institute technical re- task sheets, and data interpre-
assessor pack.

view tation exercises

I
nstructor assessment Pilot cohort, modified Angoff Defensible pass standard

3. Pilot delivery and lead; Training institute

. 3—6 months . panel, checklist moderation, and revised assessment in-
standard setting delivery lead; observ- . .
. and item analysis struments.
ers where possible
Instructor, digital Minimum variable set, in- Desktop twin/VR scenarios

4. Digital twin/VR pro-
igital twin/VR pro 6-14 months learning lead; Training structor controls, calibration for abnormal operation

totype institute data support  data, and validation plan and bunkering.
Train-the-trainer workshop,
5. Instructor standardi- 8-16 months Instructor and Training supervised demonstrator op- Qualified instructor pool
sation Institute eration, and assessor modera-  and delivery guide.

tion

6. External review and 12-24 All partners with in- Ex.pert panv?l, pilot data, re- Validated framework for
vised rubrics, and learner

validation months  dustry/regulator input fecdback wider IAMU/MET use.

4. Discussion
4.1. Contribution to Maritime Hydrogen Training

The main contribution of this study is the conversion of a technically characterised
hydrogen PEMFC-LFP demonstrator into an assessable maritime competency framework.
The paper does not present the demonstrator as commercial-scale proof of hydrogen pro-
pulsion performance. Instead, the study uses the demonstrator architecture, subsystem
descriptions, operating traces, battery response, safety procedures, and emergency isola-
tion logic as training evidence. These elements define what marine engineers must ob-
serve, interpret, communicate, and perform during normal, abnormal, and emergency op-
erations. In this sense, the contribution is educational and operational rather than purely
technical: the demonstrator is used to translate hydrogen PEMFC-LFP system behaviour
into competence domains, learning outcomes, assessment tasks, and implementation re-
quirements.

Dynamic PEMFC operation also requires awareness of cathode air supply control.
During rapid load changes, an insufficient oxygen excess ratio may cause oxygen starva-
tion, while excessive air supply increases parasitic power consumption. Marine engineers
are not expected to design or tune adaptive controllers, but they should understand their
operational purpose, recognise abnormal responses in airflow, voltage, and load behav-
iour, and determine when load reduction, alarm escalation, or controlled shutdown is re-
quired [35]. PEMFC voltage behaviour should be interpreted in the context of recent op-
erating history. Shutdown, restart, and load changes can temporarily recover reversible
voltage losses, creating an apparent short-term improvement. Isolated post-restart voltage
increases should not be taken as evidence of recovery from long-term degradation. In-
stead, voltage trends should be assessed alongside current, load history, temperature,
alarm records, and state-of-health indicators. This distinction is critical for maintenance
planning, fault escalation, and reliable condition assessment.
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A further contribution is the explicit connection between existing low-flashpoint fuel
training and hydrogen-specific marine engineering competence. The six-domain frame-
work provides a practical bridge between IGF/LNG training and hydrogen PEMFC oper-
ation by recognising transferable competence while identifying the additional require-
ments that cannot be assumed from LNG experience. These include compressed hydrogen
pressure management, rapid leak dispersion, low ignition energy, invisible flame risk,
fuel cell purge and shutdown logic, battery buffering, DC electrical safety, SOC-based en-
durance management, and integrated ESD response [20]. This distinction is important for
workforce development because it allows maritime education providers to build on exist-
ing IGF/LNG foundations without treating hydrogen as merely another version of LNG.

For larger liquid-cooled PEMFC systems, thermal management competence must ex-
tend beyond stack temperature monitoring. Engineers should understand coolant circu-
lation, heat rejection, and control functions; recognise abnormal temperature, flow, or
pressure, pump failure, and localised overheating; and determine when load reduction,
alarm escalation, or controlled shutdown is required [36]. As cooling architectures, alarm
thresholds, and limits vary, isolation, inspection, and restart procedures should be rein-
forced through vessel-specific familiarisation. The present demonstrator uses air cooling;
thus, this competence applies to larger, system-specific installations.

Voltage-sag interpretation should also extend beyond battery loading to awareness
of DC bus stability in larger multi-stack PEMFC systems. Advanced control methods can
suppress voltage disturbances caused by load variation and monitoring interference, im-
proving power quality and system reliability. Marine engineers are not expected to design
such controllers, but they should recognise abnormal bus voltage behaviour, understand
the purpose of disturbance rejection control, and determine when load reduction, alarm
escalation, or controlled shutdown is required [37].

The study also contributes a pathway for turning project evidence into a pilot train-
ing product. The proposed 40 h module, instructor prerequisites, assessable learning out-
comes, safety-critical checklists, proposed digital twin/VR supplement, and staged imple-
mentation roadmap show how a demonstrator-informed framework can move from re-
search output toward structured maritime education and training delivery. This is partic-
ularly relevant for emerging alternative fuels because the sector requires not only new
technologies but also defensible methods for preparing seafarers and marine engineers to
operate them safely under real operational conditions.

4.2. Assessment and Standard-Setting Implications

Competency-based hydrogen training should not rely on written testing alone. Writ-
ten tests are useful for confirming baseline knowledge of hydrogen properties, PEMFC
principles, safety terminology, and regulatory concepts, but they cannot demonstrate
whether a marine engineer can safely operate a hydrogen PEMFC-LFP system under re-
alistic conditions. Safe operation requires real-time interpretation of hydrogen supply,
fuel cell output, battery SOC, voltage/current behaviour, alarms, ventilation status, and
ESD logic. It also requires procedural discipline, communication, controlled isolation, and
safe restart decisions. For this reason, the proposed assessment model combines written
testing, oral questioning, observed practical tasks, scenario simulation, safety-critical
checklists, and retained evidence for assessor moderation.

Standard setting is a particular challenge because hydrogen PEMFC marine training
is still emerging, and there is not yet a mature body of trainee performance data from
which validated pass standards can be derived. The paper therefore treats any simple
written test threshold, such as 70%, as provisional rather than sufficient evidence of com-
petence. Before the module is linked to formal certification or endorsement, its written
assessment items should be reviewed using a modified Angoff process [33]. The review
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panel should include instructors, training-institution representatives, alternative fuel
technical experts, maritime assessors, and, where possible, industry or regulatory observ-
ers. Practical tasks should be standardised through checklist-based moderation, assessor
calibration, and review of retained evidence from observed scenarios [38].

The key implication is that safety-critical performance must be judged differently
from ordinary knowledge recall. A trainee may achieve an acceptable written test score
and still be unsafe if they fail to recognise a hydrogen alarm, delay ESD activation, ap-
proach a suspected leak incorrectly, omit isolation verification, restart the system prema-
turely, or communicate incomplete emergency information. Safety-critical omissions
should therefore result in failure of the relevant practical task even when the trainee per-
forms well on lower-risk procedural steps. This approach makes the assessment model
more defensible because the pass/fail decision reflects the operational consequences of
hydrogen PEMEFC errors rather than only the accumulation of marks [31,32].

Training effectiveness should be evaluated during pilot delivery using multiple ed-
ucational and operational metrics rather than written test scores alone. Recommended
measures include pre- and post-training knowledge improvement, practical task pass
rates, safety-critical error frequency, scenario completion time, communication perfor-
mance, knowledge retention, inter-rater reliability, and learner/instructor feedback (see
Table 11).

Table 11. Proposed educational and operational metrics for evaluating the effectiveness of the hy-

drogen PEMEFC training framework during pilot delivery.

Evaluation Metric Purpose
1 Pre- and post-training knowledge scores Measures short-term learning gain
2 Practical task pass rate Assesses operational competence
3 Safety-critical error frequency Identifies unsafe omissions
4 Scenario completion time Measures response efficiency
5 Communication rubric score Assesses teamwork and closed-loop communication
6 Delayed retention test Evaluates knowledge retention
7 Inter-rater reliability Test assessment consistency
8 Learner and instructor feedback Supports course refinement

4.3. Digital Simulation and Scale Transfer

Digital twins and VR can increase training access, but they should not be presented
as replacements for physical system familiarisation. Their strongest value is repeatability:
trainees can encounter leak alarms, ventilation faults, BMS warnings, over-temperature
conditions, ESD activation, and post-event reset scenarios multiple times without expos-
ing personnel to real hydrogen hazards [34]. The simulation specification proposed in this
study therefore begins with causal and trend-accurate system response rather than full
physics fidelity. For training purposes, the first requirement is that the simulation pro-
duces correct operational cues and decision consequences: learners should see how hy-
drogen pressure, flow, ventilation state, stack temperature, battery SOC, propulsion load,
and ESD status respond to normal, abnormal, and emergency actions. Detailed electro-
chemical, thermal, or dispersion modelling can be added later, but training validity de-
pends first on whether the model supports correct decision logic, observable system be-
haviour, debriefing, and assessment.

Digital twin and VR training suit Domains D2, D3, D5, and D6, with D4 elements
addressed through isolation and maintenance scenarios. Virtual environments can repro-
duce bunkering faults, regulator failures, multi-stack sequencing, transient loads, black-
out recovery, ventilation failure, leak escalation, ESD activation, and controlled restart. By
varying hydrogen inventory, release severity, and system redundancy, simulation ex-
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poses learners to commercial-scale consequences impractical on the 5 kW demonstrator.
Repeated scenarios also support debriefing, teamwork assessment, and closed-loop com-
munication training. Physical demonstrator experience remains necessary for equipment
handling and tactile familiarisation [39-41].

Technology maturity varies by application. VR is established in maritime safety,
evacuation, and emergency response training, with evidence supporting repeatable sce-
narios and learner evaluation. In contrast, validated hydrogen-specific PEMFC digital
twins for formal competency assessment remain at an early or prototype stage and require
technical validation, instructor review, and assessment reliability testing. Although devel-
opment entails upfront investment in modelling, software, scenario design, and valida-
tion, digital delivery can reduce marginal training costs and enable safe access to hazard-
ous scenarios.

Economic feasibility hinges on development cost versus delivery scalability. Physical
demonstrators require expenditure on hydrogen storage, safety systems, maintenance,
and controlled facilities. Digital twin and VR tools demand upfront modelling and vali-
dation investment but support repeated delivery to larger cohorts at lower marginal cost.
A blended model is therefore most practical: limited hands-on demonstrator work for
equipment familiarisation, supported by scalable digital scenarios for abnormal and emer-
gency conditions.

Scale transfer remains the most important limitation. A 5 kW demonstrator can sup-
port foundation competence by making hydrogen supply, PEMFC charging, battery re-
sponse, voltage—current-SOC behaviour and emergency isolation logic visible to learners.
However, commercial hydrogen vessels involve larger fuel inventories, higher bunkering
rates, more complex hazardous-zone arrangements, multi-stack redundancy, larger DC
electrical systems, formal class-approved control logic and stronger emergency conse-
quences. Therefore, the framework should be used as transition training rather than a
standalone commercial vessel sign-off. Commercial competence should require supple-
mentary large-system familiarisation, vessel-specific procedures, supervised drills, ap-
proved simulator exposure where appropriate, and continuing professional development
linked to the actual hydrogen system installed onboard [20].

4.4, Limitations and Future Work

This study has several limitations that should be considered when interpreting the
proposed framework. First, the demonstrator data are used as indicative educational and
operational records, rather than calibrated performance validation data. Observations of
fuel cell output, battery response, propulsion current, and hydrogen flow provide useful
training evidence. However, they cannot be treated as generalisable vessel performance
results. This is due to the absence of full calibration records, uncertainty analysis, repeat-
ability trials, and controlled environmental corrections.

Second, the proposed competency framework has not yet been tested with trainee
cohorts. As a result, learner performance, assessment reliability, instructor workload, and
overall training effectiveness remain unverified. These aspects require validation through
pilot delivery.

Several design assumptions also require further confirmation. The proposed 40 h
module, instructor prerequisites, digital twin or VR specifications, learning outcomes, and
assessment standards are suitable for a pilot framework. However, they should be refined
through expert review, modified Angoff standard setting, checklist moderation, and
structured feedback from instructors and trainees.

The scale-transfer pathway remains incomplete. The 5 kW demonstrator can support
foundational competence in hydrogen supply, PEMFC charging, battery response, and
emergency isolation. However, it does not represent the full consequence profile of com-
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mercial hydrogen vessels. Larger vessels involve greater fuel inventories, higher bunker-
ing rates, multi-stack systems, class-approved automation, and more complex port inter-
face procedures.

The framework is primarily applicable to compressed hydrogen PEMFC-LFP sys-
tems. Liquid-hydrogen systems would require additional competencies. These include
cryogenic exposure, boil-off gas management, oxygen enrichment, condensed air, low-
temperature materials, and specialised bunkering procedures. Ammonia-hydrogen or
mixed-fuel systems would require further extension. Ammonia introduces toxicity, cor-
rosiveness, distinct detection requirements, and different containment and emergency re-
sponse procedures.

Competency requirements may also vary across operational contexts. These include
vessel type, installed power, hydrogen inventory, passenger capacity, automation level,
redundancy, bunkering configuration, and operational profile. Therefore, small work-
boats, ferries, and large commercial vessels will require different levels of simulation, fa-
miliarisation, and vessel-specific certification.

Institutional integration presents an additional challenge. Incorporation into STCW
or national seafarer certification systems requires expert validation, pilot course evidence,
approved assessment standards, and defined instructor qualifications. It also requires for-
mal recognition by maritime administrations and training authorities. Institutional readi-
ness, instructor availability, simulator resources, and regulatory pathways must be con-
firmed before wider adoption.

These limitations identify the evidence needed for progression beyond a pilot frame-
work. Future work should prioritise pilot course delivery, evaluation of educational effec-
tiveness, assessment validation, inter-rater reliability testing, instructor standardisation,
digital simulation validation, and vessel-specific case studies. External review by industry,
regulators, and maritime education experts is also required. A future systematic valida-
tion phase should also include dual-reviewer screening, inter-reviewer agreement analy-
sis, and modified Delphi consensus. Future assessment development should incorporate
behaviourally anchored rating scales for practical, diagnostic, and communication tasks,
supported by expert review, pilot course observation, and assessor calibration to improve
inter-rater consistency and enable future standardisation. Ultimately, future experimental
work should include calibrated instrumentation, repeated trials under controlled condi-
tions, and uncertainty analysis before the demonstrator data are used for performance
validation.

5. Conclusions

The IMU hydrogen PEMFC-LFP demonstrator provides a valuable training founda-
tion by making the coupled operation of hydrogen supply, fuel cell charging, battery buff-
ering, electrical loading and emergency isolation logic visible to learners. Its value lies not
in commercial-scale performance validation but in converting compressed hydrogen
PEMFC-battery—electric operation into structured training evidence. This paper translates
that evidence into six competence domains, assessable learning outcomes, instructor pre-
requisites, a provisional 40 h module, a practical assessment model, a proposed digital
twin/VR supplement, and a staged implementation roadmap [33,38].

The framework bridges the gap between alternative fuel technical development and
competency-based maritime education. It recognises transferable IGF/LNG competence,
hazardous zone awareness, gas detection, ESD logic, bunkering discipline and safety
management, while identifying hydrogen-specific increments in compressed hydrogen
handling, rapid leak dispersion, invisible flame risk, fuel cell purge logic, battery buffering,
DC electrical safety and integrated emergency response. This distinction supports efficient
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curriculum design by building on existing low-flashpoint fuel competence while targeting
hydrogen PEMFC-specific requirements directly.

The framework is a provisional foundation for hydrogen PEMFC transition training,
not yet validated through expert consensus or pilot delivery, and its educational effective-
ness remains untested. Future work should include Delphi and expert panel validation,
pilot delivery, assessment reliability testing, simulation validation, and vessel-specific fa-
miliarisation before formal certification or wider adoption.
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Abbreviations

Abbreviation Meaning

AMC Australian Maritime College

AMSA Australian Maritime Safety Authority
BMS Battery management system

CH2 Compressed hydrogen

DC Direct Current

EMS Energy management system

EMSA European Maritime Safety Agency
ESD Emergency shutdown

FRP Fibre-reinforced plastic

ICS International Chamber of Shipping
IGF Code International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels
IMO International Maritime Organization
IMU Indian Maritime University

LFP Lithium iron phosphate

LH2 Liquid hydrogen

LOA Length overall

MET Maritime education and training
MJTTF Maritime Just Transition Task Force
PEMFC Proton exchange membrane fuel cell
PPE personal protective equipment

SDS Safety data sheet
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SME Subject-matter expert
SOC State of charge
STCW International Convention on Standards of Training, Certification and Watchkeep-
ing for Seafarers
UTAS University of Tasmania
VR Virtual reality
Appendix A
Table Al. Demonstrator instrumentation and observed operating ranges (N/A stands for Not Ap-
plicable).
Instrument or Control Measured or Controlled Measurement . Observed Operating
Manufacturer . Resolution
Component Variable Range Value or Range
Hydrogen-cylinder pressure WIKA Hydrogen storage pres- 0-250 bar 1 bar 140 bar
gauge sure
Regulated hydrogen
LoYv—pressure hydrogen- WIKA pressure at the PEMFC 0-10 bar 0.02 bar 1.06 bar
line/regulator gauge .
inlet
- i _ in-1 -
Hydrogen flow meter/con Alicat Hydrogen volumetric 0-100 L min-! 11 min-t 8. 20 L min!, depend
troller flow rate ing on fuel cell load
Detection
Hydrogen leak ProDetec Hydrogen concentration thrgshold ap- N/A Respo.nse time approx-
detector proximately 50 imately 3 s
ppm
PEMEFC stack-temperature OMRAN PEMEFC stack tempera- 35-45 °C, depending
0-100 °C 1°C
sensor/controller controller ture on fuel cell load
Ambient/enclosure tempera- OMRAN Ambient or enclosure 0-60 °C 1°C 2535 °C
ture sensor controller temperature
PEMF -vol - i ith i
MEFC stack-voltage meas MECO PEMFC stack voltage 0-100 V v Varied w1t. .operatmg
urement channel conditions
PEMEFC stack-current meas- MECO PEMFC output current 0-100 A 1A Varied w1t}.1 .operatmg
urement channel conditions
Battery-voltage measure- Kikusui. Elec- LFP battery voltage 0-100 V v 45-49 V in t.he re-
ment channel tronics ported operating trace
Inst t harging trial -
Battery-current measure- Kikusui Elec- Battery charging/dis- nstrimen Not availa- Charging trials con
ment channel tronics charging current range not fully ble ducted at approxi-
documented mately 5, 8, and 13 A
0-100% SO,C ' SOC decreased from
SOC, battery current, 100 Ah nominal . .
. . . Not availa-  approximately 95.6%
Battery-management system  Birds India  temperature, and protec-  capacity; 0— .
. ble to 87% during the re-
tion status 55 °C tempera-
ported trace
ture range
Power-conditioning unit/in- Zahn Electron-  Voltage/current regula- 0-250 V 1V Varied with operating
verter ics Inc. tion and power control conditions
i Manually supervised
Energy-management sys-  Zahn Electron- Power allocation, operat- .
. . Not available N/A power-management
tem/central controller ics Inc. ing state, and alarms
arrangement
Propulsion current in-
Motor voltage, current, creased to approxi-
Motor controller LNDQ 0-60 V; 0-120 A N/A
mately 119.5 A near

and speed command

full load
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Propulsion motor speed sen- EFI Motor or propeller rota- 0-5500 rpm N/A Variéd with propul-
sor tional speed sion demand

Emer.gency shutdown and JIGO . ESD. command., valve N/A N/A Functional isolation

isolation system isolation, and trip status and shutdown status

Table A2. Provisional delivery-mode allocation and selection matrix for the 40-h hydrogen PEMFC

transition module.

Delivery Mode

Indicative Hours
in 40-h Module

Limitation Further

Priority Competencies and Activities Guiding Selection Principle .
Requirement

Guided theory,
briefing, assess-

Used where conceptual

knowledge, regulatory under- Cannot independently

demonstrate practical

Hydrogen properties; regulatory re-
quirements; SDS interpretation; system

. 12h . X X standing, decision reasoning, .
ment, and debrief- principles; safety barrier mapping; oral . . operational compe-
. . or reflective assessment is re-
ing and written assessment . tence
quired
Component identification; hydrogen-
pone . yaroger Required where competence  Limited by the de-
and electrical path tracing; pre-start in- ) o Jo
. depends on tactile familiarisa- monstrator’s size, hy-
. spection; normal start-up and shut- . . . .
Physical PEMFC- . tion, equipment handling, drogen inventory,
12h down; current-voltage-SOC monitor- . .
LFP demonstrator .. . . procedural sequencing, or ob- control architecture,
ing; isolation boundaries; ESD hard- .
. . servable psychomotor perfor- and available fault
ware; supervised maintenance prepa- .
. mance conditions
ration
Scenario and response
Regulator failure; leak escalation; ven- . P .
. . L. . . logic must be vali-
tilation failure; invisible flame re-  Used where live reproduction .
o . . dated against demon-
Digital simulation, sponse; over-temperature condition; would be unsafe, rare, expen- K
i o . . o strator evidence, pub-
desktop twin, or 12h abnormal load variation; multi-stack sive, difficult to repeat, or de- . ;
. . lished commercial-
VR or DC-bus disturbance; blackout re- pendent on commercial-scale .
. . . system evidence, and
covery; bunkering faults; team emer- interactions .
subject-matter expert
gency response .
review
Review of vessel diagrams, alarm phi- . Provides orientation
. ) Required where the correct
Preliminary vessel- losophy, control interfaces, valve and . . only and does not con-
o e . . action depends on the in- .
specific familiarisa- 4h detector locations, bunkering arrange- . . stitute onboard com-
. . stalled vessel configuration or .
tion ments, emergency roles, operating e petence or commercial
company-specific procedures .
manuals, and approved procedures vessel sign-off
Duration and sign-off
L. Operation of the installed system; ac- requirements should
Additional P A Mandatory where compe- d .
tual alarm and control interfaces; ves- be determined by ves-
onboard or ap- . . tence can only be demon- .
Outside the40h  sel bunkering arrangements; redun- sel complexity, opera-
proved system- strated on, or through an ap-
module dancy and safe return modes; emer- tor procedures, and

specific familiarisa-
tion

proved representation of, the

licable flag, class,
actual vessel system applicable tlag, class

or regulatory require-

gency-command procedures; super-
vised drills and authorised restart
ments

References

1. Jahangir, M.H.; Adilinasab, M.; Asiaban, P.; Javid, M.S. Comparative life cycle assessment of ammonia and methanol as marine
fuels for ocean-going vessels. Int. ]. Hydrogen Energy 2024, 49, 2135-2150. https://doi.org/10.1016/j.ijhydene.2023.10.123.

2. Fan, H.; Abdussamie, N. Two decades of hydrogen-powered ships (2000-2024): Evolution, challenges, and future perspectives.
Renew. Sustain. Energy Rev. 2025, 219, 115878. https://doi.org/10.1016/j.rser.2025.115878.

3. Dewan, M.H,; Godina, R. An overview of seafarers’ engagement and training on energy efficiency and conservation in shipping.
Mar. Policy 2024, 163, 105970. https://doi.org/10.1016/j.marpol.2023.105980.

4.  Nerheim, A.R; £soy, V.; Holmeset, F.T. Hydrogen as a Maritime Fuel-Can Experiences with LNG Be Transferred to Hydrogen
Systems? J. Mar. Sci. Eng. 2021, 9, 743. https://doi.org/10.3390/jmse9070743.

5. Indian Maritime University Project Team. Final Report for the IAMU Capacity Building Project: Competency Development for Hydro-
gen Powered PEM Fuel Cell Ships; Indian Maritime University: Chennai, India, 2026.

https://doi.org/10.3390/hydrogen7030094


https://doi.org/10.3390/hydrogen7030094

Hydrogen 2026, 7, 94 31 of 32

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Diaz-Cuenca, D.; Villalba-Herreros, A.; Leo, T.J.; d’Amore-Domenech, R. Alternative Fuels in the Maritime Industry: Emissions
Evaluation of Bulk Carrier Ships. J. Mar. Sci. Eng. 2025, 13, 1313. https://doi.org/10.3390/jmse13071313.

Yi, C,; Guan, B.; Zhuang, Z.; Chen, J.; Zhu, L.; Ma, X,; Wang, Y. Review of the state-of-the-art of alternative marine fuels. Renew.
Sustain. Energy Rev. 2025, 219, 115778.

Mohammadpour, J.; Salehi, F. A review of alternative liquid fuels in marine engines. Appl. Energy Combust. Sci. 2025, 24, 100394.
International Maritime Organization. Training for Alternative Fuels. 2025. Available online: https://www.imo.org/en/Media-
Centre/Pages/WhatsNew-2249.aspx (accessed on 21 April 2025).

Guan, W.; Chen, L.; Wang, Z.; Chen, J.; Ye, Q.; Fan, H. A 500 kW Hydrogen Fuel Cell-Powered Vessel: From Concept to Sailing.
Int. ]. Hydrogen Energy 2024, 89, 1466-1481.

Dall’Armi, C.; Pivetta, D.; Taccani, R. Hybrid PEM Fuel Cell Power Plants Fuelled by Hydrogen for Improving Sustainability
in Shipping: State of the Art and Review on Active Projects. Energies 2023, 16, 2022. https://doi.org/10.3390/en16042022.

Renau, J.; Tejada, D.; Garcia, V.; Lépez, E.; Domenech, L.; Lozano, A.; Barreras, F. Design, development, integration and evalu-
ation of hybrid fuel cell power systems for an unmanned water surface vehicle. Int. |. Hydrogen Energy 2024, 49, 1234-1248.
https://doi.org/10.1016/j.ijhydene.2023.12.043.

International Transport Workers” Federation; International Chamber of Shipping; UN Global Compact. Advanced Training
Framework and Instructor Handbook for Hydrogen as Marine Fuel; Maritime Just Transition Task Force: London, UK, 2025.
European Maritime Safety Agency. Study Investigating the Safety of Hydrogen as Fuel on Ships: Final Report, Deliverable D.6; EMSA:
Lisbon, Portugal, 2025.

International Maritime Organization. International Convention on Standards of Training, Certification and Watchkeeping for Seafarers
(STCW), 1978, as Amended, Including the Manila Amendments; IMO: London, UK, 2010.

International Maritime Organization. International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels (IGF Code);
IMO: London, UK, 2015.

International Maritime Organization. Generic Interim Guidelines on Training for Seafarers on Ships Using Alternative Fuels and New
Technologies; STCW.7/Circ.25; IMO: London, UK, 2025.

International Chamber of Shipping. Training Requirements for Personnel on Ships Subject to the IGF Code; ICS: London, UK, 2016.
Sheikh, W; Islam, T.M.R.; Hasan, K.R. Achieving net-zero emissions in shipping: The critical role of environmental awareness
and managerial commitment. Ocean Eng. 2025, 337, 121908. https://doi.org/10.1016/j.oceaneng.2025.121908.

DNV-RP-0703; Competence Related to Use of Hydrogen as Fuel. DNV: Hovik, Norway, 2025.

Ghosh, S.; Emad, G.R; Ravi, A. Investigating the Characteristics of Skills and Competency Frameworks through a Systematic
Literature Review: A Feasibility Study to Revise the STCW Code for Seafarer Training. Aust. ]. Marit. Ocean Aff. 2024, 17, 616-
632.

Ghosh, S.; Emad, G.R. Identifying Challenges in Designing and Implementing a Skills and Competency Framework for Future
Seafarers: A Systematic Literature Review. Aust. ]. Marit. Ocean Aff. 2024, 17, 540-553.

Emad, G.R.; Enshaei, H.; Ghosh, S. Identifying Seafarer Training Needs for Operating Future Autonomous Ships: A Systematic
Literature Review. Aust. . Marit. Ocean Aff. 2021, 14, 114-135.

Ghosh, S.; Bowles, M. Challenges and Implications in Achieving Content Validity of an Authentic Assessment Task Designed
to Assess Seafarers’ Leadership and Managerial Skills. WMU ]. Marit. Aff. 2020, 19, 373-391.

Ghosh, S.; Brooks, B.; Ranmuthugala, D.; Bowles, M. Authentic versus Traditional Assessment: An Empirical Study Investigat-
ing the Difference in Seafarer Students’ Academic Achievement. J. Navig. 2020, 73, 797-812.

Ciuccoli, N.; Screpanti, L.; Scaradozzi, D. Underwater Simulators Analysis for Digital Twinning. IEEE Access 2024, 12, 34306~
34324. https://doi.org/10.1109/ACCESS.2024.3370443.

Scaradozzi, D.; Gioiello, F.; Ciuccoli, N.; Drap, P. A Digital Twin Infrastructure for NGC of ROV during Inspection Operations.
Robotics 2024, 13, 96.

Shehata, A.; Zhang, M.; Tsoulakos, N.; Kujala, P. A Transformer-Based Task-Execution Digital Twin of 3-DOF Maneuvering of
Bulk Carrier for Autonomous Maritime Systems. Ocean Eng. 2025, 341, 122797.

Terlouw, T.; Bauer, C.; McKenna, R.; Mazzotti, M. Large-scale hydrogen production via water electrolysis: A techno-economic
and environmental assessment. Energy Environ. Sci. 2022, 15, 5413-5438. https://doi.org/10.1039/D2EE01023B.

Tang, X.; Yang, M.; Shi, L.; Hou, Z.; Xu, S.; Sun, C. Adaptive State-of-Health Temperature Sensitivity Characteristics for Dura-
bility Improvement of PEM Fuel Cells. Chem. Eng. . 2024, 491, 151951. https://doi.org/10.1016/j.cej.2024.151951.

Chauvin, C,; Lardjane, S.; Morel, G.; Clostermann, J.P.; Langard, B. Human and Organisational Factors in Maritime Accidents:
Analysis of Collisions at Sea Using HFACS. Accid. Anal. Prev. 2013, 59, 26-37.

https://doi.org/10.3390/hydrogen7030094


https://doi.org/10.3390/hydrogen7030094

Hydrogen 2026, 7, 94 32 of 32

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Schroder-Hinrichs, J.-U.; Baldauf, M.; Ghirxi, K.T. Accident Investigation Reporting Deficiencies Related to Organizational Fac-
tors in Machinery Space Fires and Explosions. Accid. Anal. Prev. 2011, 43, 1187-1196.

Angoff, W.H. Scales, Norms, and Equivalent Scores. In Educational Measurement, 2nd ed.; Thorndike, R.L., Ed.; American Coun-
cil on Education: Washington, DC, USA, 1971.

Issenberg, S.B.; McGaghie, W.C.; Petrusa, E.R.; Gordon, D.L.; Scalese, R.J. Features and Uses of High-Fidelity Medical Simula-
tions That Lead to Effective Learning: A BEME Systematic Review. Med. Teach. 2005, 27, 10-28.

Li, H,; Sun, C; Li, J.; Mei, J.; Jiang, J.; Fan, F.; Yang, W.; Zhuo, R.; Song, K. Self-Tuning Oxygen Excess Ratio Control for Proton
Exchange Membrane Fuel Cells under Dynamic Conditions. Processes 2024, 12, 2807. https://doi.org/10.3390/pr12122807.

Song, K.; Hou, T.; Jiang, J.; Grigoriev, S.A; Fan, F.; Qin, J.; Wang, Z.; Sun, C. Thermal management of liquid-cooled proton
exchange membrane fuel cell: A review. |. Power Sources 2025, 648, 237227. https://doi.org/10.1016/j.jpowsour.2025.237227.
Zhao, K.; Song, Z.; Xu, S.; Fan, F.; Mei, J.; Sun, C. Design and Application of Enhanced Extended State Observer for Improving
Bus Voltage Stability during EIS Testing of Multi-Stack Proton Exchange Membrane Fuel Cells. Front. Energy Res. 2026, 14,
1731457. https://doi.org/10.3389/fenrg.2026.1731457.

Cizek, G.J.; Bunch, M.B. Standard Setting: A Guide to Establishing and Evaluating Performance Standards on Tests; SAGE: Thousand
Oaks, CA, USA, 2007.

Chae, C.-J.; Kim, D.; Lee, H.-T. A Study on the Analysis of the Effects of Passenger Ship Abandonment Training Using VR. Appl.
Sci. 2021, 11, 5919. https://doi.org/10.3390/app11135919.

Wespi, R.; Schwendimann, L.; Neher, A.; Birrenbach, T.; Schauber, S.K.; Manser, T.; Sauter, T.C.; Kimmer, ].E. TEAMs Go VR —
Validating the TEAM in a Virtual Reality Medical Team Training. Adv. Simul. 2024, 9, 38. https://doi.org/10.1186/s41077-024-
00309-z.

Bertrand, B.; Evain, J.-N.; Piot, J.; Wolf, R.; Bertrand, P.-M.; Louys, V.; Terrisse, H.; Bosson, J.-L.; Albaladejo, P.; Picard, J. Positive
Communication Behaviour during Handover and Team-Based Clinical Performance in Critical Situations: A Simulation Randomised Con-
trolled Trial. Br. J. Anaesth. 2021, 126, 854—861. https://doi.org/10.1016/j.bja.2020.12.011.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/hydrogen7030094


https://doi.org/10.3390/hydrogen7030094

