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Abstract 

The maritime transport sector is subject to progressively stricter environmental regulations under 
the International Maritime Organization (IMO), particularly through MARPOL Annex VI and the 
establishment of Emission Control Areas (ECAs). Within Sulphur Emission Control Areas (SECAs), 
limits on Sulphur oxides (SOₓ), nitrogen oxides (NOₓ), particulate matter, and carbon dioxide (CO₂) 
significantly constrain the operation of conventionally fueled vessels. While compliance is currently 
achieved through low-Sulphur fuels, exhaust gas cleaning systems, or engine modifications, these 
measures present economic, operational, and environmental trade-offs. As a result, alternative 
energy carriers and propulsion technologies, including hydrogen-based fuel cells (FCs), are 
increasingly considered for short-sea and regional shipping. 
 
This paper presents a qualitative and comparative analysis of conventional marine diesel propulsion 
systems and fuel cell–diesel hybrid propulsion concepts for ships operating in SECA zones. The 
analysis is based on regulatory requirements, emission performance indicators, energy efficiency 
metrics, and operational considerations relevant to maritime applications. International 
regulations, including IMO and MARPOL provisions, are reviewed alongside publicly available 

mailto:miri@koncar-institut.hr
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technical data from existing and demonstrative fuel cell-powered vessels. The role of hydrogen as a 
marine fuel, including storage, safety, and integration aspects, is assessed within the context of 
hybrid propulsion architectures. 
 
The comparison indicates that fuel cell–diesel hybrid systems offer substantial reductions in SOₓ, 
NOₓ, particulate matter, and CO₂ emissions when operating in SECA zones, particularly during low- 
and medium-load conditions. Fuel cell operation enables near-zero local emissions, while the hybrid 
configuration maintains redundancy and operational flexibility. Case studies of existing fuel cell 
installations in maritime applications demonstrate technical feasibility, improved emission profiles, 
and compliance with current ECA requirements, albeit with limitations related to power density and 
fuel storage.  
 
Fuel cell–diesel hybrid propulsion systems represent a viable transitional solution for emission-
sensitive maritime operations in SECA zones. While challenges remain regarding hydrogen 
infrastructure, system costs, and large-scale implementation, ongoing technological development 
and regulatory support are expected to enhance feasibility. The adoption of fuel cell technology 
can contribute significantly to IMO emission reduction goals and support the broader transition 
toward sustainable maritime transport. 

Keywords: ECA zones, maritime emissions reduction, fuel-cell propulsion, green hydrogen 

 

I. INTRODUCTION 

International maritime transport carries more than 80% of global trade by volume and remains a 
critical component of the global economy. The maritime sector enables large-scale movement of 
raw materials, energy resources, and manufactured goods, supporting global supply chains and 
international economic stability. Despite its relatively high energy efficiency relative to the mass of 
cargo and distance transported, shipping remains a significant source of atmospheric pollution due 
to the scale of global operations and the continued reliance on fossil-based propulsion systems. 
Sulphur oxides (SOₓ) and nitrogen oxides (NOₓ) emissions from ships have attracted increasing 
regulatory and scientific attention. Historically, the widespread use of high sulphur residual fuels in 
large marine compression-ignition engines has resulted in substantial emissions of SOₓ and NOₓ, 
particularly in coastal and port regions with high shipping traffic. SOx are formed through the 
oxidation of sulphur compounds contained in marine fuels during combustion, while NOx arise 
primarily from high-temperature combustion processes that promote the fixation of atmospheric 
nitrogen. In response to these challenges, the International Maritime Organization (IMO) 
introduced Annex VI to the MARPOL Convention, establishing global limits on air pollutant 
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emissions from ships and defining Emission Control Areas (ECA) where more stringent 
requirements apply. Within Sulphur Emission Control Areas (SECA), the maximum permitted 
sulphur content of marine fuels is limited to 0.10% m/m, compared with the global limit of 0.50% 
m/m. In parallel, Nitrogen Emission Control Areas (NECA) impose Tier III NOₓ emission limits on 
marine diesel engines installed on ships constructed after the relevant enforcement dates. These 
limits require reductions of approximately 75-80% relative to Tier I standards, typically 
necessitating advanced exhaust after-treatment systems such as selective catalytic reduction (SCR). 
Conventional compliance strategies for SECA and NECA requirements therefore include the use of 
low-sulphur fuels, exhaust-gas cleaning systems, and NOₓ after-treatment technologies. Although 
these approaches enable regulatory compliance, they do not address pollutant formation at the 
source and may introduce additional economic and operational burdens. This has led to growing 
interest in alternative propulsion concepts capable of fundamentally reducing emissions rather 
than mitigating them downstream. Hydrogen fuel-cell systems represent a fundamentally different 
approach to marine propulsion and onboard power generation. Fuel cells convert chemical energy 
directly into electrical energy through electrochemical reactions, without combustion. As hydrogen 
contains no sulphur, fuel-cell operation inherently eliminates SOₓ emissions at the point of use. 
Furthermore, the absence of high-temperature combustion effectively prevents NOₓ formation. 
These characteristics position hydrogen fuel-cell systems as intrinsically compliant solutions for 
operation within SECA and NECA zones. Fuel-cell propulsion technology has advanced significantly 
over the past two decades, with an increasing number of maritime demonstrations and early 
commercial projects confirming its technical feasibility. Proton exchange membrane fuel cells 
(PEMFC) are generally favored for small to medium-sized vessels and hybrid propulsion 
architectures due to their high-power density, modularity, and rapid load response. This flexibility 
is particularly relevant for larger vessels and offshore applications where hydrogen storage and 
bunkering infrastructure may be constrained. This paper provides a techno-regulatory assessment 
of hydrogen fuel-cell propulsion systems for maritime operation within SECA zones. By integrating 
regulatory requirements, emission mechanisms, and empirical evidence from operational projects, 
the study evaluates the extent to which hydrogen-based propulsion can support compliance with 
existing emission limits. Furthermore, the emergence of multi-source hybrid architecture, 
integrating fuel cells with battery energy storage and conventional internal combustion, presents a 
transitional pathway for achieving localized zero-emission operations while maintaining traditional 
maritime range requirements. The results contribute to the broader assessment of hydrogen 
technologies as a viable solution for emission reduction and long-term sustainability in the maritime 
sector. 
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II. METHODS 

A structured methodology was applied to evaluate the suitability of hydrogen fuel-cell propulsion 
systems for compliance with emission requirements in SECA and NECA zones. The analysis is based 
exclusively on secondary data, including international regulatory documents, peer-reviewed 
scientific literature, and publicly available technical information from operational and 
demonstration projects. No primary experimental measurements were conducted. The 
methodological framework combines regulatory analysis, emission performance assessment, 
energy efficiency evaluation, and qualitative case study review. This integrated approach enables a 
consistent comparison between conventional diesel propulsion systems and hydrogen fuel-cell-
based solutions under realistic operational and regulatory conditions. 

 

1. Regulatory analysis 

The regulatory analysis focused on the international framework governing ship air emissions, with 
particular emphasis on MARPOL Annex VI. Regulation 14, addressing SOx emissions through fuel 
sulphur content limits, and Regulation 13, governing NOx emissions from marine engines. The 
maximum global fuel sulphur content was historically limited to 3.50% m/m prior to 2020. It was 
reduced to 0.50% m/m globally from 1 January 2020 and is further restricted to 0.10% m/m within 
designated Tier I, Tier II, and Tier III NOₓ standards were reviewed, with particular attention given 
to Tier III limits applicable within NECA. Regulatory limits were converted into units of specific 
emissions (g/kWh) to facilitate direct comparison. Fuel sulphur content limits were translated into 
equivalent SOx emissions, assuming complete oxidation during combustion, consistent with 
standard maritime emission inventory practices. Figure 1 illustrates the geographical areas 
designated as ECA zones under MARPOL Annex VI. Since 1 January 2020, a global fuel sulphur limit 
of 0,50% m/m applies to all ships. However, stricter limits remain in force within designated ECA 
zones, where a maximum sulphur content of 0.10% m/m is required in the North Sea, Baltic Sea, 
North American, US Caribbean regions and the Mediterranean Sea. Additional sulphur control 
zones established by individual states are also indicated. 
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Figure 1. Global map of SECA zones under MARPOL Annex VI Regulation 14, alongside additional regional sulphur 

control zones implemented by individual states. 

 

2. Emission performance assessment 

A comparative emission performance assessment was conducted for conventional marine diesel 
engines and hydrogen fuel-cell systems. Diesel engine emissions were represented using 
standardized emission factors corresponding to steady-state operation near rated load, reflecting 
typical cruising and auxiliary power conditions. Hydrogen fuel-cell systems were assumed to 
produce zero SOx emissions and negligible NOx emissions at the point of use due to the absence of 
fuel-bound sulphur and combustion processes. Hybrid diesel–hydrogen configurations were 
included to reflect transitional operational strategies. In these configurations, fuel cells supply 
auxiliary loads, hotel loads, or low-speed propulsion power, particularly during port operations and 
maneuvering. This operating strategy reduces exposure to regulated emissions in sensitive coastal 
and port areas while maintaining operational flexibility. 

 

3. Energy efficiency and fuel consumption 

Energy efficiency and fuel consumption were evaluated using a comparative framework that 
contrasts the thermodynamic performance of electrochemical conversion against internal 
combustion. For the diesel baseline, a specific fuel consumption (SFC) of 162.3 g/kWh was utilized, 
a value representative of modern high-efficiency marine engines like the CMD-WinGD units. 
Hydrogen consumption rates were derived from the performance data of the MV Sea Change and 
H2-Barge 1, accounting for a stack efficiency range of 45% to 55%. The analysis also factored in the 
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lower heating value (LHV) of hydrogen (33.3 kWh/kg) to determine the mass flow requirements. 
Furthermore, the role of battery energy storage systems (BESS) was assessed not merely as a power 
source, but as a dynamic buffer for peak shaving and transient load handling. 

 

4. Case study analysis 

The case study methodology focused on the practical integration of hydrogen systems into 
operational vessels, specifically those navigating SECA and NECA zones. The analysis prioritized 
vessels with documented operational hours, such as the MF Hydra, H2-Barge 1, and the MV 
HANARIA, to evaluate different storage and power-train architectures. The qualitative review 
focused on the "Triple Hybrid" configuration (Diesel-Fuel Cell-Battery), examining how these vessels 
manage the transition between zero-emission modes in port and conventional or hybrid modes 
during transit. By focusing on vessels that handle multi-megawatt auxiliary loads or significant hotel 
loads, the study provides a realistic assessment of how hydrogen technology can be scaled beyond 
small-scale demonstration projects to larger commercial applications. 

 

III. RESULTS 

1. SOx emission mechanisms and regulatory limits 

SOx emissions are fundamentally a byproduct of fuel quality, with conventional compliance in SECA 
zones relying on low-sulphur fuels (0.10% m/m) or exhaust gas cleaning systems. Technical data 
from the H2-Barge 1 and the MF Hydra confirm that hydrogen fuel-cell systems eliminate these 
pollutants entirely at the source, as hydrogen is an inherently sulphur free fuel. While a vessel using 
0.10% sulphur fuel still emits approximately 1.5 g/kWh of SO2, hydrogen-powered vessels achieve 
a 100% reduction, effectively removing the need for the chemical monitoring and waste-stream 
management associated with scrubbers. This is particularly significant for short-sea shipping and 
inland navigation in the North Sea and Baltic Sea SECA, where vessels like the H2-Barge 1 operate. 
By carrying roughly 1,000 kg of gaseous hydrogen at 300 bar, such vessels provide a regulatory 
cushion that exceeds current MARPOL Annex VI requirements, ensuring long-term compliance with 
potentially even stricter future local air quality standards in European ports. Comparative test-bed 
data confirms that at lower operational loads (100 kW), fuel-cell systems emit only 9% of CO2 
produced by equivalent commercial diesel engines. 

 

2. NOx formation and Tier III compliance 
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NOx formation is a temperature-dependent process occurring during the combustion of fossil fuels, 
necessitating SCR or exhaust gas recirculation (EGR) to meet Tier III NECA standards. Hydrogen fuel 
cells, operating at much lower temperatures and through electrochemical rather than thermal 
processes, avoid NOx formation entirely. Operational evidence from the MV HANARIA illustrates 
the efficacy of the hybrid approach; by utilizing a 480 kW PEMFC system for harbor entry and hotel 
loads, the vessel eliminates localized NOx emissions during the most sensitive phases of operation. 
This "Zero-Emission Mode" allows hybrid vessels to bypass the complexities of SCR temperature 
management, which often fails to maintain catalyst efficiency during low-load maneuvering when 
exhaust temperatures drop. For larger-scale applications, the displacement of auxiliary diesel 
generators with fuel cells, as explored in the ShipFC project with its 2 MW ammonia-to-hydrogen 
system, demonstrates a path toward eliminating the NOx produced by ships while they are docked 
and providing power to refrigerated containers or onboard utilities. 

 

3. Energy Efficiency and Hydrogen Consumption 

The energy efficiency of the analyzed hydrogen systems remains superior to conventional internal 
combustion, particularly under partial load conditions. The MV Sea Change provides a concrete 
benchmark, consuming approximately 100 kg of gaseous hydrogen daily for its 360 kW power plant. 
To generate equivalent energy, a diesel generator would consume nearly double the mass in marine 
gas oil, highlighting hydrogen's high gravimetric energy density. However, the volumetric challenge 
is evidenced by the H2-Barge 1, which requires two 40-foot containers for its 300 bar gaseous 
storage to support its 825 kW stack. This illustrates that while fuel cells are highly efficient, the 
primary constraint for scaling remains the space required for gaseous storage. Hybridization with a 
battery, as seen in the Elektra tugboat, partially mitigates this by allowing the battery to handle 
peak propulsion power while the gaseous hydrogen system provides a steady, high efficiency 
energy supply for the hotel loads, effectively extending the vessel's operational range from 8 to 16 
hours.  

 

4. Operational case studies 

The integration of hydrogen into the maritime sector is currently defined by the success of hybrid 
architectures that combine different energy sources to balance range, power availability, and 
emissions compliance. Operational vessels employing fuel-cell and battery systems alongside 
conventional diesel engines demonstrate how localized zero-emission operation can be achieved 
without compromising safety, redundancy, or overall operational flexibility. Table 1 summarizes 
the installed fuel-cell and diesel engine power for each vessel. 
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Table 1. Installed fuel-cell and diesel engine power for each vessel. 

Vessel Vessel type 
Fuel cell power 
(kW) 

Diesel engine 
power (kW) 

MV Sea Change Passenger ferry 360 - 
H2-Barge 1 Inland cargo barge 825 - 
MF Hydra Ro-Pax ferry 400 2 × 750 
MV HANARIA Research / coastal vessel 300 2 × 1000 
Elektra tugboat Harbour tugboat 300 2 × 1800 

The MF Hydra represents a significant milestone in SECA compliance, utilizing 400 kW of proton 
exchange membrane fuel-cell power, 1.5 MW of installed diesel generator capacity, and a 1.36 
MWh lithium-ion battery system. The impact of this configuration on SOₓ emissions is illustrated in 
Figure 2, which compares SOₓ emissions for pure diesel operation using pre-2000 high-sulphur fuel 
(3.50% m/m), the current global sulphur cap (0.50% m/m), SECA-compliant low-sulphur fuel (0.10% 
m/m), and the vessel’s current hybrid operating profile. The results show that while compliance 
with SECA regulations through low-sulphur fuel significantly reduces SOₓ emissions, the integration 
of hydrogen fuel cells further reduces emissions by minimizing diesel operation during regulated 
operating phases. 

 
Figure 2. Comparison of SOₓ emissions for vessels under pure diesel operation (3.50%, 0.5% and 0.10% sulphur content) 

and current hydrogen or hybrid propulsion configurations (24 h normalized). 

A similar operational strategy is observed in the inland container vessel H2-Barge 1, which operates 
exclusively on an 825 kW hydrogen fuel-cell system supported by battery buffering. As shown in 
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Figure 2, the vessel achieves complete elimination of SOₓ emissions at the point of use, independent 
of fuel sulphur limits, demonstrating inherent compliance with SECA requirements. The same figure 
highlights the contrast between hydrogen-based operation and equivalent diesel propulsion using 
both high- and low-sulphur fuels over a normalized 24-hour operating period. NOₓ exhibit an even 
clearer distinction between combustion-based and fuel-cell-based propulsion. NOₓ emissions for 
conventional diesel propulsion remain significant despite Tier III compliance requirements. Figure 
3 presents a comparison of NOₓ emissions for pure diesel propulsion and the current hydrogen or 
hybrid operating modes of the analyzed vessels. Fully hydrogen-powered vessels such as MV Sea 
Change and H2-Barge 1 demonstrate zero NOₓ emissions, reflecting the absence of high-
temperature combustion processes. Hybrid vessels, including MF Hydra, MV HANARIA, and the 
Elektra tugboat, show substantially reduced NOₓ emissions compared with pure diesel operation 
due to the displacement of diesel-generated power during port operations and low-load conditions. 

 
Figure 3. NOₓ emissions for pure diesel propulsion compared with current hydrogen and hybrid propulsion configurations 

(24 h normalized). 

Carbon dioxide emissions provide insight into the broader climate impact of hydrogen integration. 
Figure 4 compares CO₂ emissions for pure diesel propulsion and current vessel configurations. Fully 
hydrogen-powered vessels, such as MV Sea Change and H2-Barge 1, achieve zero operational CO₂ 
emissions. Hybrid configurations demonstrate substantial reductions relative to diesel-only 
operation, as fuel cells and batteries displace diesel generator usage during high-frequency port 
calls and auxiliary load operation. These reductions are particularly evident for vessels with 
significant hotel loads and frequent maneuvering cycles. 
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Figure 4. CO₂ emissions for pure diesel propulsion and current vessel operating configurations, illustrating the impact of 

hydrogen and hybrid power systems (24 h normalized). 

Collectively, the emission comparisons presented in Figures 2–4 confirm that hydrogen fuel-cell 
systems, whether deployed as full propulsion solutions or as part of hybrid architectures, provide 
immediate and measurable reductions in SOₓ, NOₓ, and CO₂ emissions. These operational case 
studies demonstrate that gaseous hydrogen systems, when integrated with intelligent energy 
management and battery storage, can support MW-scale inland and coastal vessels while achieving 
compliance with SECA and NECA requirements. 

 

IV. DISCUSSION AND CONCLUSION 

Hydrogen fuel-cell propulsion provides inherent compliance with SOx and NOx emission regulations 
by eliminating fuel-bound sulphur and combustion-related nitrogen oxide formation. The 
elimination of SOx emissions directly satisfies the stringent requirements imposed within SECA 
zones, while NOx emissions from fuel-cell systems remain orders of magnitude below Tier III limits 
applicable within NECA zones. Hybrid diesel–hydrogen configurations provide a pragmatic 
transitional pathway for the maritime sector by balancing zero-emission requirements with 
operational redundancy. By supplying auxiliary power, hotel loads, and low-load propulsion 
through fuel cells, conventional engines can be operated closer to optimal efficiency or shut down 
entirely in sensitive operating modes. Integration of battery energy storage systems, as evidenced 
by the 1.36 MWh installation on the MF Hydra, further enhances operational flexibility by enabling 
peak shaving and improved dynamic response. These real-world applications prove that gaseous 
hydrogen storage at pressures of 250 to 350 bar can effectively support MW-scale operations, 
bridging the gap between small demonstration boats and commercial inland shipping. From a 
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greenhouse gas perspective, hydrogen fuel-cell systems offer substantial reductions in CO2 
emissions compared with conventional diesel propulsion. While hybrid configurations typically 
achieve reductions in the range of 20 to 50%, specialized projects like the H2-Barge 1 demonstrate 
that a shift to pure fuel-cell-battery architectures can eliminate up to 2,000 tonnes of CO2 
equivalent per year on high traffic corridors. These reductions align with international maritime 
decarbonization objectives and support compliance with long-term greenhouse gas reduction 
targets. When coupled with low-carbon hydrogen or alternative fuels for SOFCs, such as the 
ammonia-to-hydrogen conversion explored in the ShipFC project, fuel-cell propulsion offers a 
definitive pathway toward near-zero lifecycle emissions. Several technical challenges remain for 
widespread adoption. Fuel-cell durability is influenced by electrochemical degradation 
mechanisms, load cycling, and exposure to the maritime environment, necessitating robust system 
design and optimized control strategies. Hybridization with batteries reduces fuel-cell stress and 
improves longevity, while SOFCs provide additional fuel flexibility that can alleviate constraints 
related to hydrogen storage and availability. PEMFCs, characterized by high power density and 
modularity, are particularly well suited to small and medium-sized vessels operating within 
emission control areas. Economic feasibility is closely linked to regulatory conditions. While 
hydrogen fuel-cell systems currently have higher capital cost than conventional diesel engines, 
operational savings associated with the elimination of sulphur compliance measures, reduced NOx 
control requirements, and potential carbon pricing mechanisms can partially or fully offset the 
initial investment. For vessels operating predominantly within SECA zones, the avoidance of sulphur 
related compliance costs strengthens the economic case for hydrogen propulsion, particularly in 
hybrid configurations that balance fuel cost and emission reduction. In conclusion, hydrogen fuel-
cell propulsion represents a technically viable and regulation resilient solution for maritime 
operation within emission control areas. Demonstration projects confirm scalability across vessel 
classes and power levels, while hybrid architectures enable deployment under existing 
infrastructure constraints. Continued development of hydrogen supply chains, cost reductions in 
low-carbon fuel production, and regulatory clarity will be critical to accelerating adoption. The 
combined benefits of eliminating SOx and NOx emissions, reducing CO2 output, and improving air 
quality position hydrogen fuel-cell systems as a technology in the transition toward sustainable and 
low-emission maritime transport.  
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