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1. GENERAL INTRODUCTION

Maritime transport supports global trade but remains a significant contributor to greenhouse gas emissions,
accounting for approximately 2.9-3.3% of global emissions. Achieving decarbonisation requires not only the
deployment of low-carbon technologies, but also robust engineering assessment methods capable of quantifying
emissions under real operational conditions. This study presents an integrated assessment of engineering im-
provements, renewable energy technologies, alternative fuels, and electrification strategies, with particular em-
phasis on data-driven emission modelling and practical implementation pathways.

2. GREEN MARITIME PATHWAY
2.1 Engineering Improvements

Engineering improvements remain the most immediately deployable pathway for reducing fuel consumption
across the global fleet. Measures such as hull optimisation, advanced coatings, propeller and rudder improve-
ments, air lubrication, and operational optimisation can collectively deliver fuel savings exceeding 10-20%
(Ma et al., 2025).

Accurate assessment of the real-world impact of such measures increasingly relies on Automatic Identification
System (AIS) data. AIS provides high-resolution information on vessel specifications, speed, navigation pat-
terns, and operational activity, enabling bottom-up estimation of emissions at ship, route, port, and regional
scales (Sun et al., 2025). By combining AlS-derived operational profiles with engine characteristics, emissions
of CO2, NOx, and SOx can be estimated under different operational modes, including cruising, manoeuvring,
and hoteling, allowing identification of high-emission ship categories, operational hotspots, and port-adjacent
pollution zones. Compared with conventional fuel-based inventory approaches, AlS-based methodologies pro-
vide significantly improved spatial and temporal resolution and enable validation against port activity records
and environmental monitoring data. Their reliability, however, depends on careful preprocessing of incomplete,
duplicated, or abnormal trajectory data (He et al., 2025). This data-driven framework provides a robust basis
for evaluating the emission reduction potential of emerging decarbonisation technologies under realistic oper-
ating conditions.

2.2. Renewable Energy Technologies

Renewable energy technologies provide an important complementary pathway by harnessing natural energy
sources such as wind and solar radiation. Wind-assisted propulsion systems (WASP), including Flettner rotors,
rigid and deployable sails, and kite systems, have demonstrated considerable potential for reducing fuel con-
sumption. Full-scale studies and operational data indicate that Flettner rotors can achieve fuel savings of 5-
20%, depending on vessel type and route conditions (Ammar & Seddiek, 2022). Similarly, kite systems can
reduce fuel consumption by up to 20% under favourable wind conditions. Solar photovoltaic (PV) systems,
while limited by power density, can contribute to auxiliary energy demand, particularly when integrated into
deck and superstructure areas. The effectiveness of renewable technologies is highly dependent on environ-
mental conditions, including wind speed, wind direction, solar availability, and vessel routing. As such, these
systems are most effective when incorporated into hybrid configurations rather than as standalone solutions.



2.3. Alternative Fuels

Alternative fuels represent the most critical pathway for achieving deep decarbonisation in maritime transport.
The environmental performance of these fuels must be evaluated using a Well-to-Wake (WtW) approach, as
upstream production processes significantly influence overall emissions. Liquefied natural gas (LNG) offers a
transitional solution with lower emissions compared to conventional fuels, although methane slip reduces its
long-term sustainability benefits. Methanol has emerged as a promising near-term option due to its liquid state
and compatibility with existing infrastructure. At the same time, hydrogen and ammonia offer the potential for
near-zero emissions when produced from renewable sources (Zamboni et al., 2024). However, these fuels pose
significant challenges in storage, safety, bunkering infrastructure, and cost. Therefore, their adoption will de-
pend on the development of global supply chains and regulatory frameworks.

2.4. Electrification and Hybridisation

Electrification and hybridisation technologies play a key role in improving energy efficiency and enabling the
integration of renewable energy systems. Battery-electric systems are particularly suitable for short-sea ship-
ping and port operations, offering zero emissions at the point of use. Hybrid-electric configurations, which
combine conventional engines with energy storage systems, are currently the most mature and widely applied
solution, providing operational flexibility and improved efficiency (Wang et al., 2025). Fuel cell systems, pow-
ered by hydrogen or hydrogen-derived fuels, offer high efficiency and zero-emission potential but are con-
strained by cost and infrastructure limitations. The integration of electrification with renewable energy and
alternative fuels represents a critical step towards achieving a flexible and resilient maritime energy system.

3. HYBRID SYSTEMS AS A RECOMMENDED PATHWAY

Hybrid energy systems are increasingly recognised as the most practical pathway for maritime decarbonisation,
combining conventional propulsion with batteries, fuel cells, and renewable energy sources to optimise energy
use under varying operational conditions. Their flexibility makes them a key enabler for the transition towards
low- and zero-carbon shipping.

4. CONCLUSIONS

In conclusion, decarbonising shipping requires a combined engineering and assessment framework in which
efficiency improvements, renewable assistance, alternative fuels, and hybrid-electric systems are evaluated to-
gether rather than in isolation. Green engineering measures remain the most practical first step because they
reduce baseline fuel demand. Renewable technologies can provide auxiliary or route- dependent propulsmn sup-
port, while methanol offers a feasible near-term fuel pathway and hydrogen and ammonia remain important
longer-term options. In parallel, AlS-based emission assessment provides a technically robust foundation for
quantifying real-world emissions, identifying operational hotspots, and evaluating the actual impact of mitiga-
tion strategies. This integrated approach is therefore essential for both engineering design decisions and evi-
dence-based emission control policy.
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EXTENDED ABSTRACT

In order to address the challenge of global warming and its connection to rising Earth temperatures, with a
particular emphasis on the role of the shipping industry in international trade, DeWaTra project (https://de-
watra.eu/) contributes to the decarbonization of maritime transportation by bringing together research groups
with activities in the following directions: (i) in the assessment of atmospheric emissions from shipping, (ii) the
hydrodynamic hull design for energy-efficient performance, (iii) alternative fuels for ship propulsion, (iv) re-
newable energy contributions to ship energy efficiency, and (v) onboard decision support systems for energy-
efficient ship operation.

In particular, Working Group 2 of DeWaTra focuses on the hydrodynamic hull design for energy-efficient
performance. In this connection, important parameters dealing with ship design and optimization, such as selec-
tion of the main dimensions of new vessels that play an important role in the energy efficiency characteristics
are reviewed. Following traditional approaches, the main dimensions are chosen based on analyses from a da-
tabase of previous successful designs, preventing potential innovative improvements whilst providing a safe
solution. A measurable amount of improvement in hydrodynamic characteristics may be obtained with an initial
study on the main dimensions of a vessel when the performance is investigated for multiple performance criteria.
For modern commercial ship design, a modified initial design approach investigating the relationship between
main dimension combinations with cargo capacity and energy efficiency measures should be incorporated into
the design process for better compliance with modern requirements. Before the hydrodynamic hull form opti-
mization utilizing RANS CFD, an initial study will be conducted to provide a better starting point for the opti-
mization process.

To achieve an optimal design, parametric hull form optimization is coupled with modern RANS CFD solv-
ers. Hull lines adjust based on parameters, guided by an optimization routine to meet operational requirements
while adhering to hydrodynamic constraints set by the customer. WG2 discusses the ship design model com-
bined with CFD for hydrodynamic ship hull optimization. Traditionally, geometrical parameters define the hull,
with tension splines and nurbs used for generating shape modifications. Optimized hull forms will be obtained
and compared to the base form to demonstrate the procedure's effectiveness and validity.

1.1 DeWaTra WG2 subgroups and directions of research review

The following key areas have been indentified as DeWaTra WG2 subgroups

Group 1:  Hydrodynamic hull form parametric design methods and tools

Group 2:  RANS CFD and other models for ship hull hydrodynamic analysis (calm water/real conditions)
Group 3:  Optimizers for ship hull design for best performance

Group 4:  Test cases (model scale/full scale) and demonstration

Group 5:  Other methods to reduce ship resistance and improve performance

1.2 DeWaTra WG2 Progress

Results by the first two subgroups have been presented and discussed. In detailed presentations by the WG2
members, including the traditional approach based on the design spiral, with stages: Preliminary design phase
primarily focuses on: Selection of “optimal” main characteristics, Internal layout, volumes & weights, Hull-
form, Hydrodynamic performance, Safety, Operational & Economic viability. On the other hand, the holistic
ship design approach (see, e.g. Papanicolaou 2019, 2021) allows the simultaneous assessment of the most im-
portant aspects of numerous designs, as an alternative to the traditional design spiral,



Depending on the available resources and time constraints, different levels of detail can be incorporated in
the parametric model, used in the optimization process (Kanellopoulou 2023). In the case of the 3D geometric
model design evaluation is based on the analysis using high-fidelity methods to account for design details (e.g.,
CFD) with higher accuracy, but not practical for large scale optimization, and computational efficiency can be
achieved by opting for surrogate models or machine learning concepts (as e.g., ANNs),

Moreover, comprehensive review presented by Sulovsky et al (2026) examines the application of Reynolds-
Averaged Navier-Stokes (RANS) modelling in computational ship hydrodynamics, starting from fundamental
theory, numerical implementation, validation procedures, and diverse practical applications. The rationale be-
hind these methods is to retain the computational efficiency of RANS near walls and in attached boundary
layers, while resolving the larger, more energetic turbulent eddies in wakes, stern flows, and propeller slip-
streams through LES-like formulations. Also, integration of machine learning with RANS simulations is ex-
plored as an emerging frontier for accelerated design optimization, with particular focus on resistance predic-
tion, hull optimization, and wake field analysis; see Fig.1.
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Figure 1: Comparison of ML predicted results and reference results for exemplary cases for (a) added wave resistance coefficient,
and (b) ship wakefield on the propeller plane.

Future perspectives on hybrid RANS-LES approaches, increased availability of CFD services and ultimately,
Al-augmented ship design workflows, providing a comprehensive reference for researchers and engineers in
computational ship hydrodynamics. Hybrid RANS-LES (Reynolds-Averaged Navier—Stokes — Large Eddy
Simulation) approaches represent one of the most promising frontiers in ship CFD.

1.3 DeWaTra WG2 Future tasks

In the next phase, WG2 will review work and Test cases (model scale/full scale) and demonstration and other
methods to reduce ship resistance and improve performance.
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Alternative fuel ship propulsion: Challenges and future directions
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Extended Abstract

Maritime shipping is entering an implementation phase of decarbonisation. In the European Union, FuelEU
Maritime has applied since January 1, 2025. At the global level, the International Maritime Organization ap-
proved the draft IMO Net-Zero Framework in April 2025, while formal adoption discussions continued into
2026. Under these conditions, propulsion choices can no longer be assessed independently of fuel availability,
storage penalties, safety requirements, vessel duty cycles, and compliance exposure. Working Group 3 (WG3)
of the DeWaTra COST Action addresses this challenge by examining the operation of ship propulsion systems
under alternative fuels, with attention to internal combustion engines (ICEs), fuel cells, hybrid architectures,
gas turbines, and digital support tools. This extended abstract argues that decarbonising ship propulsion is no
longer primarily a fuel substitution exercise. It is a system architecture problem in which fuel characteristics,
conversion technologies, onboard integration, and operational context must be designed together (DeWaTra
COST Action CA23159, n.d.; European Commission, n.d.; IMO, 2025).

Adapted and dual-fuel ICEs remain the most deployable near-term solution because they build on established
machinery platforms, existing maintenance ecosystems, and familiar operational practice. This gives them a
practical advantage for both newbuilds and retrofits, particularly in segments where reliability, serviceability,
and crew familiarity remain decisive. Their extension to ammonia and hydrogen is technically feasible, but it
is constrained by combustion instability, emissions formation, material compatibility, and fuel handling require-
ments. In most cases, the transition involves much more than modifying the engine itself, since storage arrange-
ments, fuel supply systems, safety barriers, ventilation, and exhaust aftertreatment must also be reconsidered at
vessel level. For ammonia, recent work confirms that efficiency gains remain closely tied to difficult trade-offs
involving NOx, N20, and ammonia slip, which complicates optimisation and regulatory compliance. For hy-
drogen, storage and volumetric energy density remain decisive system-level constraints that directly affect ship
layout, payload, range, and, in some cases, commercial viability on longer routes (Diamantakis et al., 2026).

Fuel cells offer a structurally different pathway because of their high conversion efficiency and, in some
cases, wider fuel flexibility. They are particularly attractive in decarbonisation strategies that prioritise high
efficiency, low local emissions, and closer integration with electrified onboard power architectures. Solid oxide
fuel cell systems are especially promising for marine applications, but their preference for steady operation,
thermal inertia, start-up constraints, and degradation sensitivity limit direct compatibility with variable ship
duty cycles. This makes hybridisation increasingly important, and in many cases necessary, rather than simply
advantageous. Hybrid systems can combine engines, fuel cells, batteries, and power electronics to distribute
loads more effectively, improve part-load performance, absorb transient demand, and accommodate operational
variability. Within such architectures, batteries can buffer rapid load changes, while fuel cells can operate closer
to stable high-efficiency conditions. In parallel, digital twins and advanced supervisory control systems are
moving from supporting tools to core integration layers because they enable optimisation, condition monitoring,
fault diagnosis, and lifecycle-informed decision-making in increasingly complex onboard energy systems
(Elkafas & Attar, 2026).

The figure below (Fig. 1) indicates that alternative-fuel propulsion decisions are increasingly shaped by a
layered system of logic in which regulation, fuel characteristics, conversion technologies, and vessel operation
jointly determine the feasible propulsion architecture. Recent market evidence indicates that the sector is diver-
sifying rather than converging. Alternative-fuel vessel orders now span LNG, methanol, LPG, hydrogen, am-
monia, biofuels, and other emerging options, with adoption patterns varying across vessel classes and route
profiles (Lloyd’s Register, 2026). This fragmentation points to five structural challenges. First, fuel penalties
are system-defining. Storage volume, pressure, cryogenic requirements, toxicity, and bunkermg procedures can
reshape vessel arrangement and economic performance. Second, the effICIency emissions trade-off remains
unresolved in several combustion-based pathways, especially for ammonia and hydrogen engines. Third, inte-
gration complexity is often underestimated. Once multiple energy sources, storage systems, converters, and



control layers are combined, nonlinear interactions become central to system behaviour. Fourth, dynamic oper-
ation remains a critical gap because many high-efficiency technologies perform best in quasi-steady conditions
rather than under realistic marine load profiles. Fifth, durability and degradation remain insufficiently validated
under marine conditions at full-system level, particularly where components with different technology readiness
levels are integrated into the same architecture (Diamantakis et al., 2026; Elkafas & Attar, 2026).
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Figure 1 - Hybrid and Multi-Fuel Maritime Propulsion: Challenges and future pathways

The main gap in the field is no longer the absence of technical options. It is the absence of sufficiently coherent
methods for comparing and integrating them. WG3 can contribute by moving from technology mapping to
system structuring. Priority actions include defining reference propulsion architectures for representative ship
types, developing harmonised assessment frameworks that jointly evaluate efficiency, emissions, safety, space
claim, durability, and compliance, embedding digital twins in both design and operation, and promoting system-
level demonstrations that integrate fuel, storage, conversion, control, and mission profile within one validated
framework. Stronger interaction with fuel production, infrastructure, and regulatory workstreams will also be
essential because propulsion decisions are increasingly shaped by factors beyond the machinery space itself.

Alternative-fuel ship propulsion should be understood as a constrained integration problem rather than a
search for a single winning technology. The absence of one dominant solution is likely to remain a structural
feature of the transition. Near- and medium-term progress will depend on hybrid, segment-specific, and digitally
managed energy systems whose performance is determined by integration quality as much as by component
efficiency. In this context, WG3 is well placed to support the transition by defining comparable architectures,
realistic evaluation methods, and system-level research priorities for maritime decarbonisation (IMO, 2025;
Lloyd’s Register, 2026).

REFERENCES

DeWaTra COST Action CA23159. (n.d.). Introducing the DeWaTra COST Action CA23159

Diamantakis, N., Xynopoulos, N., Sheth, J., Andresen, J., & Maroto-Valer, M. (2026). Alternative maritime fuels for net-zero ship-
ping: A comprehensive operational, techno-economic and regulatory review. Hydrogen, 7(1), Article 36.

Elkafas, A. G., & Attar, H. M. (2026). Integrated evaluation of ship performance and emission reduction in solid oxide fuel cell-based
hybrid marine systems. Journal of Marine Science and Engineering, 14(3), Article 255.

European Commission. (n.d.). Decarbonising maritime transport: FuelEU Maritime.
International Maritime Organization. (2025, April 11). IMO approves net-zero regulations for global shipping.
Lloyd’s Register. (2026, January 7). Alternative-fuelled ship orders remain significant in 2025.



Integration of renewable energy in ship energy systems as a means for
maritime decarbonization

J.W. Ringsberg
Chalmers University of Technology, Department of Mechanical Engineering, Division of Marine Technology,
Gothenburg, Sweden

C. Karatug

Istanbul Technical University, Department of Marine Engineering, Istanbul, Turkey

P. Wu

University College London, Department of Mechanical Engineering, London, United Kingdom
T. Cinkler

Budapest University of Technology and Economics, Faculty of Electrical Engineering and Informatics,
Department of Telecommunications and Artificial Intelligence, Budapest, Hungary

M. Kréum
University of Split, Department of Marine Electrical Engineering and Information Technology,
Faculty of Maritime Studies, Split, Croatia

T. Dlabac
University of Montenegro, Faculty of Maritime Studies, Podgorcia, Montenegro

1 INTRODUCTION

The global shipping industry is intensifying its efforts to reduce dependence on fossil fuels as part of the
broader transition toward maritime decarbonization. Although ships are already among the most energy -ef-
ficient modes of transport, significant opportunities remain to enhance their operational efficiency and
thereby further decrease fossil-fuel consumption. Within this context, Working Group 4 of the DeWaTra
project examines how renewable energy sources can contribute to improved ship energy performance. This
presentation synthesizes the group’s activities, addressing wind-assisted propulsion systems (WAPS), so-
lar-energy integration, energy-storage and management solutions, ship-performance modelling for technol-
ogy assessment and retrofitting, as well as the associated economic, environmental, regulatory, and safety
considerations, including human-factor dimensions in ship operations.

2 RENEWABLE ENERGY CONTRIBUTIONS TO SHIP ENERGY EFFICIENCY

The DeWaTra project contributes to advancing the analysis and understanding of how renewable energy can
be more effectively integrated into ship operations to enhance energy efficiency and reduce reliance on fossil
fuels. Working Group 4 is organized into five subgroups, each responsible for coordinating research activi-
ties, webinars, ongoing collaborative projects, new joint project proposals, and benchmarking studies: (SG1)
wind-assist technology, (SG2) solar panels and energy storage systems, (SG3) other renewable energy solu-
tions, (SG4) ship performance models and economic aspects, and (SG5) rules, regulations, safety and human
factors. The presentation will provide an overview of the outcomes from five webinars, completed activities,
and planned initiatives across the five subgroups.

2.1 Hybrid-oriented energy-carrier solutions and energy-management strategies

A central theme is the importance of integrating complementary technologies within hybrid energy and pro-
pulsion architectures. Current assessments indicate that renewable energy can supply approximately 1 to 20%
of the total energy demand of a conventional cargo vessel, with WAPS presently representing the only tech-
nology capable of delivering substantial contributions at scale. Although the long-term potential of renewable
energy harvesting is significant, it remains unlikely that large cargo ships will achieve full energy self-suffi-
ciency solely through onboard renewable sources. Notably, considerable energy savings can be realized
through speed reduction: because propulsion power demand scales approximately with the cube of vessel
speed, a 10% reduction in speed can yield energy savings of 20 to 30%, surpassing the contributions currently
achievable from renewable technologies. As a result, future operational strategies are expected to incorporate
route optimization for renewable-energy availability and hybrid energy-supply optimization.



To support this analysis, a taxonomy of en-route renewable energy sources for maritime applications is
presented. The taxonomy encompasses mature technologies such as WAPS and solar energy; emerging con-
cepts including thermal, wave, Kkinetic, osmotic, and atmospheric energy harvesting; and a range of en-
ergy-storage solutions, including batteries, thermal and mechanical storage, hydrogen, synthetic fuels, and
prospective nuclear-based carriers. Hybrid and integrated systems — combining multiple harvesting mecha-
nisms, hybrid propulsion architectures, and energy-aware route optimization — are identified as the most re-
alistic pathway toward future decarbonized maritime operations.

Overall, the taxonomy and associated analyses highlight that, while wind and solar currently dominate
practical maritime renewable-energy applications, a broad spectrum of emerging technologies may contribute
incrementally to future low-carbon shipping systems. The most promising trajectory lies in the integration of
multiple complementary technologies within hybrid energy and propulsion architectures, rather than reliance
on any single renewable-energy source.

2.2 Solar energy, energy storage and microgrids

Shipboard microgrids are becoming increasingly significant in maritime engineering due to the growing in-
tegration of photovoltaic (PV) systems and battery-energy storage, which enable cleaner and more efficient
onboard power generation. However, these hybrid energy systems introduce additional complexity arising
from variable environmental conditions and highly dynamic load profiles. Advanced modelling, simulation,
and control strategies are therefore essential to ensure reliable, stable, and efficient operation of shipboard
microgrids. Real-time simulation platforms such as Typhoon HIL provide a safe and flexible environment
for testing control algorithms and energy-management strategies under realistic operating conditions prior to
physical implementation. Modern ship systems must manage interactions among distributed generators, pro-
pulsion loads, storage units, and auxiliary systems with sub-microsecond precision, underscoring the need
for robust control architectures and high-fidelity digital-twin environments.

2.3 WAPS technologies: similarities, trends, and identifying “the most suitable solution”

This section presents an overview of the principal WAPS technologies currently under development or in
use. It discusses their technological similarities, emerging trends, and the key considerations involved in
selecting the most appropriate concept for a given vessel. The discussion is supported by case studies from
various projects in which WAPS technologies have been tested at sea and are progressing toward commercial
deployment.

2.4 Benchmark study of ship performance models

Benchmark study of ship-performance models is introduced by the working group to encourage researchers
to systematically compare and evaluate modelling approaches for predicting fossil-fuel savings from renew-
able-energy technologies. Such models should include, among other elements, velocity-prediction programs
tailored to commercial vessels equipped with WAPS, accounting for hydrodynamic behavior under heel and
leeway, interactions among multiple renewable-energy technologies, and the vessel’s overall energy-storage
and energy-management strategy. Several research gaps remain open, including limited transferability of
models across different ship types, routes, sensor configurations, and loading conditions; the need for uncer-
tainty-aware predictions rather than single-point fuel-consumption estimates; and the absence of standardized
validation datasets and transparent model-reporting practices.

2.5 Rules, regulations and human factors

The regulation and implementation of emerging maritime technologies are challenged by the absence of uni-
form global standards. Integrating multiple energy sources into ship systems further increases complexity,
requiring the harmonization of technical solutions, operational procedures, and safety practices. The regula-
tory framework must therefore evolve continuously to keep pace with technological developments—includ-
ing wind-assisted propulsion systems (WAPS) and advanced energy-storage technologies—while balancing
safety, cost-effectiveness, and sustainability.

Human resources and safety considerations remain central to the operation of increasingly complex
ship-energy systems, particularly in the context of accelerating digitalization and the gradual introduction of
autonomous vessels. Despite rapid technological progress, the crew continues to play a decisive role in en-
suring safe and reliable operations. This underscores the need for continuous education and training to prepare
seafarers for working with advanced digital, automated, and hybrid-energy systems. In modern ship opera-
tions, the interaction between humans and technology is becoming more prominent, with the human factor
remaining indispensable for maintaining operational integrity and safety.
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Extended Abstract

Working Group 5 (WG5) of the DeWaTra COST Action focuses on onboard decision support systems (DSS)
for energy-efficient ship operation, which aim to decarbonise the waterborne transportation (Guedes Soares,
2023), Figure 1. The rationale behind this work is that improvements in ship energy performance cannot rely
exclusively on novel technologies (Barreiro et al., 2022; Tadros et al., 2023) or alternative fuels (Wang &
Wright, 2021). Considerable gains can also be achieved through better operational decisions on board,
provided that ship operators are supported by robust digital tools capable of transforming data into timely and
reliable recommendations (Bonvicini et al., 2025). In this context, WG5 addresses onboard DSS as a key
enabling mechanism for translating digitalisation into practical support for more efficient ship operations.
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Figure 1. Infographic of WGS5 activities in the COST project DeWaTra

The work of WG5 has been organised through a report structure that reflects both the breadth of the field and
the main themes emerging from the literature. The report begins by positioning the topic within the broader
context of maritime decarbonisation, the importance of energy efficiency in shipping, and the role of
digitalisation in achieving these goals. It then reviews the scientific landscape through a bibliometric analysis,
clarifies the concept and types of decision support systems, and discusses the main enabling components of
energy-efficiency DSS, including sensors and loT devices, data analytics and machine learning, and user
interfaces and visualisation. This structure is important because it frames onboard DSS not as isolated
software tools, but as integrated socio-technical systems embedded in real shipboard operations.

At the core of the WG5 work is to identify the principal operational functions of energy-efficiency-related
DSS. These include voyage and route optimisation, trim and ballast optimisation, speed and engine load
optimisation, fuel management and emission monitoring, weather routing, decision support for dry docking or
repairs, collision and grounding avoidance, regulatory compliance, energy flow management, and crew—DSS
interaction. Taken together, these topics show that onboard DSS for energy-efficient ship operation is multi-
objective. It involves not only minimising fuel use and emissions, but also balancing schedule constraints,
ship performance, technical condition, navigational safety, human factors, and compliance with evolving
environmental regulations.



A first major thematic cluster within WG5 concerns voyage and operational optimisation. This includes

route planning, weather routing, sea-state-aware navigation, speed and engine load optimisation, and
infrastructure-related scheduling decisions. These functions represent some of the most immediate operational
levers for reducing fuel consumption and greenhouse-gas emissions in existing fleets.
A second thematic cluster relates to ship energy management and technical-operational coordination. Here,
the report addresses trim and ballast optimisation, fuel management and emission monitoring, energy flow
management, and decision support related to maintenance, repairs, or dry docking. These topics underline that
energy-efficiency DSS should not be understood only in navigational terms. They also concern how ship
systems are operated, monitored, and maintained over time, and how ship performance can be assessed
against suitable baselines. This perspective is closely connected to current developments in digital twins,
hybrid physics-based and data-driven modelling, and integrated views of the ship as an energy system. In this
respect, WG5 contributes to broadening the understanding of onboard DSS from voyage support alone to
more comprehensive energy-performance management.

A third important thematic area concerns safety, regulation, and the human role in decision support.
The report explicitly includes collision and grounding avoidance, regulatory compliance, and crew—DSS
interaction among the core functions of energy-efficiency DSS. This is a particularly important contribution
because it makes clear that energy-efficient operation cannot be treated as an isolated optimisation problem.
Recommendations produced by onboard DSS must remain compatible with safe navigation, operator trust,
and the regulatory framework governing emissions, energy-efficiency indicators, and maritime operations. In
practice, this means that future DSS must be designed as human-centred and regulation-aware systems, rather
than purely technical optimisation engines.

The work carried out so far within WG5 also provides an overview of the progress already made in the

field. The report includes a review of existing systems, case studies, and demonstrated benefits, including
examples from industry and applications across different vessel types. This indicates that onboard DSS has
moved beyond a purely conceptual topic and now includes a growing body of applied work. At the same time,
the report also identifies important limitations that continue to slow broader implementation. These include
issues of data quality and sensor reliability, crew training and confidence in the provided information, and
uncertainty related to regulation and interoperability. The value of WGS5 lies precisely in bringing these topics
together and showing where the field is maturing and where it still remains fragmented.
In conclusion, WG5 addresses a strategically important and rapidly evolving subject area within the DeWaTra
COST Action. Its work shows that onboard decision support systems can play a central role in maritime
decarbonisation by linking digitalisation with operational decision-making and measurable improvements in
ship energy efficiency.

REFERENCES

Barreiro, J., Zaragoza, S., Diaz-Casas, V., 2022. Review of ship energy efficiency. Ocean Engineering 257, 111594,
https://doi.org/10.1016/J.OCEANENG.2022.111594

Bonvicini, A., Cangelosi, D., Ingargiola, R., Marchese, A., Previti, G., 2025. Digital Twin Approach for Ship Energy Management.
Progress in Marine Science and Technology 10, 1164-1171. https://doi.org/10.3233/PMST250138

Guedes Soares, C., 2023. Decarbonization of Ship Operations. Journal of Marine Science and Application 22, 659-661.
https://doi.org/10.1007/S11804-023-00384-0/METRICS

Tadros, M., Ventura, M., Guedes Soares, C., 2023. Review of the Decision Support Methods Used in Optimizing Ship Hulls
towards Improving Energy Efficiency. Journal of Marine Science and Engineering 2023, Vol. 11, 11.
https://doi.org/10.3390/JMSE11040835

Wang, Y., Wright, L.A., 2021. A Comparative Review of Alternative Fuels for the Maritime Sector: Economic, Technology, and
Policy Challenges for Clean Energy Implementation. World 2021, Vol. 2, Pages 456-481 2, 456-481.
https://doi.org/10.3390/WORLD2040029









Working Group 1 on Assessment of atmospheric emissions from
shipping



Energy system optimization and emissions pricing - Comparing
alternative generation concepts

M. Molinski, J. Ihrens & T.A. Kern
Hamburg University of Technology, Hamburg, Germany

Extended Abstract

1 INTRODUCTION

Maritime transport is the backbone of global trade, representing a highly efficient mode of transport in terms of
energy per ton-kilometer. However, due to the massive scale of the industry and a projected continuous increase
in shipping volume, it remains a significant contributor to global anthropogenic greenhouse gas (GHG) emis-
sions. In response to the escalating climate crisis, regulatory bodies have introduced increasingly stringent en-
vironmental targets. Most notably, the International Maritime Organization (IMO) has revised its strategy, set-
ting a clear trajectory towards net-zero GHG emissions from international shipping by 2050.

European Union regulations, such as the inclusion of shipping in the EU Emissions Trading System (EU-
ETS), further intensify the pressure on ship operators to reduce their carbon footprint.

A vast array of measures for direct efficiency improvements is available to ship designers and operators,
ranging from alternative carbon-neutral fuels and hybrid-electric propulsion concepts to energy storage imple-
mentation and extensive sector coupling on board [Bouman2017]. While the integration of these technologies
significantly expands the design space and offers immense potential for drastic efficiency gains, it also increases
the complexity of the ship design process dramatically and creates an interconnected architecture where isolated
component optimization is no longer sufficient.

Ships designed today will have to operate efficiently throughout a 40+ year lifespan, necessitating a design
process that effectively navigates the complex, highly interconnected solution space while accounting for future
developments in fuel pricing, emission pricing, and component costs.

While contemporary literature provides rigorous component-level analyses, these often isolate specific tech-
nologies without accounting for the interconnectedness or cost uncertainty. Recent studies evaluating Solid
Oxide Fuel Cell (SOFC) and Internal Combustion Engine (ICE) hybrids demonstrate significant fuel reductions
but highlight that capital cost remains the primary economic barrier [Elkafas2026]. Similarly, investigations
into the life-cycle cost (LCC) and environmental performance of alternative marine fuels—such as methanol
and liquefied natural gas (LNG) compared to conventional fuel oils—emphasize that volatile future fuel prices
and carbon pricing drastically affect architectural viability [He2025].

Furthermore, research explicitly addressing cruise ship environments highlights the necessity of optimizing
both system topology and energy management strategies to handle highly variable load demands effectively,
yet frequently relies on fixed battery storage without considering long-term degradation and capital replacement
costs concurrently with component configuration [Ca02023]. Moreover, while studies have investigated waste
heat recovery (WHR) and hybrid battery/fuel cell plants using long-term economic forecasting to demonstrate
substantial decarbonization potential [Yuksel2025], integrating these models and combining diverse gensets,
multiple fuel cells, variable thermal and electrical storage, and alternative fuels—into a unified decision-making
optimizer remains a critical gap.

Consequently, this paper proposes the use of the MESO [Molinski2024], a holistic framework designed for
the automated optimization of complex ship energy system architectures, to bridge this gap.

2 OPTIMIZATION SETUP

The goal of this study is to investigate the effect of emission taxation, fuel price volatility and component cost
variations on both the process of ship energy system optimization and the resulting optimal configurations.
Optimization is done with MESO, a modular Python platform designed to optimize the architecture, dimen-
sioning, and operation of sector-coupled ship energy systems.

The proposed investigation bases its technical parameters on contemporary studies from literature and use
demand data from measurements on an existing cruise ship with the fundamental assumption of using electric
propulsion. The configuration options include:



e Generators of different size ranges with various fuels (Diesel, HFO, LNG, methanol, ammonia, hydro-
gen), each with different performance parameters - e.g. partial-load efficiency curves, start-up time,
ramping capabilities, waste-heat recovery potential,etc.

e High-temperature fuel cells of different types (SOFC, MCFC, HT-PEMFC) with different fuel options
and performance parameters.

Renewable energy sources, mainly PV, since WASP is not viable without route optimization.
Different types of thermal and electrical energy storage, parameters include e.g. charge/discharge power
and efficiency, capacity ranges, degradation and self-discharge rates, etc.

e Shore power connection for zero-emission port operations, with different power ratings and availability
profiles.

The variation of economic parameters includes a range of fuel price scenarios, emission taxation levels, and
component cost variations, based on projections from literature and market analyses. MESO is used to optimize
the energy system configuration for each scenario, evaluating the resulting configurations based on performance
indicators such as total cost of ownership, fuel consumption, emissions, and system reliability. The effect of
varying the economic parameters on the optimized configurations is then analyzed to identify trends and thresh-
olds where certain technologies or configurations become more favorable. This analysis provides insights into
how future economic conditions could influence ship energy system design and the potential for different tech-
nologies to contribute to decarbonization efforts under varying market conditions (see Figure 1).
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Figure 1: Concept of the proposed study: investigating the effect of emission pricing, fuel price volatility and component cost varia-
tions on ship energy system optimization
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1 INTRODUCTION

Shipping-related air pollution, which accounts for approximately 2—-3% of global greenhouse gas (GHG) emis-
sions depending on the scope and methodology applied, has increasingly become the subject of focused atten-
tion by the international shipping community and regulators. Global emission inventories are needed to quan-
tify, compare, and track emissions from shipping worldwide, support climate and air quality modelling, inform
international policy, and assess the health and environmental impacts of maritime activities.

This paper presents a meta-review of the existing literature reviews on ship emissions, with a primary em-
phasis on global emission inventories, as these are relevant to the discussion on Climate Change.

The rest of the paper is organized as follows. Section 2 directs the reader to the main systematic literature
reviews on ship emission inventories and discusses, in separate subsections, the emission estimates reported by
the International Maritime Organization (IMO) and the Intergovernmental Panel on Climate Change (IPCC).
Section 3 concludes by outlining potential extensions and additional applications of ship emission inventories.

2 GLOBAL EMISSION INVENTORIES AND PROJECTIONS

A substantial body of literature has examined methods for estimating shipping emissions. In this section, we
highlight key review studies that synthesize this literature, with a particular emphasis on global emission inven-
tories. While individual studies are not discussed in detail here, it is worth noting that global ship emission
inventories were reported as early as 1997. Corbett and Fischbeck (1997) presented global estimates of NOx
and SOx emissions (excluding COz), reflecting their relevance to air quality and the fact that these pollutants
were already central to discussions at the IMO. Most early studies (e.g., Corbett and Fischbeck, 1997) primarily
employed top-down approaches, relying largely on international marine fuel consumption statistics published
by the U.S. Energy Information Administration (EIA). The relevant studies have examined in various review
studies; the interested reader is referred to the below for more details. Miola and Ciuffo (2011) provided a
comprehensive meta-analysis of both top-down and bottom-up modelling approaches and the data sources used
in early shipping emission studies. Their analysis highlighted the uncertainties associated with different meth-
odologies and attributed these uncertainties to variations in input data quality and availability. Most recently,
Yan et al. (2025) presented an extensive review of 78 academic studies published between 2009 and 2024, with
a particular focus on inventories using AlS data as the primary data source.

3 GLIMPSE INTO THE FUTURE OF GLOBAL EMISSION INVENTORIES

The review studies discussed in Section 2.1 highlight several persistent challenges in ship emission modeling.
Many of these challenges are expected to be progressively addressed through improvements in modeling tech-
nigques, and, critically, the systematic validation and calibration of emission models using real-world datasets
such as those provided by the EU MRV and the IMO Data Collection System (DCS).

The Terms of Reference for upcoming IMO studies (see Section 2.3) further identify key priorities for future
work. A central requirement is the comprehensive calculation of all relevant greenhouse gas (GHG) emissions
from shipping, but also other pollutants. In this context, the increasing uptake of alternative fuels such as am-
monia, methanol, and hydrogen necessitates explicit consideration of associated non-CO: emissions and fuel-



specific slips, including methane (CHa) and nitrous oxide (N20). In addition, hydrogen fuel use may be associ-
ated with hydrogen slip; while hydrogen itself is not a greenhouse gas, it exerts an indirect warming effect
through atmospheric chemical interactions.At the same time, ship emission inventories have long quantified
emissions of sulphur oxides (SOx) and nitrogen oxides (NOy), which, although not greenhouse gases, have well-
established impacts on the climate system. This climate interaction has been widely discussed in the literature
(e.g. Sofiev et al., 2018; Kontovas, 2020). Against this background, we recommend that future ship emission
inventories aim to quantify as broad a range of relevant emissions as possible, including both greenhouse and
non-greenhouse species. This should include the calculation of well-to-wake emissions, as increasingly empha-
sized in policy discussions, as well as an assessment of the total climate impacts of different emission species.

3.1 Future Elements: Beyond emissions

One might argue that, as increasingly accurate operational data become available, the need for emission inven-
tories will diminish. For example, the IMO DCS provides reported fuel consumption data (note here: reported
and not real) that, in principle, could be used directly to estimate emissions without relying on modeling. While
such datasets represent a major improvement over earlier assumptions-based approaches, this view overlooks
several fundamental reasons why ship emission inventories (and ship activity models more broadly) remain
essential.

First, emission inventories are indispensable for future-oriented analysis. Reported data describe historical or
current conditions, whereas inventories embedded within activity-based models allow emissions to be projected
under alternative future scenarios. These models are built on transparent assumptions that can be systematically
adjusted to assess the effects of changing market conditions, fleet evolution, fuel/energy pathways, operational
measures (such as speed optimization and WASP), and policy interventions. Examples include the evaluation
of regional measures such as the EU Emissions Trading System (EU ETS), fuel carbon intensity standards
(FuelEU or IMO GHG Fuel Intensity), and other market-based measures (i.e. regional or global “taxes”). With-
out emission inventories, it would not be possible to consistently explore counterfactual scenarios or assess the
long-term impacts of prospective regulations.

Second, emission inventories enable detailed spatiotemporal characterization of shipping emissions, which
cannot be derived directly from aggregated reporting systems such as the IMO DCS. Ship activity models are
required to allocate emissions geographically and temporally—at the level of coastal zones, ports, or sensitive
regions such as the Arctic. They also allow emissions to be differentiated by voyage type such as international
versus domestic shipping. This spatial and temporal resolution is, more importantly, essential for air quality
modeling, as dispersion and chemical transport models require geographically resolved emission inputs to sim-
ulate pollutant concentrations accurately.

Furthermore, equity and distributional analysis and integrated assessment modeling also rely critically on
ship emission inventories. Spatially resolved inventories make it possible to assess how the environmental and
health impacts of shipping emissions are distributed across countries, regions, and population groups, including
coastal and port communities, developing countries or Small Island Developing States (SIDS), that may expe-
rience disproportionate consequences despite limited economic benefits from maritime transport. In addition,
ship emission inventories provide essential inputs to integrated assessment models (IAMSs), where they are used
to represent the maritime sector within economy—energy—climate systems. In this context, inventories support
the evaluation of long-term decarbonization pathways, interactions between shipping and other sectors, and the
economy-wide implications of alternative climate and air pollution policies.
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Shipyards are facing legislation from many different directions. IMO and the EU are pushing for GHG reductions
in ships. Within the EU, Corporate Sustainabily Reporting Directive (CSRD) (EU, Corporate sustainability
reporting, 2025) is forcing companies and their suppliers to disclose their broader Environmental, Social and
Governance (ESG) impacts. While the Digital Product Passport (DPP) (EU, Digital Product Passport, 2025) is
providing insights in impacts of the production of products (steel and batteries for now). Finally, the Circular
Economy Action Plan (CEAP) (EU, Circular economy action plan, 2025) acts as a driver for circularity and the
Critical Raw Material Act (EU, Critical Raw Material Act, 2025) forces outside suppliers to provide the same
information and pay taxes on them.

While dealing with all this can be daunting for shipyards, CirclesofLife proposes a set of three measurements
that use and could serve as input to all of these legislations. A Ship Circular Material Passport (SCMP) to capture
the materials and their history, a Ship Lifecycle Passport (SLP) capturing impacts from materials and processes
linked to the vessel and a Shipyard Environmental Process Indicator (SEPI) to capture the impact of shipyard
processes, both absolute and relevant to each other.

The Ship Circular Materials Passport (SCMP) is a Passport on the individual materials, parts, and components
of the Bill of Materials of a ship (BOM) (used in the maritime value chain). These passports are related or like the
Environmental Product Declaration (EPD + ISO 14025) and Product Circularity Data Sheet (PCDC - ISO 59040)
and are used to trace circularity and environmental impact of individual parts, materials, and components. For
sustainability score, for example, the SCMP helps to compare and select suppliers with the lowest environmental
impact and work as a mechanism to drive the supply chain to develop materials and components with the lowest
impact. The SCMP also discloses what the circular performance of the material or component is, stating what
materials are incorporated and how they can be recovered (including location) or re-used at the end of life and thus
bridging that information gap while also optimizing circularity.

The Ship Lifecycle Passport (SLP) is to cover more than just a report of used materials and in how far they are
sourced in a circular manner. The goal of the passport is to cover the environmental performance of the ship
throughout its lifecycle wherein the concept of circularity brings a significant potential reduction of environmental
and societal costs. A key challenge is to balance the non-operational impact related to the material application and
reusability against the operational benefits of having a lighter and thus more energy efficient ship; this can only be
properly answered by taking into account the full lifecycle of the ship and its materials (re-)use. Furthermore, it
should support decision-making about yard and supplier selection and yard processes both for newbuilding as well
as life-cycle support, extension, or termination. The SLP will also serve as a statement of the residual value of the
ship throughout its lifecycle, including the Inventory of Hazardous Materials (IHM). In this way, the SLP supports
decision-making during the design, production, and operation & maintenance of the ship but it also helps to identify
retrofit and lifetime extension possibilities, i.e. the increase of residual value, or decisions regarding
decommissioning, monetising on residual value and transparency on the vessel content. The connection between
these different life cycle phases including the true value and costs (incorporating economic, environmental, and
social costs) and the connection to external regulatory requirements are unique in the SLP.

The goal of the SEPI to supply input for reporting towards (upcoming) legislation (e.g. CSRD) and most
importantly to provide insight into impacts and impact hotspots to the shipyard itself. As a result, SEPI currently
focuses on the Environmental topics of ESRS (E’s). However, this does not mean that the other ESG categories are
out of focus. The core rationale behind ESRS standards is that social and environmental impacts cannot be



considered separately. Even when a standard primarily addresses environmental issues, it must do so
while considering the social externalities resulting from environmental decisions. The SEPI includes a generic yard
model for mapping of emissions and a maturity level to indicate the detail of measurements. A low maturity means
data is collected at yard level, while the highest maturity measures data a tool level and aggregates this into yard
level impacts.
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Figure 1: Relation between SEPI, SLP and SCMP

As shown in Figure 1, the three components do not operate independently as material and process impacts combined
form the life cycle impact. Also this approach should be considered for upstream suppliers as well. The emissions
linked to the materials bought, are the result of the materials and processes applied to these materials. So although
focussed on ships, the model could be cascaded up the supply chain as well. However, without one element, the
other elements will also not function, showing the precarious balance between these three elements and the need
to incorporate all in legislation and not only one or two.
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Maritime transport remains a fundamental pillar of the global economy, accounting for more than 80% of in-
ternational trade and facilitating the movement of energy, food, manufactured goods, and critical raw materials.
At the same time, the sector is undergoing a multifaceted transition, where decarbonisation pressures, freight-
rate volatility, geopolitical rerouting, climate-related disruptions, and increasing digital and cyber risks do not
evolve independently but interact (sometimes reinforcing each other in ways that are not always predictable).

A clear regulatory direction is provided by FuelEU Maritime, which mandates progressively lower lifecycle
greenhouse gas intensity for energy used onboard ships above 5,000 GT calling at EU ports, starting with a 2%
reduction in 2025 and reaching 80% by 2050. It also introduces zero-emission requirements at berth for con-
tainerships and passenger ships from 2030 in AFIR-designated ports. In parallel, the EU Industrial Maritime
Strategy (European Commission, 2026), together with the evolving IMO Net-Zero Framework, reinforces the
need to consider competitiveness, sustainability, and resilience not as separate policy tracks, but as intercon-
nected objectives (European Union, 2023; International Maritime Organization, 2026).

The argument developed in this paper is that the perceived tension among these objectives is, to a consider-
able extent, the result of a rather narrow interpretation of competitiveness; one that focuses primarily on short-
term cost minimisation. If, instead, competitiveness is understood more dynamically, as the ability to deliver
reliable, compliant, low-emission and disruption-tolerant transport at an acceptable total system cost, then sus-
tainability and resilience begin to appear less as constraints and more as enabling factors.

A central limitation in much of the existing literature (and, arguably, in parts of the policy discourse) is the
fragmented treatment of fuel transition, digital transformation, industrial capability, and resilience. In practice,
maritime decision-making brings these elements together through cost structures, regulatory exposure, fleet
renewal cycles, infrastructure constraints, interoperability, and safety considerations. Yet, many quantitative
analyses still assess fuels or technologies in isolation, often under a single baseline scenario, which inevitably
simplifies the decision space.

To address this gap, the paper introduces two main contributions. First, it evaluates integrated transition
pathways rather than isolated technologies or fuels. Second, it assesses these pathways across multiple scenar-
i0s, explicitly incorporating uncertainty and disruption effects. The analysis therefore moves away from the
question of “which fuel is best” in isolation and instead considers which transition pathways remain robust
when cost, lifecycle emissions, and resilience are examined jointly.

The proposed methodology combines assessment, scenario analysis, and prioritization, treating the transition
pathway as the primary unit of analysis. Each pathway is defined as a portfolio that includes fuel selection,
technical retrofits, operational measures, port-interface solutions, and digital capabilities. An indicator system
is developed across three pillars. Competitiveness is captured through generalized transport cost, schedule reli-
ability, asset utilisation, and regulatory cost dependence. Sustainability is measured through well-to-wake
greenhouse gas intensity, lifecycle emissions per transport work, the share of low- or zero-emission energy, and
compliance with at-berth requirements. Resilience, somewhat more difficult to quantify in a consistent way, is
evaluated using normalized route diversity, fuel supply diversity, chokepoint exposure, recovery time, and per-
formance degradation under disruption.

Each pathway is stress-tested under six scenarios: baseline transition, policy acceleration, EU-IMO policy
fragmentation, geopolitical disruption, climate stress, and technology acceleration. Indicators are normalized
against fixed benchmark bounds and aggregated through a hybrid weighting approach combining expert judge-
ment with entropy-based weighting. This allows the calculation of pillar-specific scores and, ultimately, an
overall trilemma of performance index. Robust prioritization is then carried out using scenario-weighted mean
performance and downside semi-deviation, enabling a distinction between no-regret, conditional, and longer-
term strategic measures. The methodology is illustrated through an application to EU-related container shipping



above 5,000 GT, within a normalized multi-criteria framework that combines data-driven and expert-informed
weights.

Building on the work of Mallouppas & Yfantis (2021), which reviews a broad set of technological and op-
erational decarbonisation pathways (including alternative fuels, fuel cells, wind assistance, and efficiency
measures such as slow steaming and hull optimisation) three analytical propositions are advanced. First, effi-
ciency-first decarbonisation appears to be the most robust, no-regret strategy. Measures such as weather routing,
just-in-time arrival, propulsion improvements, and voyage optimisation can reduce fuel consumption, emis-
sions, and exposure to fuel price volatility simultaneously, although their effectiveness may vary depending on
operational context. Second, fuel pluralism seems more defensible than reliance on a single dominant fuel. No
alternative fuel is universally optimal across vessel types, routes, and infrastructure conditions, which supports
a more technology-neutral and lifecycle-based approach. Lifecycle evidence suggests strong potential for fuels
such as green hydrogen, waste-derived biodiesel, and bio-methanol, whereas ammonia and e-methanol remain
sensitive to upstream production pathways and emission assumptions (Tomos et al., 2024). Third, fuel transition
alone is unlikely to be sufficient. Effective decarbonisation requires parallel investments—mnot only in retrofits
and fleet renewal, but also in port electrification, fuel supply chains, cybersecurity, maintenance capacity, and
workforce development. Some of these elements tend to receive less attention, yet they can become critical
bottlenecks.

Resilience must therefore be treated as an economic variable rather than a secondary consideration or an
external insurance premium. Recent evidence indicates that maritime trade growth has slowed, voyage distances
have increased due to rerouting, and greenhouse gas emissions rose in 2024 as disruptions persisted (UNCTAD,
2025). Application of the proposed framework suggests that the most robust transition pathways are those that
combine efficiency-oriented operations, selective retrofits, digital optimisation, and gradual fuel flexibility.
Such portfolios tend to perform more consistently across scenarios by reducing costs, lowering emissions, and
limiting exposure to fuel price volatility, chokepoint disruption, and regulatory uncertainty. By contrast, strat-
egies centred primarily on single-fuel substitution—especially when not accompanied by corresponding invest-
ments in infrastructure, port readiness, and institutional support—appear more sensitive to fragmentation and
implementation risks. Preliminary results indicate that integrated pathways can reduce lifecycle greenhouse gas
emissions by approximately 25-40%, while maintaining generalized transport costs within a £10% range under
most scenarios, although this remains dependent on several assumptions.

The contribution of this paper is both analytical and practical. From a scientific perspective, it translates the
competitiveness—sustainability—resilience nexus into a measurable decision framework suitable for comparative
scenario analysis and robust prioritization. From a policy and industry standpoint, it outlines a structured hier-
archy of actions, ranging from no-regret measures—such as efficiency improvements, digital optimisation, cy-
bersecurity, and skills development—to conditional and longer-term strategic investments, including fuel path-
ways, port electrification, green corridors, and resilient bunkering networks. The central conclusion is that the
maritime sector should not approach competitiveness, sustainability, and resilience as inherently conflicting
objectives. Rather, competitiveness needs to be redefined through lifecycle efficiency, regulatory readiness, and
operational continuity under uncertainty. The fleets and logistics systems most likely to lead in the coming
decades will be those that integrate efficiency, fuel flexibility, digital capability, and resilience—not perfectly,
but deliberately—into their design and operation.
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1. INTRODUCTION

Within the framework of DeWaTra — Decarbonization of Water Transportation, the transition toward low-
carbon maritime systems requires robust and harmonized methodologies capable of quantifying emissions at
both global and local scales. Although maritime transport is widely recognized as one of the most energy-
efficient modes of freight movement, it remains a relevant source of greenhouse gases and air pollutants, par-
ticularly in coastal and port environments where shipping activities take place in close proximity to urban pop-
ulations. While international decarbonization strategies mainly focus on reducing greenhouse gas emissions at
fleet level, port—city interfaces represent critical hotspots in which maritime traffic generates localized environ-
mental pressures with direct implications for air quality, human exposure, and urban sustainability (Corbett et
al. 1977; Eyring et al. 2010; Viana et al. 2010). In this context, reliable emission inventories are essential not
only for improving the understanding of shipping-related impacts but also for supporting the design, compari-
son, and evaluation of mitigation measures. In this perspective, the Working Group “Assessment of atmospheric
emissions from ships” promotes the development of standardized bottom-up approaches to support comparable
inventories, mitigation assessment, and evidence-based decision-making. Such approaches are particularly val-
uable because they allow emissions to be estimated from vessel activity, technical characteristics, and opera-
tional patterns, thereby offering a transparent and transferable framework for port-level analyses. By linking
methodological consistency to site-specific applications, this line of work helps bridge the gap between broad
decarbonization objectives and the practical needs of ports, local authorities, and policymakers managing com-
plex urban-maritime environments. The present study contributes to these objectives by developing a detailed
emission inventory for cruise ship operations at Istanbul Galataport during the 2024 cruise season. In port—city
interfaces, where terminals are located close to residential and commercial districts, localized emission inven-
tories become essential to support mitigation planning and policy decisions.

1.1 Contextual Framework

In this context, cruise shipping represents a particularly energy-intensive segment of maritime transport (IPCC
2021). In addition to propulsion requirements, cruise vessels demand substantial auxiliary power to sustain
onboard hotel services such as air conditioning, catering, lighting, water supply, entertainment systems, and
other passenger-related functions. Unlike other ship types, these energy demands remain significant even when
vessels are berthed, as onboard services must continue throughout the port stay. As a result, the hotelling phase
often becomes one of the main contributors to total emissions in port areas, especially in the case of large cruise
ships characterized by high passenger capacity and prolonged berthing times. This makes cruise activity par-
ticularly relevant from both an environmental and an urban management perspective. Given the location of
Galataport in close proximity to densely populated residential and commercial districts, the accurate quantifi-
cation of cruise-related emissions is essential for assessing potential impacts on local air quality and for sup-
porting effective decarbonization and mitigation planning. Situated in Istanbul, Ttrkiye overlooks the Sea of
Marmara and occupies a strategic position within the Turkish Straits system, which connects the Black Sea to
the Mediterranean and represents one of the most intensively used maritime corridors in the region (Mocerino
etal. 2026). This location has long supported the city’s role as a major crossroads of trade, mobility, and tourism
between Europe and Asia, while also concentrating intense maritime activity in close proximity to densely
populated urban areas. Within this geographical and economic framework, Galataport has emerged as a key
cruise port and waterfront redevelopment project, combining maritime functions with commercial, cultural, and



public-space uses. Opened as part of a broader urban regeneration process, the project has transformed a histo-
rically significant port area into a contemporary hub for cruise operations and urban activities. As such, it has
further strengthened Istanbul’s role in regional maritime connectivity and tourism development, while also in-
creasing the relevance of assessing cruise-related emissions in a complex port—city interface.

2. METHODS AND PRELIMINARY RESULTS

A bottom-up methodology was adopted to ensure transparency, reproducibility, and alignment with DeWaTra
objectives. Vessel-specific technical data, including installed main and auxiliary engine power, engine category,
and construction year, were integrated with detailed port call records reporting arrival and departure times.
Emissions were calculated for manoeuvring and hotelling phases using phase-specific load factors applied to
installed power, combined with pollutant-dependent emission factors derived from internationally recognized
sources. The analysis focused on carbon dioxide (CO:), nitrogen oxides (NOy), sulfur oxides (SOy), and partic-
ulate matter (PM), with fuel sulfur content assumptions consistent with the applicable regulatory framework
during the 2024 season. The inventory covers 164 cruise calls performed by 53 different vessels during the
2024 cruise season. Preliminary results indicate that the hotelling phase constitutes the dominant share of total
port-related emissions. In particular, more than 90% of total CO- emissions were generated during at-berth
operations, confirming the importance of prolonged berthing times and sustained auxiliary engine demand.
Total annual emissions were estimated at approximately 31,360 t of CO2, 370 t of NO,, 350 t of SOy, and 44 t
of PM. Although manoeuvring involves higher propulsion loads, its shorter duration limits its overall contribu-
tion to total emissions. Conversely, prolonged berthing times coupled with sustained auxiliary engine operation
generate significant cumulative emissions, particularly for NOy, SOy, and PM. Carbon dioxide emissions were
found to correlate strongly with installed auxiliary power and duration of stay, highlighting the influence of
vessel size and onboard energy demand. Larger cruise vessels exhibited disproportionately higher per-call emis-
sions, emphasizing the importance of fleet composition in shaping seasonal emission profiles. From a decar-
bonization perspective, these findings confirm that strategies focusing exclusively on propulsion efficiency are
insufficient to substantially reduce emissions in urban port contexts. The dominance of hotelling emissions
highlights the critical importance of port-based energy management strategies. Interventions targeting auxiliary
energy supply during berthing—such as shore-side electricity, alternative fuels, hybridization of onboard sys-
tems, and improved auxiliary engine efficiency—emerge as potentially high-impact mitigation measures. In
urban cruise ports embedded within densely populated metropolitan areas, emission reduction is not only an
environmental priority but also a relevant public health objective. By providing a detailed and transferable
methodological framework, this case study supports the objectives of DeWaTra in bridging the gap between
high-level decarbonization targets and site-specific implementation strategies. The results highlight the rele-
vance of localized emission inventories in guiding port authorities and policymakers toward effective mitigation
actions within complex urban maritime environments. Future research should expand the analysis through emis-
sion intensity indicators, such as emissions per ship call, per gross tonnage, or per passenger, and through sce-
nario-based evaluation of mitigation options. Overall, the findings provide a technical basis for evidence-based
policymaking and more sustainable cruise port management in Tirkiye and in comparable Mediterranean port
contexts.
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Reliable baseline emissions are essential for decarbonising waterborne transportation. In many national con-
texts, however, the key bottleneck is not the emission equation itself, but whether available AIS data are suffi-
ciently reliable for reconstructing vessel activity in port-anchorage environments, where signal gaps, low-speed
stop-and-go movements, and ambiguous transitions between berthing and anchoring are especially challenging
(Johansson et al. 2017; Yi et al. 2025). This study therefore asks a prior methodological question: under what
data-quality conditions can AIS support stable and interpretable emission inventory modelling in port-anchor-
age areas, and which uncertainty sources most strongly affect the resulting estimates? Focusing on pilot-port
applications in Vietnam and the Philippines, the study develops a feasibility-first, AlS-driven inventory module
for operational-mode identification (at sea, manoeuvring, at berth, anchorage) and tank-to-wake (TTW) CO>
estimation. The aim is not only to generate pilot estimates, but also to establish a transparent and transferable
framework for judging whether AIS is fit for purpose in data-constrained inventory settings (Grigoriadis et al.
2026).

AIS messages are first cleaned and assembled into vessel trajectories, and then linked to basic vessel attrib-
utes, including ship type, size class, and IMO number where available. This supports vessel grouping and proxy
assignment for missing technical parameters. Operational modes are identified using a combined rule set based
on speed thresholds, proximity to port and anchorage polygons, stop-event detection, and temporal consistency
checks. This procedure enables the derivation of mode-resolved time and activity metrics at both vessel and
port scales (Johansson et al. 2017; Yi et al. 2025). TTW CO2 emissions are then estimated using an activity-
based, power-driven formulation combining engine power, load factors, time in mode, and fuel-specific CO>
emission factors. Missing technical parameters are addressed through transparent proxy rules, and their influ-
ence is propagated into uncertainty ranges in line with recent methodological recommendations for improving
inventory robustness (Grigoriadis et al. 2026).

The study adopts a staged pilot design around one or two representative ports or anchorages. Its central
methodological contribution is to operationalise AlS fitness through a set of diagnostic indicators and threshold-
based checks, including message-interval distributions, spatial coverage differences between offshore and port
waters, missingness rates, trajectory-break frequency, and the temporal stability of berth and anchorage detec-
tion. Sensitivity tests are further used to evaluate how mode shares and CO. estimates respond to key classifi-
cation thresholds and proxy assumptions, thereby identifying dominant error pathways and minimum data re-
quirements for stable modelling. Where available, port-call records, throughput indicators, or fuel statistics are
used as independent plausibility checks to assess whether estimated activity and emissions remain within a
reasonable range.

Expected outputs include: (i) a practical AIS feasibility checklist for port-anchorage emission inventory
applications; (ii) threshold-based guidance on when AlS-derived modelling is reliable, conditionally usable, or
unsuitable; (iii) mode-resolved TTW CO- estimates for pilot areas; and (iv) a transparent set of assumptions,
sensitivity ranges, and uncertainty bounds that can inform later scaling to a full-year national baseline. In this
way, the study contributes to the DEWATRA topic “Assessment of atmospheric emissions from shipping” by
shifting attention from inventory construction alone to the more fundamental question of whether the underlying
AIS data are sufficient to support it in data-constrained national contexts. As a later extension, the module may
be expanded from a TTW baseline to a well-to-wake perspective when upstream fuel-cycle impacts become
relevant (Kramel et al. 2021; Liu et al. 2016).
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Port areas are strategic hubs but at the same time critical from an environmental point of view, as they are
heavily affected by greenhouse gas emissions and air pollutants associated with maritime transport. The
operational activities of ships in ports — including docking and undocking manoeuvres, the operation of
auxiliary engines and the use of on-board generators while berthed — contribute significantly to local
concentrations of carbon dioxide (CO.), nitrogen oxides (NOy), sulphur oxides (SOy) and particulate matter
(PM). These emissions have a direct impact on air quality and the health of people living and working in port
areas, making them one of the main environmental challenges facing the maritime sector. Consequently,
reducing the emissions impact of ports is a key lever for achieving the decarbonisation and environmental
sustainability goals promoted at international and local level.

In this context, the International Maritime Organisation (IMO) GHG Strategy, updated in 2023, marked a
significant acceleration in the transition to low-carbon maritime transport. The strategy sets the goal of
achieving net-zero emissions by or around 2050, with ambitious interim targets, including a reduction in the
carbon intensity of maritime transport of at least 40% by 2030 compared to baseline levels [Govindan et al.,
2024; Alamoush et al., 2022]. These targets imply not only the adoption of alternative fuels and more efficient
propulsion technologies, but also a rethinking of port infrastructure and the operating modes of ships in port.
At European level, the “Fit for 55 legislative package represents the most advanced regulatory framework for
climate and emissions reduction policies. A key element of this package is the extension of the European
Emissions Trading System (EU ETS) to the maritime sector. From 2024 onwards, shipping companies will be
required to internalise the environmental costs associated with their CO. emissions, with a progressive
obligation that will lead to 100% coverage of verified emissions by 2026 [Regulation (EU) 2023/1804;
Regulation (EU) 2023/1805]. The inclusion of maritime transport in the ETS sends a strong economic signal
aimed at encouraging energy efficiency, technological innovation and the use of lower-carbon solutions.

At the same time, the FuelEU Maritime Regulation and the Alternative Fuels Infrastructure Regulation
(AFIR) are promoting a profound technological renewal of port infrastructure. These regulatory instruments
provide for a progressive reduction in the greenhouse gas intensity of the energy used on board ships and require
the main ports belonging to the TEN-T network to provide shore-side electricity (cold ironing) to passenger
ships and container ships by 2030 [Xiao et al., 2024; Peddi et al., 2024]. The adoption of cold ironing allows
on-board engines to be switched off while moored, drastically reducing local emissions and contributing to
improved air quality in port areas, with significant environmental and health benefits.

This study therefore focuses on analysing ship emissions while in port, with the aim of quantifying their
impact and identifying effective strategies for reducing them. Emissions are estimated using available data on
the technical characteristics of ships, such as gross tonnage and engine power, and on port operations, including
arrival and departure times and length of stay. The estimate is based on empirical models and considers general
variables, such as the level of ship utilisation and average emission factors for different pollutants.

The data used comes from case study analysis, on-site surveys and public databases, such as the Automatic
Identification System (AIS), as well as international studies.

The results indicate that emissions from ships in port contribute significantly to the overall pollution load
in urban port areas, with significant peaks during loading and unloading operations. Among the possible
solutions for reducing emissions in port, the project evaluates in particular the possibility of using shore-side



electricity (cold ironing), whereby ships switch off their auxiliary engines while moored and connect to low-
emission port electricity networks.

This solution is applied to the case study of the container terminal at the port of Augusta, located in the
province of Syracuse, in eastern Sicily. The port of Augusta is included in the TEN-T “Core” Network as a
Strategic Port of the European Union, thanks to its central location along international traffic routes. In 2024, it
handled 22,996,066 tonnes of goods, while in 2025 it recorded strong growth in traffic, particularly in the
container sector, with an increase of +21.6% in the first four months. This growth is supported by the transfer
of container traffic from Catania to Augusta, consolidating the port as a strategic hub in the Mediterranean and
confirming its key role in the port system of eastern Sicily. This growth is supported by the transfer of container
traffic from Catania to Augusta, consolidating the port as a strategic hub in the Mediterranean and confirming
its key role in the port system of eastern Sicily, which handled a total of over 43 million tonnes of goods in
2025. Work is currently underway to expand the container terminal and electrify the quays, with the aim of
bringing the port up to international standards and significantly reducing its local environmental impact.

The approach adopted provides concrete guidance for decision-makers, port managers and shipping
operators, highlighting how targeted technological interventions and sustainable energy infrastructure can
significantly reduce emissions from ships in port. The study also emphasises the importance of an integrated
approach that simultaneously considers technical, managerial and regulatory aspects, promoting the definition
of guidelines and policies for more sustainable and environmentally responsible port management.

In conclusion, ship emissions in port are a critical element in the decarbonisation of the maritime sector.
Understanding the factors that influence these emissions, combined with the adoption of clean technologies and
sustainable operating practices, such as cold ironing applied to the Augusta container terminal, can contribute
significantly to reducing the overall environmental impact of maritime transport, improving air quality in port
areas and promoting public health.
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Extended Abstract

1 INTRODUCTION

Maritime transport is the primary mode for global freight, making ports crucial hubs for economic activity.
However, port operations generate significant environmental impacts, especially in terms of air pollution and
CO: emissions (Ksigzkiewicz 2020). Growing awareness of these impacts has led to stringent international
regulations, such as those established by the International Maritime Organisation (IMO) and the European Un-
ion (Bach & Hansen 2023), which promote strategies such as the use of alternative fuels and dock electrification
(cold ironing) (Canepa et al. 2023, Panagou 2024). In this context, quantifying, evaluating, and estimating
emissions is essential to understanding and reducing the port-related environmental footprint. This paper pre-
sents an integrative literature review and comparative analysis of methodological approaches for assessing the
environmental footprint of port activities, focusing on advanced techniques, models, and sensors used to meas-
ure and estimate pollutants such as CO2, NOx, SOx, and particulate matter (PM).

2 METHODOLOGICAL APPROACH

The study adopts an integrative review methodology, allowing for the analysis of a wide range of models,
comparing operational data with predictive and monitoring tools. The selection process was guided by a specific
objective: to identify studies analysing the environmental impact of port activities through various methodolo-
gies, searching the literature using the keywords ‘shipping’, ‘environmental’ and ‘ports’, and selecting studies
that employ empirical research, theoretical models and technical reports. The integrative review adopted in this
study is notable for its ability to collate and analyse approaches and models for estimating and assessing emis-
sions in ports. The review categorises the research into four main pillars based on the applied methodology:
e Bottom-up data analysis: this method relies on the collection of detailed operational data to obtain accurate
emission estimates.
e Regression models: these allow the study of the relationship between port activities and air pollutant con-
centrations; are particularly effective in identifying correlations and trends over time.
e Emission inventories: these constitute a fundamental methodology for the overall estimation of emissions
produced in port areas. it is based on the collection of aggregated data.
e Sensor monitoring: this method uses sensor networks for the direct measurement of air pollutant concentra-
tions in real time.
The selected studies are categorised according to the methodology used, examining how the choice of model
and input data influences the results and subsequent applications in environmental policy.



3 ANALYSIS OF MAIN AIR POLLUTANTS

The review identifies key environmental parameters generated by ship engines, cargo handling equipment, and
land traffic, such as CO., that are the primary greenhouse gas emitted by ships and handling equipment; NOX,
that generated during high-temperature combustion in engines, contributing to smog and acid rain; Sox, related
to the sulphur content in fuels; its emissions are strictly regulated in port areas, and PM, which have significant
effects on public health and local ecosystems.

Accurate data classification is essential for precise analysis of port emissions. Key indicators include vessel
movements (routes, speed, and dwell times), technical characteristics (size, power, and fuel type), and fuel
consumption during various operational phases. These are supplemented by data on emissions, the use of port
equipment, and land traffic flows linked to the port. Finally, air quality analyses and meteorological data enable
estimates to be verified and interpreted correctly. These indicators are essential for supporting the most effective
methodologies for quantifying the environmental impact of ports.

4 DISCUSSIONS

The choice of methodology involves a trade-off between accuracy, resource availability, and the scope of the
analysis. The main features of these methodologies are summarised and compared in Table 1.

Table 1. Comparative analysis of advantages and disadvantages of the main methodologies for port emission quantification, evalua-
tion, and estimation.

Methodology Advantages Limits
High accuracy; identifies targeted interventions  Requires highly detailed data (AIS/VTS) and significant
Bottom-up approach . . .
such as dock electrification technical expertise.
Regression models Isolates port |mpact from other urban sources; Depengent on hligh-quallty air quality data; provides less
adaptable to various contexts. operational detail.

oL . Provides a macro-scale view; useful for external ~Less accurate at the local level; relies on standardised fac-
Emission inventories

cost assessment and policy-making. tors that may miss specific conditions.
Sensor monitorin Real-time, granular data; allows for quick detec- Requires continuous maintenance and calibration; needs
g tion of concentration changes. dispersion models for a complete picture.

The study offers clear comparisons of the strengths and limitations of each approach and highlights key research
gaps, especially the need to better integrate different methodologies and develop hybrid assessment frame-
works. The findings can help practitioners and policymakers choose more suitable methods for environmental
management in ports.

5 CONCLUSIONS

The integrative review concludes there is no single ideal methodology: effectiveness lies in a flexible approach
that integrates analytical estimates, historical data and real-time monitoring, tailored to the specific character-
istics of each port. In this regard, collaboration and the exchange of methodologies between ports are crucial
for addressing the shortcomings of individual models and optimising overall mitigation strategies. Future re-
search should emphasise adapting these tools to different port contexts, ensuring that implementation decisions
for sustainability (e.g., cold ironing, alternative fuels) are based on solid and reliable port data.
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Extended Abstract

The growing urgency of climate change has led to the introduction of strict regulations aimed at reducing
greenhouse gas (GHG) emissions across all industries. The maritime industry, responsible for approximately
3% of global emissions and 13.5% of transport emissions within the European Union (EU), is under increasing
pressure to enhance its environmental performance. This sector must comply with decarbonization strategies
set by the International Maritime Organisation (IMO) and the EU, which impose both technical and operational
requirements. Currently, the FuelEU Maritime Regulation targets to lower the GHG intensity of energy used
aboard ships over 5,000 GT, requiring for both EU and non-EU flagged vessels calling at European ports a
reduction from 6% by 2030 to 80% by 2050.

In response to these targets, the maritime industry is pursuing the development of alternative fuels,
innovative technologies, and updated technical standards to ensure compliance and safety. Achieving these
goals necessitates a comprehensive design strategy; however, progress has been hindered by technological
neutrality and uncertainty regarding the best investment choices. Temporary gaps in technical regulations
further complicate the sector’s transition towards greener operations.

A central aspect of the maritime industry’s transition involves evaluating the feasibility of Energy Efficiency
Technologies (EETs) across various ship types and operational contexts (DNV, 2025). This study reviews a
wide range of promising EETs for six representative vessel categories: bulk carrier, tanker, containership, LPG
carrier, Ro-Pax and general cargo vessels considering applications for both new builds and retrofits. The
technologies assessed include sustainable low-emission fuel power systems, electrification solutions, carbon-
capture systems, advanced propeller-hull energy saving systems, hydrodynamic improvements, wind-assisted
propulsion, and operational measures.

In this work, a screening methodology for proposing EETs-vessel type combinations is presented, developed
through a technical workshop conducted by academia, engineering and design experts. The technologies are
evaluated in terms of technical feasibility, readiness level, relevance and alignment with vessel-type constraints,
operational profile and age. The technologies were categorised as viable, potential, or non-feasible. To address
the multivariate attributes of each energy system, different screening criteria were considered. HVAC system
upgrades were allocated to passenger ships which exhibit extensive cooling requirements. Shaft generator
selection conditioned upon shaft system length, electric power requirements and sailing loads (Everllence, 2026).
Batteries were proposed in combination with electrification-promoting technologies. Fuel cell (FC) systems



were appraised according to energy demand and power generation capabilities of current products (Elkafas et
al., 2022). Onshore power supply (OPS) implementation depended on regulatory mandates, on the adequacy of
time at berth and on the compatibility with cargo handling operations (Najihah et al., 2023). Air lubrication
systems (ALS) were recommended for U-shaped hulls and low to medium Froude numbers (EMSA, 2026).
Wind assisted propulsion systems (WAPS) were considered appropriate for ships with adequate available space
on deck sailing on routes without navigational restrictions (bridge clearances) (Wang et al., 2026). Carbon
capture systems (CCS) selection was based on the availability of space on deck, ship energy requirements and
operational profile (EMSA, 2024). Waste heat recovery (WHR) upgrades were deemed potential for all ships,
with respect to combinations with CCS and FC, while steam system improvements were targeted for all ships
with increased steam production. Finally, hydrodynamic solutions and devices were evaluated based on the
fundamental principles of ship resistance and propulsion.

This methodology offers guidance on the adoption of energy efficiency technologies throughout the global
fleet. By directly combining technologies to vessel types and taking to consideration vessel characteristics and
the evolving regulatory requirements, it supports informed decision-making for short-, medium-, and long-term
GHG reduction. Ultimately, it promotes the accelerated adoption of energy-efticiency technologies and provides
a solid foundation for a coherent decarbonisation roadmap for the maritime sector.
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1 INTRODUCTION

Maritime decarbonisation remains a major challenge, particularly with respect to the transition towards low-
and zero-carbon fuels. In this respect, a robust understanding of the current state of fuel consumption and supply
is essential. This requires structured and transparent data frameworks capable of supporting both the
quantification and the spatial interpretation of fuel demand, enabling realistic pathway design and informed
decisions on fleet adaptation and infrastructure development. Existing regulatory frameworks (e.g., IMO DCS,
EU MRYV) provide valuable insights into fuel consumption and emissions at an aggregated level, supporting the
implementation of policy measures (e.g., EU ETS, FuelEU Maritime) (Annetis, et al. 2025). At the same time,
increasing availability of operational data, including AlS-derived data, port call records and bunkering activity,
offers new opportunities for analysing shipping patterns and localising fuel demand (Fuentes 2021). However,
these datasets differ in structure, resolution and level of verification, creating challenges in their combined use.
In this context, this study -as part of the EU-funded GreenMED project- aims to estimate and spatially
allocate marine fuel demand across the Mediterranean Sea by combining bottom-up and top-down methods.
The bottom-up approach relies on AlS-derived ship-to-ship (STS) bunkering events to estimate and localise
fuel demand, while a top-down approach based on aggregated bunker sales data is used for validation purposes.
The analysis focuses on conventional marine fuels -mainly Heavy Fuel Oil (HFO) and Marine Diesel Oil
(MDO)/Marine Gas QOil (MGO)- which currently dominate maritime energy use (Campbell, et al. 2023). The
Mediterranean Sea is selected as the study area, as it represents a highly relevant case for regional energy
transition planning. The proposed approach contributes to the development of more robust data frameworks,
supporting the design of decarbonisation pathways and the strategic deployment of fuel supply chains.

2 METHODS

The bottom-up approach is based on the identification and analysis of STS bunkering operations derived from
AIS data, which provide high-frequency spatiotemporal information on vessel movements. In particular,
bunkering events are detected through the identification of prolonged close-proximity encounters between
vessels, combined with low-speed or near-zero-speed conditions, consistent with operational practices observed
in STS fuel transfer activities (Watanabe & Shibasaki 2023). Following that, a structured filtering and
classification procedure is applied to ensure the reliability of detected events. For each STS event, fuel transfer
quantities are estimated using a set of operational assumptions.

To ensure the consistency and robustness of the bottom-up estimates, a top-down validation approach is
applied using aggregated bunker sales data, as identified per country through reliable databases, excluding non-
Mediterranean sales through expert judgement and historic data analysis. This approach provides an
independent reference for total fuel demand at national and regional (i.e., Mediterranean), allowing the
comparison of estimated quantities with observed market data (IMO 2020). Rather than producing independent
estimates, the top-down approach functions as a verification mechanism, highlighting potential discrepancies
and supporting the calibration of the bottom-up methodology.

The spatial distribution of fuel demand is derived from the geographical coordinates of STS bunkering
events. Each event is assigned to a port or hub location based on proximity criteria, using distance-based
algorithms applied to predefined port datasets. For events occurring in open sea areas, additional assumptions
and expert judgement are applied to allocate demand to the most relevant nearby port or operational hub. This
process enables the aggregation of fuel demand at port level, supporting the identification of key bunkering
locations and regional demand patterns.

3 DATA AND ANALYSIS

For the bottom-up method, the analysis is based on a dataset of 80,373 STS bunkering events recorded across
the Mediterranean Sea for the reference year 2022. The dataset was originally extracted from the S&P Global



Sea-web™ database, for the entire Mediterranean Sea basin, as defined by the Suez Canal, the Gibraltar straight
and the Bosporus straight. To form the dataset, a multi-step filtering procedure is applied to improve the
reliability of the data and to exclude implausible or non-representative events: i) operator-based filtering is
applied to exclude events involving vessels under the same operator, ii) vessel-classification filtering in order
to retain events only if at least one participating vessel can reasonably be identified as a bunkering vessel, and
iii) time-based filtering to remove events with unrealistic duration, excluding operations shorter than 1.5 hours
or longer than 24 hours. Then, fuel transfer quantities are estimated using a rule-based calculation framework
combining operational assumptions with vessel-specific characteristics. For each event, the effective bunkering
duration is derived by excluding one hour from the reported interaction time, accounting for preparatory and
finalisation processes. Representative fuel flow rates are assigned by fuel type (i.e., 250 m3/h for HFO and 400
m3/h for MDO). For vessels operating with multiple fuel types, the estimation accounts for both main and
secondary fuels. The transferred quantity of the main fuel is calculated as described, while the quantity of the
secondary fuel is estimated proportionally, based on the ratio of respective fuel tank capacities.

For the top-down method, fuel demand estimates are derived from aggregated international marine bunkers,
as well as domestic navigation and fishing fleet bunkers, obtained from the International Energy Agency (IEA).
The analysis goes beyond the country-level marine bunkers data to estimate the overall marine fuel demand in
the Mediterranean region by excluding quantities assumed to be bunkered outside the region based on expert
judgement and statistics from historic data.

4 RESULTS

Results provide a detailed mapping of conventional marine fuel demand across the Mediterranean Sea,
including the spatial distribution of STS bunkering activity and the estimated transferred quantities of HFO and
MDO/MGO per port area. Indicatively, in aggregates, the bottom-up approach estimates 16,273 kt of HFO and
6,796 kt of MDO, while the top-down approach estimates 16,100 kt of HFO and 7,025 kt of MDO. Thus, the
comparison between them demonstrates a satisfactory level of consistency, supporting the validity of the
proposed methodological framework while also revealing discrepancies linked to data availability, operational
assumptions and the limitations of aggregated statistics. Further, the analysis highlights the concentration of
bunkering activity around major Mediterranean hubs and strategic maritime corridors, while also identifying
offshore and non-traditional bunkering locations associated with operational shipping patterns.

5 DISCUSSION & CONCLUSIONS

The proposed method demonstrates the potential of combining AlS-derived operational data with aggregated
market statistics to support fuel-demand estimation and localisation at regional scale. Beyond methodological
validation, the results contribute to the broader objectives of the GreenMED project and the development of
Mediterranean Shipping Strategy Observatory (MSSO), supporting evidence-based planning for maritime
decarbonisation and alternative fuel infrastructure deployment (Annetis, et al. 2025). At the same time, the
analysis highlights the importance of structured, transparent and interoperable data frameworks, as well as the
need for further improvement in the availability and harmonisation of bunkering-related datasets. Overall, the
study confirms that combining bottom-up and top-down approaches can provide a robust basis for
understanding current fuel demand patterns and supporting the design of realistic shipping energy transition
pathways in the Mediterranean region.
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Extended Abstract

The maritime sector is responsible for approximately 3% of global greenhouse gas emissions and for the
transport of 90% of goods worldwide. As such a large industry, it is necessary to keep emissions under control,
working towards the goal of total decarbonization. To achieve this, international and European regulatory re-
quirements are being tightened year after year to reduce environmental impact.

In this context, the choice of fuel used on board ships has become a strategic and technically complex decision,
influenced by direct emissions, lifecycle GHG Intensity, and regulatory compliance mechanisms.

This study assesses the effectiveness of different alternative fuels in complying with the limits on GHG
emissions, focusing on two case studies: an Ultra Large Container Vessel sailing between China and Northern
Europe, and a Feeder Container vessel, which operates between Northern European ports.

Since it is a highly relevant issue impacting the future of the maritime sector, the decarbonization of maritime
transport has already been addressed at both the international and regional levels. The International Maritime
Organization, through the Fourth IMO Greenhouse Gas Study 2020 (IMO, 2020), provides statistics, data col-
lections, and comprehensive global analyses of emissions and future projections, highlighting the urgent need
for low-carbon fuels. More recently, the IMO 2024 Guidelines on Greenhouse Gas Intensity in the Life Cycle
of Marine Fuels (IMO, 2024) defined new methods for calculating emissions, focusing on a broader approach:
Well-to-Wake, which includes Well-to-Tank and Tank-to-Wake, and as analysed during this study, this new
method of calculating emissions significantly impacts fuel choice and allows for a broader view regarding the
issue of emissions. At the international level, the International Maritime Organization has proposed new
measures to take into account and limit emissions through the IMO Net-Zero Framework (IMO, 2025a), which
introduces progressive limits on GHG emissions from ships and economic penalties for non-compliant vessels.
However, the framework has not yet entered into force, as its potential economic implications for global trade
and the shipping industry are still being debated among member states (IMO, 2025b).

At the European level, the EU has also introduced new rules and regulatory systems, such as FuelEU Mari-
time (EC, 2025) and the inclusion of maritime transport in the Emissions Trading System (ETS), creating new
economic incentives and compliance mechanisms for companies and shipowners.

The new regulations require lower emissions in all the different sectors related to maritime transport, and
hence all areas of research are influenced to improve technical and managerial performance on board ships, as
well as during production and transportation.

Although there has been extensive research on alternative fuels, life-cycle emissions, and the economic im-
plications of decarbonization policies, most studies examine these aspects in isolation or by combining two of
them, focusing only on technical performance, environmental assessment, or cost impacts.

For this reason, the study was conducted with the aim of combining technical aspects of the ship, economic
aspects, and the current regulatory landscape, to understand which terms influence the GHG Intensity indicator
and show the impact that the introduction of this new concept could have in the maritime field at the European
and international level.

The scope of the study was to assess the GHG Intensity of a ship operating on various marine fuels, in order
to evaluate how each fuel’s GHG Intensity constant affects the total emissions produced by the ship over the
course of a year, and thus understand how fuel choice impacts emissions and costs. The fuels used for propulsion
engines in this analysis are VLSFO, LNG, ammonia, methanol, and hydrogen. MDO is used in 5 cases as fuel
for power generation. Moreover, an additional case has been analysed in which LNG is used both for propulsion
and for power generation, in order to understand how much the emissions from onboard generators affect the
total. For this study, a worst-case scenario was considered for unconventional fuels such as ammonia, methanol,
and hydrogen by using the highest GHG Intensity values reported in the available sources, in order to avoid



favouring these fuels by default. This assumption is necessary because, for these fuels, there is no single default
GHG Intensity value. Upstream emissions in the Well-to-Tank phase can vary significantly depending on the
production pathway, as well as on the extraction, refining, and transport processes involved.

As a result, the same fuel can present very different GHG Intensity depending on how it is produced, ranging
from highly polluting pathways to low-carbon alternatives.

The analysis is based on average data of commercial routes, energy consumption, and emissions, using a
Well-to-Wake approach to assess the environmental impact along the entire fuel life cycle. Estimation and
decisions were taken starting from the choice of two different types of container ships, a Feeder Container
Vessel and an Ultra Large Container Vessel (ULCV). Then, the ship's main characteristics, including on-board
systems, were specified, taking into account realistic examples. Given these data, the routes and cargo loading
conditions were hypothesized, which were ultimately useful for determining the load on the engines and thus
estimating fuel consumption. As regards costs, CAPEX and OPEX costs were estimated, also taking into ac-
count the FuelEU Maritime penalties. Although the IMO Net-Zero Framework proposes a similar penalty mech-
anism for emissions exceeding future limits, it was not included in the calculations since the framework has not
yet entered into force. However, the study briefly discusses its potential implications and the main criticisms
raised by the industry. Indeed, the results of the GHG Intensity values of ships in the various scenarios have
been compared with the limits set by FuelEU Maritime.

From the point of view of emissions and costs, results show that LNG is the best transition solution, as it
allows emissions to be reduced without significantly increasing costs On the other hand, the unconventional
fuels such as ammonia, methanol and hydrogen, require significant investments in the production pathway to
become more competitive. The comparison between the two different case studies shows how the new measures
impact differently the Feeder ship operating only in Europe, and the ULCV traveling between China and Eu-
rope, considering that the larger ship is responsible for the emissions it produces only for a small part of its
journey, as it follows the European regulation, and this highlights a critical limitation of the current regulatory
framework until global regulations, such as the proposed IMO Net-Zero Framework, are implemented.

In conclusion, the study results show significant economic differences between the various case studies,
emphasizing that, until IMO regulations are applied globally, the European market risks being hampered by
FuelEU Maritime penalties. At the same time, however, when the time comes, Europe could be ahead of other
continents.
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Extended Abstract

Maritime shipping relies heavily on fossil fuels that generate significant environmental and public health im-
pacts. Previously, the maritime sector used low-cost fuels, such as heavy fuel oil, resulting in high emissions of
sulfur oxides (SOx), nitrogen oxides (NOx), and particulate matter (PM), particularly in busy port areas. As
land-based emission sources, such as road traffic and domestic heating, continue to decrease due to stricter
urban regulations, the contribution of shipping emissions to urban air pollution is expected to grow, making it
an increasingly serious concern for environmental quality and human health (Contini & Merico, 2020).

The environmental footprint of a vessel is not uniform throughout its journey but varies significantly by
operational phase, typically categorized as cruising, maneuvering, and hoteling (Yoon et al., 2023). While cruis-
ing or navigating at sea produces the highest total volume of emissions, these emissions are often dispersed far
from human settlements. Conversely, maneuvering and hoteling operations are conducted in proximity to
densely populated coastal regions. Maneuvering occurs when a ship approaches or departs from a berth at re-
duced speed, a phase that often results in poor combustion in marine diesel propulsion engines due to low engine
load (Roy & Chakraborty, 2025). Once at berth, the vessel enters the hoteling phase, during which the main
propulsion engines are typically shut down, but auxiliary engines and generators remain active to provide elec-
tricity for onboard systems, cargo handling, and climate control (Yoon et al., 2023). In a study by Toscano et
al., it was found that emissions during the hoteling phase can account for up to 95% of total port-related emis-
sions, while navigation within the port accounts for only a small fraction (Toscano et al., 2021). This concen-
tration of emissions at the dock is particularly hazardous as modern container and passenger terminals are fre-
quently located immediately adjacent to residential neighborhoods.

The quantity and type of pollutants emitted are directly determined by the engine type, fuel quality, and the
specific load factor required for each operation. Emission factors (EF) quantify these relationships, usually
expressed in grams of pollutant per kilowatt-hour (g/kWh). For a representative 2010-standard fleet, NOx EFs
for maneuvering and hoteling using slow-speed diesel engines range from 12.7 to 13.5 g/kWh. In comparison,
cruising NOx EFs are slightly higher, ranging from 15.8 to 16.9 g/kWh, due to higher service loads. However,
PM EFs are significantly higher during maneuvering and hoteling, reaching 0.9 to 2.4 g/lkWh, compared to only
0.3 to 1.7 g/kWh during cruising. This is largely because auxiliary engines, which handle the hoteling load,
often have different emission profiles than the main engines, with NOx factors ranging from 10.2 to 13.7 g/kWh
across all phases (Toscano et al., 2021).

Shipping emissions contribute substantially to the ambient concentrations of toxic pollutants in local port
environments. In medium-sized harbor cities, SOx emissions from ships are often larger than those from road
traffic, while NOx and PM concentrations are frequently comparable. Studies indicate that shipping contributes
between 1% and 14% of ambient fine PM levels in European coastal areas, while in some Asian ports this
contribution can reach 7% to 26% (Contini & Merico, 2020; Roy & Chakraborty, 2025). In specific hub ports,
such as Busan, South Korea, vessels have been found responsible for up to 71% of total SOx emissions (Song
etal., 2022). In Gothenburg, local shipping contributes approximately 14% of the annual mean NOy concentra-
tion, with even higher peaks during the summer months due to increased vessel activity (Ramacher et al., 2020).
The dispersion of these pollutants is highly sensitive to meteorological factors; for instance, strong coastal
winds can carry fine PM away from the immediate port area, while temperature inversions can trap pollutants
near the ground, worsening their impact on residents. Furthermore, shipping emissions are major precursors for
secondary air pollutants (e.g., ground-level ozone), potentially impacting air quality hundreds of kilometers
downwind (Roy & Chakraborty, 2025).

The public health implications of maritime emissions are severe and well-documented. Pollutants from
shipping emissions can increase asthma rates, particularly in children, and cause lung inflammation and aggra-
vated cardiovascular symptoms. Global estimates from the early 2010s attributed approximately 60,000 to
90,000 annual premature deaths to PM emissions from shipping (Roy & Chakraborty, 2025; Zhu & Wang,



2021). In the Pearl River Delta of China alone, shipping-related pollution is estimated to result in between
14,500 and 37,500 early deaths per year (Roy & Chakraborty, 2025). Beyond mortality, the economic burden
of these health impacts is immense; for example, the social cost of excessive SOx exposure in Beijing was
estimated at 384.89 million RMB per year, and the health benefits of reducing shipping emissions in the Iberian
Peninsula were valued at over 267 million Euros due to avoided hospital admissions and deaths (Borges et al.,
2023; Song et al., 2022). Interestingly, while larger cities see the greatest absolute reduction in mortality from
emission controls, the relative health benefits are often most pronounced in smaller port towns where shipping
is the predominant industrial activity (Ducruet et al., 2024).

The regulatory landscape is undergoing a significant shift to address these challenges through international
and regional frameworks. The International Maritime Organization (IMO) 2020 Sulfur Cap is a landmark reg-
ulation that reduced the global sulfur limit for ship fuel from 3.5% to 0.5%. This single measure has achieved
an estimated 75% reduction in global SOx emissions relative to previous peaks (Borges et al., 2023). In the
Bosphorus Strait, implementation of the 2020 cap reduced modeled SOx concentrations from 6.65 pg/m?* to 1.48
ug/m? (Ekmekcioglu et al., 2023). Furthermore, Emission Control Areas (ECAS), such as those in the North
Sea, Baltic Sea, and along the North American coasts, enforce even stricter limits of 0.1% sulfur and require
new ships to comply with Tier 111 NOy standards, which target an 80% reduction in nitrogen oxide emissions
(Ramacher et al., 2020). Research in China's ECAs has shown that implementing fuel-content regulations at the
Shanghai Port resulted in significant pollution mitigation, reaching areas more than 200 km away, potentially
avoiding 23,800 premature deaths in the year following implementation (Zhu & Wang, 2021). These regulations
are often most effective when targeted at densely populated port waters, maximizing public health benefits
relative to the high cost of low-sulfur fuels

Technological advancements are further augmenting regulatory efforts to achieve a "green port" transition.
Onshore Power Supply (OPS) allows vessels at berth to shut down their auxiliary engines and connect to the
local electrical grid. Large-scale implementation of OPS in the Port of Gothenburg is projected to reduce local
NOx concentrations by up to 30% and SOx by up to 12% (Ramacher et al., 2020). On the propulsion side, the
industry is gradually adopting alternative fuels such as LNG, which can reduce CO2 emissions by ~30% and
NOx emissions by ~87% while virtually eliminating SOx and PM emissions. Looking further ahead, the adop-
tion of ammonia or hydrogen as fuels could reduce life-cycle greenhouse gas emissions by 28% to 39%, re-
spectively, compared with heavy fuel oil (Roy & Chakraborty, 2025)

These analyses show that while significant progress has been made through the IMO 2020 sulfur cap and
the establishment of regional ECAs, NOx and fine PM emissions remain critical challenges for port-city air
quality and, by extension, public health. Thus, this paper aims to provide a comprehensive assessment of the
correlation between maritime fossil fuel consumption and localized public health outcomes based on the results
of the associated studies available in the open literature, specifically arguing that the environmental burden is
not uniform but varies significantly across different operational phases: cruising, maneuvering, and hoteling.
This paper also aims to provide a detailed comparative analysis of the vessels' operational emission factors,
demonstrating that hoteling and maneuvering contribute disproportionately to local air quality degradation and
the subsequent effects on the health of port-side residents.
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This study investigates the operational validity of maritime bridge simulators in estimating carbon dioxide
emissions during port berthing manoeuvres through a comparative evaluation against real world ship operation
data. The research is grounded in the growing need for reliable and practical methods to quantify ship emissions
during manoeuvring phases, which remain among the most difficult operational segments to assess with preci-
sion. While sailing emissions can often be estimated with greater consistency through voyage-based datasets
and standard operational profiles, port approach and berthing phases involve rapidly changing engine loads,
frequent propulsion adjustments, tug interactions, and vessel specific manoeuvring decisions. These character-
istics make direct emission measurement particularly challenging and introduce uncertainty into conventional
estimation approaches. In this context, the study explores whether high fidelity maritime bridge simulators can
provide a dependable platform for emission estimation during these complex operational periods. The motiva-
tion for the study stems from both methodological and practical concerns. From a methodological perspective,
the literature has increasingly emphasized the importance of activity based and operation specific emission
assessment in maritime transport, especially in relation to port operations and short duration high intensity
manoeuvres. However, access to sufficiently detailed real world datasets remain limited. Fuel consumption
records are not always available at the required temporal resolution, and direct onboard measurement during
manoeuvring is difficult to standardize across ship types and operating conditions. From a practical perspective,
ports, ship operators, and researchers need replicable tools that can support environmental assessment without
relying exclusively on expensive or logistically difficult field measurements. Bridge simulators, if shown to
generate sufficiently accurate emission estimates, may fill this gap by enabling controlled and repeatable anal-
yses of vessel behaviour under realistic operational scenarios (Senol & Seyhan, 2024).

To address this problem, the study adopts a dual methodological framework combining real world opera-
tional data and simulator-based emission modelling. The empirical component is based on twelve manoeuvres
performed by a maritime pilot across three different vessel categories: Bulk Carrier, Ro Ro, and Container
ships. This design was intended to represent variation in vessel handling behaviour and propulsion response
during berthing operations while preserving a consistent decision-making framework through the involvement
of the same experienced mariner. The preparatory stage of the research involved identifying suitable manoeuvre
cases, matching operational phases between actual ship movements and simulated scenarios, and organizing
the relevant technical and operational inputs required for comparative analysis. Particular attention was given
to ensuring that the simulator scenarios reflected the essential manoeuvring characteristics of the real operations
as closely as possible in terms of vessel class, berthing sequence, and propulsion behaviour. Real world emis-
sions were derived from direct fuel consumption logs of the primary vessels using a top-down approach. This
enabled the study to anchor its analysis in actual operational records rather than purely theoretical assumptions.
In parallel, simulation-based emissions were estimated through a bottom-up approach using instantaneous en-
gine load and revolutions per minute data generated within a Wartsila NTPRO 5000 bridge simulator environ-
ment (Kaba et al., 2026). The use of the simulator allowed detailed monitoring of propulsion behaviour through-
out the manoeuvring sequence and enabled the conversion of operational activity data into corresponding
emission estimates. By integrating engine response and manoeuvre progression at a fine operational level, the
bottom-up framework provided a dynamic representation of emission formation during berthing.

The comparative design of the study is one of its principal strengths. Instead of evaluating simulator per-
formance in isolation, the research directly compares simulator-based outputs with empirical emission estimates
obtained from real ship operations. This approach makes it possible to assess not only whether the simulator
produces plausible values, but also whether it can reproduce the general emission profile of real world manoeu-
vring activity with sufficient proximity to support scientific and operational use. The comparison was therefore
structured around the consistency between real and simulated outputs across the selected manoeuvres and vessel
categories.



The results reveal a strong degree of agreement between empirical and simulation-based estimates. The
average convergence rate of 92 percent indicates that the simulator environment reproduced the emission be-
haviour of the observed manoeuvres with a high level of consistency. This finding is significant because it
demonstrates that high fidelity bridge simulators are not limited to navigational training and human factor re-
search but can also serve as robust analytical tools for environmental performance assessment. The close align-
ment between the two datasets suggests that simulator-based modelling can capture the operational dynamics
that drive emission formation during berthing, despite the complexity and variability of manoeuvring condi-
tions. The findings also carry broader methodological implications. First, they support the use of simulator
derived activity data for emission estimation in contexts where direct real world measurement is constrained or
unavailable. Second, they indicate that simulator platforms may provide a standardized environment for com-
parative studies across ship types, manoeuvring strategies, and operational settings. Third, they open a pathway
for integrating bridge simulator outputs into broader environmental monitoring and decision support frame-
works for ports and maritime operators. Since manoeuvring emissions are increasingly relevant in discussions
of local air quality, port sustainability, and decarbonization planning, a validated simulation-based approach
offers clear value for both researchers and practitioners.

In addition, the study contributes to the ongoing discussion on the environmental application of simulation
technologies in maritime research. Bridge simulators have traditionally been associated with training, safety
analysis, and navigational assessment. This study expands that role by demonstrating their applicability in emis-
sion related studies, particularly for operational phases that are otherwise difficult to observe with precision.
The ability to reproduce complex port operations in a controlled environment creates opportunities for future
analyses of alternative manoeuvring strategies, pilot behaviour, tug assistance patterns, and vessel specific pro-
pulsion responses from an emissions perspective. In this respect, the present study not only validates a method,
but also establishes a foundation for a wider research agenda linking simulator based maritime operations with
environmental performance analysis. In conclusion, the study shows that high fidelity maritime bridge simula-
tors can be effectively used as a primary tool for the detection and calculation of carbon dioxide emissions
during port berthing operations. The high level of convergence between real world and simulation-based esti-
mates confirms the operational validity of simulator derived emission modelling for this phase of vessel activity.
Accordingly, simulation environments offer a reliable, consistent, and practically valuable platform for evalu-
ating discharge profiles during complex port manoeuvres. Their integration into maritime environmental mon-
itoring systems may significantly strengthen both research capability and operational assessment in the transi-
tion toward more sustainable shipping and port management.
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1 INTRODUCTION

Maritime transport accounts for nearly 80% of global trade and remains one of the most energy-efficient trans-
port modes. However, it contributes significantly to global greenhouse gas (GHG) emissions, with projections
indicating continued growth without additional mitigation measures. Decarbonization efforts are shaped by a
dual regulatory structure. The International Maritime Organization (IMO) establishes globally harmonized me-
asures, including the Energy Efficiency Existing Ship Index (EEXI) and the Carbon Intensity Indicator (CII),
which address both technical (design-related) and operational (performance-based) efficiency improvements
(International Maritime Organization, 2020). In parallel, the European Union has introduced regional measures.
The Monitoring, Reporting, and Verification (MRV) system serves as a transparency and data-collection fra-
mework supporting policy implementation (Adamowicz, 2022). The inclusion of maritime transport in the EU
Emissions Trading System (EU ETS) introduces a market-based mechanism, while FuelEU Maritime sets limits
on the greenhouse gas intensity of energy used onboard ships, acting primarily as a technical fuel standard
(Wang et al., 2021). This paper analyzes how these regulatory approaches influence technological choices,
operational strategies, and ship energy system configurations, with particular emphasis on the role of power
management systems (PMS) in enabling decarbonization.

The contribution of the paper lies in providing a structured comparison of IMO and EU regulatory fra-
meworks, linking policy instruments with technological pathways, and identifying dominant short- and me-
dium-term decarbonization strategies.

2 METHODOLOGICAL APPROACH

The study adopts a conceptual and qualitative analytical approach, combining comparative analysis of IMO and
EU regulatory instruments, literature-based evaluation of technological pathways, and system-level assessment
of ship energy systems and power management systems (PMS) integration. The analysis is structured through
a conceptual framework linking policy instruments, technological options, operational measures, and emission
metrics. This framework enables a systematic evaluation of how regulatory mechanisms influence technological
choices, operational strategies, and overall decarbonization pathways in maritime transport. The assessment
focuses on identifying dominant short- and medium-term decarbonization strategies and evaluating the role of
energy efficiency measures and alternative fuels under different regulatory conditions.

3 REGULATORY INSTRUMENTS AND TECHNOLOGICAL PATHWAYS

Regulatory instruments influence maritime decarbonization indirectly by shaping investment decisions, opera-
tional practices, and fuel selection. Their impact is therefore reflected through the adoption of specific techno-
logical pathways and operational strategies. IMO short-term measures include EEXI, which addresses technical
design efficiency, and CII together with the Ship Energy Efficiency Management Plan (SEEMP), which target
operational performance and energy management. These measures jointly address both technical and opera-
tional dimensions of energy efficiency, rather than focusing solely on baseline compliance. In addition, IMO is
currently developing mid-term measures, expected to include both a technical component (e.g., fuel carbon
intensity limits) and an economic component (e.g., carbon pricing mechanism or hybrid solutions). These
measures are expected to significantly influence future fuel choices and long-term investment strategies. The



EU approach consists of complementary instruments with distinct roles. The MRV system serves as a transpar-
ency and data-collection framework supporting policy implementation. The EU ETS represents the only mar-
ket-based mechanism, introducing carbon pricing and creating direct economic incentives for emission reduc-
tion (Malmborg, 2023). In contrast, FuelEU Maritime acts as a technical regulation targeting the greenhouse
gas intensity of fuels used onboard ships. Together, these instruments create both economic pressure (through
EU ETS) and technological direction (through FuelEU Maritime), influencing fuel selection and system design.
The key difference between the two frameworks lies in their primary decarbonization drivers (Marrero & Mar-
tinez-Lopez, 2023).

4 POWER MANAGEMENT SYSTEMS AND OPERATIONAL INTEGRATION

Advanced ship power management systems (PMS) play a critical role in integrating multiple energy sources,
including main and auxiliary engines, batteries, and renewable energy systems, while optimizing overall system
performance. PMS act as an interface between regulatory requirements and onboard technological implemen-
tation, enabling compliance through real-time optimization of energy flows, load distribution, and emission
performance (Bacalja Basi¢ et al., 2023). Energy efficiency improvements are achieved through a combination
of operational measures, such as slow steaming and load management, and analytical optimization methods,
including linear programming and model predictive control (MPC). In addition, real-time monitoring of energy
use and emissions supports both regulatory compliance and operational decision-making. It is important to
distinguish between operational measures and analytical methods, as well as between different emission met-
rics. While Cll and EU ETS are based on tank-to-wake emissions, life-cycle approaches such as LCA consider
well-to-wake emissions, providing a broader perspective on environmental impact.

5 RESULTS AND DISCUSSION

Energy efficiency technologies, including wind-assist systems, photovoltaic integration, and operational opti-
mization, provide immediate and scalable emission reduction benefits, making them the dominant short-term
decarbonization pathway. Alternative fuels face significant constraints related to cost, infrastructure availabi-
lity, safety requirements, and technological maturity, limiting their short- to medium-term deployment. The EU
ETS introduces strong economic signals that influence investment decisions, while FuelEU Maritime primarily
acts as a technical compliance driver guiding fuel transition. Finally, IMO measures ensure global consistency
and gradual efficiency improvements, but their impact on rapid structural transformation is more limited com-
pared to EU instruments. Overall, the findings indicate that short- to medium-term maritime decarbonization
will be driven primarily by energy efficiency improvements, with a gradual transition toward alternative fuels.

6 CONCLUSIONS

Maritime decarbonization depends on the coordinated interaction of regulatory frameworks, technological sys-
tems, and operational strategies. IMO measures primarily drive incremental energy efficiency improvements
through globally harmonized standards, while EU instruments combine economic incentives and technical re-
gulations to accelerate structural change. Future progress will depend on the alignment between IMO and EU
instruments, the integration of emerging IMO mid-term measures, and improved quantification of real (rather
than default) efficiency gains achieved through technological and operational measures.
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The decarbonisation of waterborne transportation is increasingly positioned at the intersection of climate policy,
technological innovation, and sustainable water system management. Within the emerging research landscape
shaped by the DEWATRA COST Action, this transition is not only a question of reducing greenhouse gas
emissions, but also of ensuring that decarbonisation pathways are compatible with the long-term resilience and
integrity of aquatic ecosystems. Yet, despite its strategic importance, the ecological dimension of this transition
remains insufficiently integrated into current policy and research frameworks.

This paper addresses this gap by examining whether ongoing efforts to decarbonise maritime and inland
water transport may inadvertently undermine ecological security. It argues that prevailing approaches remain
largely carbon-centric, prioritising emissions reduction targets while underestimating the complexity of socio-
ecological interactions within water-based transport systems. In response, the study advances an
interdisciplinary framework that links decarbonisation pathways with ecological security, understood as the
capacity of aquatic ecosystems to maintain their structure, functions, and adaptive resilience under multiple and
interacting pressures.

The research is guided by three interrelated objectives. First, it seeks to conceptualise ecological security as
an operational dimension within waterborne transport decarbonisation, bridging insights from environmental
science, transport studies, and sustainability governance. Second, it evaluates the ecological risk profiles of key
low-carbon technologies—such as hydrogen, ammonia, biofuels, and electrification—through a lifecycle and
systems-based perspective, with particular attention to their implications for water resources, aquatic
biodiversity, and pollution dynamics. Third, it assesses the extent to which existing governance frameworks, at
international and regional levels, are equipped to address these emerging cross-sectoral risks.

Methodologically, the paper adopts a mixed and multi-scalar approach consistent with DEWATRA’s
emphasis on integrative research. It combines qualitative analysis of policy and regulatory frameworks with
comparative techno-environmental assessment of decarbonisation options. In addition, selected case-based
insights from early implementation contexts are used to illustrate how these transitions materialise within
specific water systems, including coastal and inland environments. A conceptual model is developed to map
the pathways through which ecological risks emerge, accumulate, and interact across different stages of the
transition, highlighting feedback loops and potential threshold effects.

The findings reveal a set of systemic trade-offs that challenge the assumption of inherently sustainable
decarbonisation. While alternative fuels and electrification offer clear benefits in terms of emissions reduction,
they also introduce new ecological pressures. These include increased demand for water and energy resources,
risks of chemical leakage and toxicity affecting aquatic life, and lifecycle impacts linked to resource extraction
and waste management. Furthermore, the expansion of supporting infrastructure—such as port adaptation and
fuel distribution networks—intensifies spatial pressures on already vulnerable ecosystems, contributing to
habitat degradation and biodiversity loss.

Crucially, the analysis demonstrates that these risks are not adequately captured within current governance
frameworks. Policy approaches remain fragmented across sectors, with limited integration between climate
mitigation, water management, and biodiversity protection. This fragmentation creates significant blind spots,
particularly in relation to cumulative and long-term ecological impacts. As a result, decarbonisation strategies
risk displacing environmental burdens rather than resolving them—an outcome that runs counter to the systemic
sustainability objectives underpinning initiatives such as DEWATRA.

In light of these findings, the paper argues for a reframing of waterborne transport decarbonisation as a
socio-ecological transition that must be managed holistically. It positions ecological security as a key integrative



concept capable of aligning decarbonisation efforts with the broader goals of sustainable water system
governance. This perspective emphasises the need for precautionary approaches, adaptive governance
mechanisms, and stronger cross-sectoral coordination.

The paper concludes by proposing an integrated governance framework for ecologically secure
decarbonisation, directly aligned with DEWATRA’s objectives of advancing sustainable and resilient
waterborne systems. Key recommendations include embedding lifecycle ecological risk assessments into
decision-making processes, developing indicators that capture ecological impacts within transport systems, and
promoting nature-inclusive design in infrastructure planning. The study also highlights the importance of
interdisciplinary collaboration and knowledge exchange in addressing the complex challenges at the water—
energy—transport nexus.

By explicitly linking decarbonisation with ecological security, this research contributes to a more
comprehensive and policy-relevant understanding of sustainability transitions in waterborne transportation. It
offers both conceptual and practical insights that support the development of integrated, resilient, and
ecologically grounded pathways—fully in line with the ambitions of the DEWATRA COST Action.

This contribution directly supports the COST Action’s networking objectives by fostering interdisciplinary
exchange across environmental science, transport systems, and policy analysis, while promoting integrated
approaches to sustainable waterborne transportation. It also provides a foundation for collaborative research on
ecological risk assessment within decarbonisation pathways.
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Extended Abstract

From January 1, 2025, according to FuelEU Maritime Regulation - FEUM (EU, 2023), a greenhouse gas (GHG)
intensity limit of 89.3368 (gCO2eqg/MJ) came into force, which is a 2 % reduction compared to the reference
value of 91.16 (gCO2eq/MJ). The limit will be valid till 2030. This is the European Union's response to the
International Maritime Organisation's (IMO) ambitious goal of achieving zero GHG emissions from maritime
transport by 2050.

From 2024 onwards, the EU MRV (Monitoring, Reporting, and Verification) regulation covered methane
(CH4) and nitrous oxide (N2O) emissions, in addition to carbon dioxide (CO>). This legislation is integrated
with the EU Emissions Trading System (ETS) for ships with a gross tonnage of 5,000 tons or more that call at
EU ports. The existing FuelEU Regulation is based on the EU-MRV platform.

The analysis of the FuelEU Maritime regulation, based on the authors' previous studies, indicated that the
GHG intensity of ships visiting European ports in 2023 does not meet the standards set for 2025-2030. This
underscores the urgent need for stronger measures to achieve the ambitious goal of an 80% reduction in emis-
sions by 2050, as outlined in the regulation (Georgiev et al., 2025).

Based on data till 2023, the most energy-efficient ships in terms of greenhouse gas emissions, according to
the reference value, are general cargo vessels. In contrast, bulk carriers are identified as the least energy-effi-
cient type of ship.

The present study is based on the most recent 2024 data from THETIS-MRYV and considers operational ship
characteristics, such as deadweight (t) and ship age (years; Figure 1).

1400 2000

~ o
3 w0
v )
s
o
I II I I )
mo
) II I Il---— 0
bl 3 BB DDA D DD DD
) S AU Lot A Al & A T AT
&F FFH F &
'

Ago, ynars

Figure 1. Distribution of Age (left) and DWT (right) of studied ship types

Fuel consumption and COzeq emissions from the EU-MRYV database were used to determine the mass of indi-
vidual fuels consumed—VLSFO, MGO, LNG, or Methanol for dual-fuelled engines. The greenhouse gas in-
tensity for ships is calculated based on the quantities of the different fuels obtained.

A probabilistic contour line approach (Leira 2008, Winterstein et al. 1993) is used to analyse the operational
states of four ship types visiting European ports in 2024 and to estimate the target GHG characteristics. The
probabilistic contour lines define the ship age, As, and deadweight, DWT, at a given probability of occurrence
or exceedance (Figure 2). To set a GHG emission limit, target characteristics should match an annual exceed-
ance probability, g.



The NORSOK Regulation (NORSOK 2007) is applied to control GHG emissions at an annual probability
of g = 10™, for ships visiting European ports. where all sources of inherent randomness affecting pollution are
considered.
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Figure 2. Scatter diagram GHG=f(DW, As) (left) and Contour lines for (right) for general cargo ships

Figure 3 shows the progress in implementing new GHG mitigation activities for the four ship types visiting
European ports in 2024. The green line represents the established FuelEU Maritime greenhouse gas reference
values of GHGey = 91.16 gCO2¢/MJ.
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Figure 3. Annual exceedance probability of the mean value of GHG

It is evident that general cargo ships are very close to the target (blue line), and the current mitigation efforts to
meet this target appear positive but not satisfactory, with the most likely value in 2024 at 91.2, dropping slightly
to 91.184 gCO2q/MJ at an annual exceedance probability of 10"2. Conversely, for bulk carriers, the opposite
trend is observed compared to general cargo ships, where the most probable value in 2024 ranges from 91.334
to 91.338 gCO2:,/MJ, with an annual exceedance probability of 10, and no efforts to reduce GHG emissions
are identified for this type of ship.

The tanker (brawn) and containerships (red) show a noticeable and significant reduction in GHG emissions,
starting from 91.488 and 91.654 gCO2/MJ as the most likely values for 2024, decreasing to 91.338 and 91.454
gCO2:/MJ, respectively, at an annual exceedance probability of 10", Looking at a much longer horizon for the
annual exceedance probability, neither ship type meets the EU targets, and the most rigorous mitigation
measures need to be applied.
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Extended Abstact

International shipping is under increasing pressure to decarbonise, and much of the current debate focuses on
technological solutions such as alternative fuels, wind-assisted propulsion, digital optimisation tools, and
energy-efficient vessel design. While these developments are indispensable for long-term decarbonisation, they
cannot alone deliver the scale and speed of emissions reductions required in the current decade. Climate harm
depends on cumulative emissions rather than distant end-point targets, which makes early and widespread
reductions in fuel consumption particularly important. Against this background, operational efficiency has
emerged as one of the most immediately available and cost-effective pathways for reducing greenhouse gas
emissions across the existing global fleet.

This paper argues that the success of operational efficiency measures is not determined solely by
technological capability, but also by legal and behavioural structures that shape how ships are operated in
practice. It contends that the green shipping transition is not only a technical challenge, but also a governance
problem rooted in private contractual architecture. Despite the increasing sophistication of voyage optimisation
tools and the growing availability of real-time operational data, many environmentally beneficial practices, such
as speed optimisation, just-in-time arrival, and coordinated port calls, remain difficult to implement consistently.
A central reason for this gap between technological potential and operational reality lies in the contractual
frameworks that govern commercial shipping.

Contracts of carriage of goods by sea, especially voyage and time charterparties, play a pivotal role in
determining how vessels are operated on a day-to-day basis. These contracts allocate rights, obligations, risks,
and incentives between shipowners and charterers, and they directly govern operational decisions such as speed,
arrival timing, waiting at anchorage, and performance expectations. However, standard charterparty provisions
were developed primarily to maximise commercial certainty and allocate financial risk, rather than to promote
energy efficiency or emissions reduction. As a result, they often undermine the effective deployment of green
shipping technologies and operational practices.

Drawing on doctrinal legal analysis and insights from operational data, including AIS-based studies of
vessel behaviour, this paper demonstrates that contractual constraints are a critical but under-examined driver
of speed choice, arrival practices, and port congestion. Empirical evidence increasingly shows that vessels
frequently sail faster than necessary only to wait at anchorage, even when port congestion is foreseeable and
optimisation technologies are available. While this behaviour is often attributed to operational inertia or market
pressure, the paper argues that it is more accurately explained by contractual risk allocation mechanisms, such
as obligations of reasonable despatch, estimated time of arrival clauses, cancellation dates, and laytime and
demurrage regimes. These provisions create strong legal and financial incentives for early arrival and high-
speed sailing, discouraging adaptive voyage planning and coordinated arrival strategies.

The paper analyses both voyage and time charterparties from an operational efficiency perspective. Voyage
charters are shown to be particularly rigid, prioritising certainty of arrival and risk transfer over flexibility, and
thereby reinforcing environmentally inefficient practices such as “sail-fast-then-wait.” Time charterparties,
while offering greater theoretical scope for efficiency due to charterer control over employment and fuel costs,
are also undermined by split incentives, information asymmetries, and weak coordination between contractual
parties. In both cases, contractual structures limit the practical effectiveness of regulatory measures and
technological tools designed to improve operational performance.

Against this background, the paper advances the argument that charterparties should be understood not
merely as contracts of carriage, but as powerful instruments of private governance. Because they sit at the



intersection of commercial decision-making and vessel operation, charterparties have the capacity either to
obstruct or to enable operational efficiency. The paper therefore calls for a rethinking of contractual architecture
in the context of maritime decarbonisation. Rather than relying solely on voluntary commitments or external
regulation, contract design itself can be used to embed environmental objectives directly into commercial
practice by reallocating rights, responsibilities, and incentives in ways that support efficient operation.

The paper concludes by arguing that meaningful progress in maritime decarbonisation requires closer
integration between technological innovation and legal governance. Operational efficiency technologies can
only deliver their full emissions-reduction potential if contractual frameworks are adapted to accommodate
flexibility, data sharing, and collaborative decision-making. By highlighting the central role of private contracts
in shaping operational behaviour, this paper contributes an interdisciplinary perspective that complements
engineering and policy-focused approaches to green shipping. It suggests that a new contractual architecture,
aligned with environmental objectives, is a necessary component of an effective and timely maritime
decarbonisation strategy.
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Extended Abstract

Maritime decarbonisation policies have predominantly focused on merchant shipping, while fishing vessels
remain largely outside international regulatory frameworks despite their cumulative contribution to greenhouse
gas emissions, particularly in coastal and semi-enclosed seas such as the Adriatic (Koric¢an et al., 2023; Perci¢
et al., 2023). This study addresses this gap by analysing the technical and operational characteristics of the
Croatian fishing fleet and quantifying baseline emission profiles for its principal segments.

The assessment is based on the General Fisheries Commission for the Mediterranean (GFCM) classification,
distinguishing between Small-Scale Fisheries (SSF) and Large-Scale Fisheries (LSF). The Croatian fleet is
characterised by a high number of SSF vessels (typically <12 m), which operate in coastal waters with relatively
low installed power and short trips, and a smaller number of LSF vessels (>12 m), including trawlers and purse
seiners, which dominate total landings and fuel consumption, Figure 1. Representative vessel profiles were
defined for each segment, incorporating engine power ranges (50-150 kW for SSF, 300-800 kW for LSF) and
operational patterns.
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Figure 1. GFCM classification of fishing vessels



A bottom-up methodology combining fleet registry data with high-resolution operational measurements (speed,
position, and fuel consumption) was applied to reconstruct activity profiles and allocate fuel use across different
fishing modes. The results reveal substantial heterogeneity in emission characteristics. Trawlers exhibit the
highest fuel intensity due to continuous high-load towing operations, while purse seiners display pronounced
variability associated with distinct operational phases. SSF vessels show lower absolute emissions, but signifi-
cant variability linked to trip frequency and maintenance conditions. When normalised by operational time,
LSF segments are the most emission-intensive, whereas efficiency comparisons based on landed catch indicate
more complex relationships between energy use and economic output.

The findings underline that fishing vessels cannot be treated as a homogeneous category in decarbonisation
strategies. Operational behaviour, such as speed selection, fishing duration, and auxiliary power demand, is
identified as a key driver of emissions across all segments. In this context, emission reduction measures include
operational optimisation (e.g. speed reduction and route planning), improved maintenance, and gradual integra-
tion of alternative energy solutions such as hybrid propulsion systems, electrification of auxiliary loads, and the
use of low-carbon fuels (e.g. biofuels and methanol), although their applicability remains segment-dependent.

The study highlights the need for segment-specific emission indicators and integrated environmental—
economic performance metrics tailored to fisheries. The presented baseline provides a foundation for evaluating
decarbonisation pathways within the GREEN-FISH project, supporting the development of targeted measures
for sustainable transformation of the Adriatic fishing sector.
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1 INTRODUCTION

Maritime transport to peripheral island regions faces persistent challenges related to operational efficiency, cost
structure, and sustainability. In this work, the sustainability of the existing liner container service network con-
necting mainland Portugal with the Azores Archipelago is evaluated for a redesigned network, as per studies
such as Qi and Song (2012) or Rahmawan and Angelina (2017). This is one possible option, among several
currently available, for dealing with sustainability in shipping operations. In fact, shipping companies operating
liner networks are facing mounting regulatory pressures, see DNV (2025), as regards sustainability, with strong
implications in their cost structure: IM02020 (0.5% Sulphur fuel), Fit for 55, Emission Trading Scheme (ETS)
and Bunker Adjustment Factor (BAF).

There are several technical and operational measures that may be taken to improve sustainability and deal
with regulatory pressure, DNV (2025). These include, among others, energy efficiency upgrades for ship’s
onboard systems, utilization of renewable energies, hull and propeller form modifications, appendages and high
performance coatings, hybridization, shore power, optimization of trim and speed, just-in-time arrivals to port,
and weather routing. Shipping companies face considerable challenges in identifying the best options for their
ships since most measures present various disadvantages. However, in certain cases, it may also be possible to
redesign the liner networks in order to obtain improvements in economic efficiency and sustainability. This is
particularly important in short sea trades serving ultra-peripheral regions such as islands and archipelagos. This
redesign involves several aspects such as changing the fleet size and composition, service rotations and sched-
ules, and ship operating speeds. This is often challenging because of port efficiencies and equipment’s and
public service requirements.

This paper shows the results of the redesign of the liner network operations that serve the Portuguese islands
of Azores and seeks to evaluate its potential benefits in terms of GHG and air pollution. Section 2 shows the
methodology used in this study, while section 3 presents the case study parameters, the network redesign and
the numerical results (emissions reductions). Section 4 shows the main conclusions and offers recommendations
for further study.

2 METHODOLOGY

Figure 1 shows the methodology, which uses models from Ramalho and Santos (2021), adopted for carrying
out the analysis of the existing and redesigned liner networks. This approach has been implemented in a gener-
alized numerical tool that performs round-voyage calculations, with different ship speeds and characteristics,
while estimating fuel consumption and emissions per voyage. A comparative analysis between the existing and
redesigned networks quantifies the environmental footprint of the two networks.
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Figure 1 — Methodology for the analysis of existing and redesigned networks.



3 CASE STUDY

The methodology above is applied to the case of the network serving the Azores archipelago. The analysis is
focused on a representative two-week peak-season period. Real vessel schedules and containerized cargo vol-
umes were collected from shipping operators and port authorities to analyze the existing services and model a
redesigned network. Information was also gathered as regards the ship’s characteristics, operational speeds, and
time charter rates, with the aim of calculating total operating costs and associated emissions.

The existing liner network has been redesigned into a pure hub-and-spoke network, as shown in Figure 2,
using Ponta Delgada and Praia da Vitdria as primary distribution hubs, consolidating mainland departures from
Lisbon and Leixdes into weekly services to both hubs, supported by optimized feeder services (carried out by
one ship only) connecting these hubs to the remaining islands. Only the very small island of Corvo has been
left out of this network as it is served using very small vessels sailing only from Flores. The required ship sizes
for the redesigned services have been estimated based on cargo volumes and commercially available ship sizes.

TVONLHOd

Figure 2 — Redesigned liner network.

Four different scenarios have been considered in this study. The Existing Liner Network scenario represents the
as-is situation in the transportation of containerized cargo between the Portuguese mainland and the Azores
archipelago, while the Optimized Liner network scenario depicts the redesigned network in Figure 2. Addition-
ally, two other scenarios are considered: replacing the small feeder vessel with an electric feeder; in addition,
using shore power for the main ships. The aim is assessing the impact of electrification in improving the sus-
tainability of liner shipping networks. Table 1 displays the emissions in tons for the different scenarios being
analyzed and the respective decreases. It can be observed that each successive sustainability upgrades to the
liner network yield a clear drop in all measured pollutants. The most comprehensive scenario (redesigned net-
work considering both electric feeders and shore power for main ships) presents the lowest amount of emissions,
and displaying savings in the order of 34% for CO., 87% for NOx, 29% for SOx, PM1o and PM2 s, representing
the potential of electrification for reducing emissions in liner shipping.

Table 1 — Redesigned Network emissions in tons and in percentage for the different scenarios considered.

Scenarios (1-4) Emissions in tons
COo2 NOx SOx PM10 PM2.5
1 Existing Liner Network 2,294.1 12.3 62.7 0.9 0.8
2 Optimized Liner Network 1,688.1/-26.4% 18/-853% 47.7/-23.9%  0.7/-24.0% 0.6 /-24.0%
3 Optimized liner network with electric feeder 1,584.4/-30.9% 1.7/-86.2% 44.7/-28.7%  0.6/-28.7% 0.6/-28.7%

4 Optimized liner network, electric feeder and shore power for main ships  1,521.6 / -33.7% 16/-86.7% 445/-291% 0.6/-29.3% 0.6 /-29.3%

4 CONCLUSIONS

Numerical results demonstrate that a redesign of the network and optimized feeder deployment can reduce total
emissions significantly (much more than most energy efficiency measures) while maintaining service coverage
and schedule feasibility. The findings contribute to a broader discussion on sustainable short-sea shipping and
provide a methodological framework applicable to other peripheral island regions.
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Extended Abstract

INTRODUCTION

Maritime chokepoints, like the Panama or Suez Canals, or the Straits of Malacca and Hormuz, among others)
are critical nodes in global shipping networks, channelling a substantial share of maritime freight flows
(Rodrigue, 2020). In recent years, the increase of unexpected events affecting those chokepoints resulted on
generalized traffic rerouting actions through longer alternative passages, leading to higher costs and travel times.
While a growing body of literature examines the «operational and economic consequences» of chokepoint
disruptions (Notteboom et al., 2021; Verschuur et al., 2022), little attention has been paid to their environmental
impacts, specifically the additional greenhouse gas (GHG) emissions generated by forced rerouting. This gap
is particularly concerning given the International Maritime Organization's (IMO) ambition to reach net-zero
GHG emissions from international shipping by around 2050 (Marine Environmental Protection Committee,
2023) and the increasing frequency of maritime disruptions driven by geopolitical instability and climate
change.

On another hand, scientific literature regarding decarbonisation literature in maritime transport has
predominantly focused on technological solutions, like alternative fuels, ship design or propulsion systems, or
on operational measures and actions, such as slow steaming, speed optimisation or route planning, as levers
for emission reduction (Bouman et al., 2017; Psaraftis and Kontovas, 2013; Lindstad et al., 2015). Most of these
studies implicitly assume stable routing patterns and do not consider the extra emissions of alternative routes.
Assessing this carbon cost of disruptions across multiple events, chokepoints, and vessel types would add both
a theoretical and practical insight to anticipate and mitigate the environmental costs of disruptions.

This proposal aims to identify and assess the main environmental costs (mainly related to GHG emissions
but not only) related to disruptions of maritime routes at chokepoints, on the basis of a database of disruptive
events at chokepoints between 2019 and 2024.

DATA AND METHODOLOGY

The assessment methodology on a unified dataset of daily vessel passages through major maritime chokepoints
from 2019 to 2024 (extracted from international databases like Humdata or Portwatch), disaggregated by vessel
type (tankers, bulk carriers, container ships, etc.) and by strait. This dataset captures traffic volumes before,
during, and after each major disruption event, enabling a longitudinal analysis of rerouting patterns.

To estimate the associated GHG emissions, we employ a «bottom-up estimation approach» consistent with
the methodology used in the IMO Fourth GHG Study (Faber et al., 2020). Specifically, for each identified
rerouting event. Moreover, this estimation follows a before-after analysis logic where only changes are assessed
(Gonzalez-Feliu, 2018). In this logic, the GHG emissions in excess at chokepoint s due to disruption d can be
estimated as follows:

Excess GHGE = AN,%. Dyaqitionar- EFy- Capacity,

Where AN,,‘: represents the estimated number of rerouted vessels of type v;
Dgaditionar 18 the additional sailing distance of the alternative route;
EF, is the emission factor per vessel type expressed in grams of CO, per tonne-nautical mile;
Capactty, is the mean deadweight tonnage per vessel category.

Data will be analyzed using Interrupted Time Series Analysis (ITSA, McDowall et al., 2019), which allows
to estimate the immediate emission impact at the onset of the disruption, the change in emission trajectory
during the disruption period, and the post-disruption recovery pattern, including the time to return to baseline
emission levels and whether a "new normal" emerges with persistently altered emission levels. Moreover, a



cross-strait correlation analysis using Granger causality tests (Shojaie and Fox, 2022) will be carried out to
examine whether traffic reductions in a disrupted chokepoint are statistically associated with traffic increases
in alternative chokepoints, and to measure the temporal lag of such cascading effects.

EXPECTED RESULTS AND CONTRIBUTIONS

Data collection and initial descriptive analyses of traffic patterns across chokepoints have been carried out,
identifying 59 main disruptions where 54 are of natural origin (storms, cyclones, earthquakes, etc.) and 5 of
anthropic nature. The emission estimation model is currently being calibrated using IMO emission factors.
Preliminary results for the Suez Canal disruptions (2021 and 2023-2024) suggest that «the carbon penalty of
rerouting is substantial» and varies significantly by vessel type. Full ITSA modelling and

Although this research is at an early stage, we anticipate several contributions relevant to the decarbonisation
agenda of maritime transport. First, this study provides a first systematic, multi-event quantification of the
excess carbon footprint attributable to chokepoint disruptions. This fills a significant gap, as current IMO
emission scenarios and decarbonisation roadmaps do not explicitly account for disruption-induced rerouting as
a source of emission variability.

Second, by analysing carbon recovery patterns» across different disruption types (geopolitical, climatic,

accidental, sanitary), this study contributes to the emerging literature on supply chain resilience by adding an
environmental dimension that has been largely absent from resilience frameworks.
Third, the analysis of whether successive disruptions lead to «more carbon-efficient responses» speaks to the
question of organisational learning» in maritime networks, a question with direct implications for policy design.
From a policy perspective, findings will help assessing the hidden environmental cost of geopolitical and
climatic instability on maritime decarbonisation efforts. This has direct implications for the IMO's GHG
strategy, for the EU Emissions Trading System's inclusion of maritime transport, and for port and infrastructure
investment decisions aimed at reducing chokepoint dependency.
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Extended Abstract
INTRODUCTION

The decarbonisation of maritime transport has become a central objective under the International Maritime
Organization (IMO) strategy, targeting significant reductions in greenhouse gas (GHG) emissions by 2030 and
net-zero emissions by 2050 (IMO, 2023). Within this regulatory framework, short-term technical measures such
as the Energy Efficiency Existing Ship Index (EEXI) and the Carbon Intensity Indicator (CII) have been intro-
duced to enforce compliance (IMO, 2021a; IMO, 2021b). Among these, Engine Power Limitation (EPL) has
emerged as a widely applied measure due to its relatively low implementation cost and immediate applicability
to existing vessels (IACS, 2022).

Container ships, which account for a substantial portion of global maritime emissions, are particularly af-
fected by these regulations due to their operational profiles and high installed propulsion power (European
Commission, 2023). In practice, many container vessels operating in European trade routes are required to
comply with strict sulfur limits (0.10% m/m in Emission Control Areas) and increasingly stringent carbon in-
tensity requirements (IMO, 2022). These regulatory pressures often lead to the implementation of EPL as a
primary compliance strategy.

However, the effectiveness of EPL is typically evaluated under idealised operating conditions, assuming
steady-state engine performance near optimal load ranges. In reality, container ships frequently operate under
variable load conditions due to port operations, maneuvering, traffic constraints, and slow steaming practices
(\Volker, 2015). Therefore, there is a critical need to assess EPL performance based on real operational data
rather than theoretical assumptions.

METHODOLOGY

This study presents a real-data-driven evaluation of EPL using operational data collected from the container
vessel. The vessel is a 2,478 TEU container ship equipped with a MAN 7L70ME-C two-stroke main engine
with a Maximum Continuous Rating (MCR) of 21,770 kW.

High-resolution engine load data were recorded at 5-minute intervals, resulting in a detailed dataset representing
actual ship operations. While previous studies have utilised extended datasets, this study focuses on a repre-
sentative 10-day operational period to capture short-term variability in engine loading conditions.

To evaluate EPL performance, a load distribution-based approach is adopted. Engine operating points are ana-
lysed in relation to their corresponding specific fuel consumption (SFC) characteristics, with particular empha-
sis on deviations from the optimal load region. In addition, fuel consumption values are standardised using
equivalent fuel energy conversion methods to ensure consistency across different operational scenarios.

RESULTS AND DISCUSSION

The analysis demonstrates that the main engine operates predominantly under partial load conditions, with a
significant proportion of operating time occurring below 50% MCR. This observation is consistent with previ-
ous findings indicating that container ships engaged in short-sea and regional European operations experience
highly variable load profiles (Volker, 2015; Viran and Mentes, 2021).

From a thermodynamic perspective, marine diesel engines achieve minimum specific fuel consumption
within the range of approximately 70-80% MCR (Barsali et al., 2004). Operation outside this range leads to
increased fuel consumption per unit power output, thereby reducing overall energy efficiency.



The implementation of EPL, which effectively restricts the maximum available engine power (typically to
75-83% of MCR for EEXI compliance), is intended to reduce fuel consumption and associated emissions (IMO,
2021a; IACS, 2022). However, the present analysis indicates that, under real operating conditions, EPL does
not necessarily lead to improved efficiency. Instead, since the engine already operates below optimal load levels
for a considerable portion of time, further restricting available power does not significantly alter the load dis-
tribution.

Moreover, EPL may introduce additional operational constraints, particularly in scenarios requiring higher
power availability, such as adverse weather conditions, schedule recovery, or safety-critical maneuvers. This
limitation reduces operational flexibility, which is a critical parameter in container shipping due to strict sched-
ule requirements.

In contrast, previous studies on hybrid propulsion systems and alternative fuel applications have demon-
strated that energy efficiency improvements can be achieved through system-level optimisation and operational
flexibility. For example, diesel-electric and hybrid configurations enable generators to operate closer to optimal
load conditions, resulting in fuel savings and emission reductions (Zahedi and Norum, 2013). Similarly, alter-
native fuel retrofit solutions, such as methanol engine conversion, have shown promising results in achieving
EEXI and CIl compliance while reducing lifecycle emissions (Bayraktar et al., 2023).

The comparison highlights that EPL, as a standalone regulatory measure, lacks the capability to address ineffi-
ciencies arising from real operational conditions. Instead, it functions primarily as a compliance tool rather than
an optimisation strategy.

CONCLUSIONS

The findings of this study have important implications for regulatory frameworks such as EEXI and CIl. While
EPL provides a practical short-term solution for meeting EEXI requirements, its contribution to actual emission
reduction may be limited when evaluated under realistic operational profiles.
For container vessels operating in European waters, compliance with both sulfur regulations and carbon inten-
sity targets necessitates a more integrated approach. This study provides a real operational assessment of Engine
Power Limitation (EPL) using high-resolution engine load data from a container vessel. The results demonstrate
that:

- The main engine operates predominantly outside the optimal efficiency range

- EPL does not significantly improve energy efficiency under real operating conditions

- Operational flexibility may be negatively affected by power limitations

- Data-driven evaluation is essential for accurate assessment of regulatory measures

The findings emphasise that decarbonisation strategies in maritime transport should not rely solely on power
limitation approaches but should instead incorporate operational optimisation and advanced propulsion tech-
nologies. This study highlights the importance of integrating real-world operational data in evaluating energy
efficiency measures in container shipping.
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