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1. Introduction

The global maritime sector is entering a period of unprecedented
transformation, driven by the dual imperatives of deep decarbon-
isation and enhanced operational resilience. Stricter international
regulations, rapid technological advancements, and increasing soci-
etal expectations are driving the transition towards cleaner andmore
efficient ship propulsion and energy systems. As a result, shipowners,
designers, and operators increasingly seek solutions that simulta-
neously reduce greenhouse gas emissions, improve fuel and energy
efficiency, and ensure reliable vessel performance across diverse and
unpredictable operating conditions.

The 4th International Conference on Modelling and Optimisation
of Ship Energy Systems (MOSES 2023) was held at Delft University of
Technology, The Netherlands, on 26–27 October 2023. TheMOSES
2023 Special Issue:Modelling andOptimisation of Ship Energy Systems
brings together a curated selection of high-quality research contribu-
tions presented during the event. The published works span a wide
range of topics, including alternative and renewable fuels, hybrid-
electric propulsion architectures, high-fidelity numerical mod-
elling, thermal and electrical system integration, advanced power
and energy management strategies, and uncertainty-aware design
methodologies. Together, these studies strengthen the scientific
foundations required to support the maritime energy transition and
to guide the development of next-generation ship energy systems.

Beyond advancing technical understanding, this Special Issue
highlights the importance of integrated approaches that combine
thermodynamics, power and energy systems engineering, hydro-
dynamics, control theory, optimisation, and data-driven modelling.
Such interdisciplinary integration is essential for addressing the com-
plexity of modern ship energy systems and for ensuring that emerg-
ing solutions are robust, scalable, and adaptable to evolving regula-
tory and operational contexts. The MOSES community continues to
play a central role in this transformation by fostering collaboration
between academia, industry, classification societies, and policymak-
ers, thereby supporting the development of cleaner, smarter, and
more resilient maritime technologies.

2. Background

The MOSES community has progressively established an interdis-
ciplinary foundation for the analysis, modelling, and optimisation
of ship energy systems. Since the early thematic collections that
formalised this research area (Frangopoulos et al. 2020), the field
has expanded to include advances in energy conversion technolo-
gies, digital methods, optimisation tools, and alternative fuels. The
present Special Issue reflects this broadening scope andhighlights the
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growing need for integrated, multi-domain approaches to support
the maritime energy transition.

The sector-wide push towards decarbonisation, reinforced by the
revised IMO GHG Strategy and long-term projections, has inten-
sified interest in new fuels and energy carriers. Hydrogen-based
solutions are now being examined for both near-term and long-term
deployment scenarios, supported by comparative analyses of carrier
pathways and ship integration strategies (van Rheenen et al. 2025).

Methanol has similarly emerged as a promising marine fuel,
with growing attention to system-level integration, performance
uncertainties, and safety considerations. Recent studies have high-
lighted the impact of variations in thermal management, stor-
age, and reforming on the viability of methanol-powered architec-
tures (Souflis-Rigas et al. 2025). Additional research into methanol-
specific spray processes has provided deeper insight into injection
behaviour, evaporation dynamics, and combustion readiness (Kar-
vounis and Theotokatos 2025; Zoumpourlos et al. 2025).

Beyond conventional fuels, broader assessments of hydrogen and
ammonia underscore their potential as fully decarbonised alterna-
tives, while also outlining key engineering, regulatory, and cost chal-
lenges (McKinlay et al. 2021). Collectively, these studies emphasise
that fuel choice will increasingly depend on a vessel’s mission profile,
operational constraints, and life-cycle environmental targets.

The evolution of propulsion architectures has been equally
transformative. Battery-electric and hybrid power systems are now
entering mainstream adoption, especially for short-sea, ferry, and
coastal applications. Demonstrations of heat-pump-assisted energy
efficiency improvements on battery-electric vessels illustrate how
thermal subsystems can significantly enhance overall performance
(Brötje et al. 2025). Meanwhile, system-level modelling of hybrid
ferry powerplants has shown how batteries, engines, and auxiliary
subsystems interact across different operating conditions (Balestra
and Schjølberg 2021).

The rapid adoption of electrified propulsion has been enabled
by advancements in power electronics and DC-based architectures.
Foundational studies on DC shipboard power systems have clari-
fied the behaviour of converters, storage elements, and hybrid power
distribution (Xu et al. 2021). Subsequent reviews of maritime fuel-
cell integration highlight how these systems influence power quality,
reliability, and hybrid architecture design (van Biert et al. 2016).
Together, these developments underscore how hybrid solutions offer
a flexible platform for integrating batteries, fuel cells, and future
alternative fuel technologies.

Energymanagement remains a central theme inMOSES research,
driven by the need to optimise fuel use, emissions, and opera-
tional efficiency. Early efforts in voyage optimisation demonstrated
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that data-enabled routeing and power management could signifi-
cantly reduce energy consumption at the fleet level. More recent
reviews have consolidated the state of knowledge in modelling and
optimisation, chartingmethodological advances from physical mod-
elling to machine learning and hybrid approaches (Coraddu et al.
2021; Mylonopoulos et al. 2023).

Operational data analysis has become increasingly important
for improving ship performance, particularly as high-frequency
onboardmeasurements becomemore accessible. Data-driven frame-
works have been proposed to enhance model calibration, identify
inefficiencies, and improve predictive accuracy in operational set-
tings (Vasilikis et al. 2025). These developments reinforce a growing
industry trend towards real-time, data-enabled operational decision
support.

Digitalisation has become one of the defining shifts in maritime
energy research. Hybrid digital twins, which integrate physics-based
models with live sensor data, now enable real-time optimisation
of propulsion systems and dynamic decision support during mixed
operating profiles (Brötje et al. 2025). These tools rely on advances in
simulation fidelity and solver efficiency, enabling the multi-domain
coupling of hydrodynamics, power systems, thermal behaviour, and
control mechanisms.

High-fidelity thermal interaction models are also becoming cen-
tral to the analysis of integrated power systems. For example, investi-
gations combining batteries, fuel cells, and heat pumps have demon-
strated how thermal management constraints influence hybrid-
system performance in transient and off-design scenarios (Zhang
et al. 2023). Such insights reinforce the need for holistic, system-
level modelling approaches in future ship design. The electrification
of ships has increased interest in modular, scalable DC microgrids.

Reviews of DC architectures highlight the importance of con-
verter dynamics, communication structures, and storage integration
in ensuring safe and reliable operation (Xu et al. 2021). In paral-
lel, advanced control methodologies have been developed to support
power sharing, fault resilience, and dynamic stability under diverse
loading conditions (Jin et al. 2017).

Recent contributions in this area include the application of
virtual-impedance control for stability enhancement, which enables
improved decoupling between fuel cells and battery subsystems
(Xu et al. 2021). Experimental and simulation-based investigations
demonstrate how virtual impedance can support safe operation
under rapid load changes and converter nonlinearities, thereby
improving the robustness of hybrid DC networks. Advances in
frequency-decoupling solutions for modular fuel-cell/battery archi-
tectures further reinforce the practical value of these methods
(Kopka et al. 2025).

As ship energy systems becomemore complex, the ability to quan-
tify and manage uncertainty has emerged as a key research priority.
Studies on uncertainty quantification for marine energy systems
demonstrate how variations in component performance, environ-
mental conditions, and mission profiles can influence both design
decisions and operational performance. Complementary investiga-
tions into system-level design uncertainties, from fuel reforming to
energy conversion and subsystem integration, highlight the need for
robust, uncertainty-aware design frameworks in early-stage engi-
neering (Souflis-Rigas et al. 2025). The broad set of methodologies
showcased across the MOSES community reflects a common aim:
to develop energy systems that are efficient, resilient, and adaptable
to future fuels and operational requirements. By uniting research
on alternative fuels, hybrid-electric architectures, microgrid control,
optimisation, and digitalisation, this Special Issue provides a com-
prehensive overview of the state of the art and a forward-looking
perspective on next-generation ship energy systems.

3. Research in this special issue

This Special Issue showcases five published research articles, each
advancing the science and practice of ship energy systems through
distinct, rigorously developed investigations:

(1) A Case Study of Enhancing Energy Efficiency in Battery-
Electric Ferries Through Low-Temperature Heat Pump Inte-
gration: Brötje et al. present a pioneering investigation into
the integration of low-temperature heat pumps aboard battery-
electric ferries. Their research quantifies reductions in electrical
demand and demonstrates extended vessel endurance, provid-
ing practical strategies for realising zero-emission passenger
transport on waterways (Brötje et al. 2025).

(2) Comparative energy analysis of hydrogen carriers as an
energy source on ships: van Rheenen et al. present a compara-
tive analysis of three hydrogen carriers, liquid hydrogen, LOHC,
and ammonia, assessing their techno-economic and energy pro-
files within an integrated modelling framework. This compre-
hensive evaluation offers strategic guidance for ship designers
and decision-makers considering hydrogen-based propulsion
technologies (van Rheenen et al. 2025).

(3) Virtual Impedance-based Frequency Decoupling for Modu-
lar Fuel Cell-Battery DC Shipboard Power Systems: Kopka
et al. present a novel control strategy for modular fuel
cell-battery shipboard DC microgrids. By employing vir-
tual impedance-based frequency decoupling, their research
enhances stability and load sharing, a crucial advancement
for next-generation hybrid and all-electric vessel architectures
(Kopka et al. 2025).

(4) Characterisation of methanol power and energy systems’
uncertainty propagation in ship design: Souflis-Rigas et al.
deliver an in-depth uncertainty-propagation framework for
evaluating methanol-powered ship designs. Their methodology
enables shipbuilders and designers to quantitatively assess the
reliability and environmental performance of methanol energy
systems, strengthening robust decision-making in the adoption
of alternative fuels (Souflis-Rigas et al. 2025).

(5) Methanol Sprays in Marine Engines: CFD Modelling of Port
Fuel Injection Systems: Zoumpourlos et al. present a high-
fidelity computational analysis ofmethanol spray formation and
combustion processes in marine engines. Their results provide
engineers with actionable insights for cleaner and more effi-
cient combustion strategies, advancing the development of low-
emission propulsion technologies (Zoumpourlos et al. 2025).

4. Outlook

The contributions gathered in this Special Issue delineate a clear
and compelling trajectory for maritime research and innovation. As
vessels increasingly adopt hybrid propulsion architectures, integrate
clean and alternative fuels, and deploy sophisticated energy man-
agement strategies, advancedmodelling and optimisation techniques
will play an increasingly central role. Looking ahead, the fusion of
physics-based models with data-driven and AI-enabled approaches
is poised to revolutionise the development of next-generation digital
twins, predictive control systems, and real-time optimisation frame-
works. Furthermore, lifecycle assessment and techno-economic
analyses will become indispensable tools for informing both new-
build designs and retrofit decisions. The methodological advances
showcased here demonstrate that the MOSES community is excep-
tionally well-positioned to support the maritime sector’s transition
towards cleaner, smarter, and more sustainable ship-energy systems.
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