
Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 1 of 55 

 

 

 

 

 

RETROFIT SOLUTIONS TO ACHIEVE  

55% GHG REDUCTION BY 2030 
 

 

 

 

 

 

 

 

Power train and on-board smart micro-grid 
integration in a simulation environment 

 

 

 

WP 6 – Electrification and Energy Management of On-board Systems 

Task 6.3 – Integration of best electric combination - Energy/Power Management Systems 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment 

Partners involved: CNR, LJMU 

Authors: Maria Carmela Di Piazza, Marcello Pucci, Onur Yuksel, Viknash Shagar, Juan Ignacio 
Ahuir Torres, Eduardo Blanco-Davis  

 

Ref. Ares(2025)10409477 - 27/11/2025



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 2 of 55 

Project details 

 

Project Title  RETROFIT SOLUTIONS TO ACHIEVE 55% GHG REDUCTION 
BY 2030 

Project Type  Innovation Action  

Project Acronym  RETROFIT55 

Grant Agreement No.  101096068 

Duration  36 M 

Project Start Date  01/01/2023 

 

Deliverable information 

  

Status  
(F: final; D: draft; RD: revised 
draft) 

F  
14/11/2025 

Planned delivery date 14/11/2025 

Actual delivery date 14/11/2025 

• Dissemination level: PU 
– Public, fully open, e.g. 
web (Deliverables flagged 
as public will be 
automatically published in 
CORDIS project’s page) 

• SEN – Sensitive, limited 
under the conditions of the 
Grant Agreement  

• Classified R-UE/EU-R – 
EU RESTRICTED under 
the Commission Decision 
No2015/444 

• Classified C-UE/EU-C – 
EU CONFIDENTIAL under 
the Commission Decision 
No2015/444 

Classified S-UE/EU-S – EU 
SECRET under the 
Commission Decision 
No2015/444 

PU 

Type: Report, Website, 
Other, Ethics 

Report 

 

  



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 3 of 55 

Document history 

  

Version Date Created/Amended by Changes 

01 28/10/2025 CNR  

02 31/10/2025 CNR 
Slight revisions and 

editorial adjustments 

03 04/11/2025 NTUA Technical Review 

Final 12/11/2025 CNR 
Editorial Review and 

Final Version 

 

Quality check review 

  

Reviewer (s)  Main changes / Actions  

Nikos Themelis, John 
Prousalidis (NTUA) 

Slight revisions and editorial adjustments 

Emanuele Spinosa 
(CNR)  

Minor editorial adjustments 

Emanuele Spinosa and 
Alessandro Iafrati (CNR) 

Final review of contents and submission to EC.  

 

 



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 4 of 55 

Table of Contents 

Executive Summary ............................................................................................................................. 5 

List of figures and tables ...................................................................................................................... 6 

1 Introduction .................................................................................................................................... 8 

2 All-Electric Ship and shipboard microgrid concept ..................................................................... 10 

2.1 The shipboard microgrid and the related enabling technologies ....................................... 11 

2.1.1 Distributed Generation............................................................................................. 13 

2.1.2 Energy Storage Systems ......................................................................................... 14 

2.1.3 Power electronics .................................................................................................... 15 

2.1.4 Energy Management Systems (EMS) ..................................................................... 15 

2.1.5 Direct Current (DC) power distribution .................................................................... 16 

3 Examples of shipboard hybrid generation systems and simulation analyses ............................ 19 

3.1 Dynamic modelling and simulation of Fuel Cells and Batteries ......................................... 19 

3.1.1 Fuel Cell Operation .................................................................................................. 24 

3.1.2 Lithium-ion Battery Operation.................................................................................. 25 

3.1.3 Discharge and Charging Processes........................................................................ 26 

3.1.4 Battery Degradation ................................................................................................. 27 

3.2 Simulation of converter control for FC–battery interfacing in shipboard microgrids .......... 30 

3.2.1 The multi-converter shipboard microgrid ................................................................ 30 

3.2.2 Simulation results .................................................................................................... 32 

4 Simulation frameworks and results of EMSs applied to innovative/retrofitted electrical 

configurations for M/V KASTOR ship.......................................................................................... 36 

4.1 Energy Management Simulation for Hybrid Ship Electrification System ........................... 36 

4.1.1 EMS simulation framework ...................................................................................... 36 

4.1.2 Power System Simulation for Hybrid Ship Electrification System .......................... 41 

4.2 Integrated Management of PTO/PTI and storage systems for the reduction of fuel 

consumptions and polluting emissions ......................................................................... 43 

4.2.1 Preliminary sizing of PTO and BESS ...................................................................... 43 

4.2.2 The proposed EMS .................................................................................................. 45 

4.2.3 Simulation results .................................................................................................... 46 

5 Closing remarks........................................................................................................................... 51 

References ......................................................................................................................................... 52 



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 5 of 55 

Executive Summary 

This report builds upon the work previously developed within the framework of WP6 of the project, 

further exploring the integration of electrical technologies in maritime transport with the aim of 

enhancing operational efficiency and supporting the achievement of environmental goals. 

In the context of modernizing existing vessels, either through the introduction of new design concepts 

or retrofitting, the focus is placed on the electrification of onboard power and propulsion systems, as 

well as on the performance assessment of such solutions through model development and numerical 

simulation validation. 

The concept of the All-Electric Ship (AES) is presented as the ideal paradigm for sustainable and 

efficient maritime operations, wherein all primary and auxiliary energy demands (propulsion, hotel 

loads, auxiliaries) are supplied exclusively by electrical energy. The AES is also identified as the 

technological platform best suited for the implementation of onboard electrical microgrids, which in 

turn provide the most appropriate framework for integrated simulation-based analysis of shipboard 

power and propulsion systems. Building on these considerations, the report first presents several 

examples of simulation-based analyses aimed at assessing the performance of hybrid low-carbon 

emission power sources such as fuel cells and batteries, and the performance of control strategies 

of power converters within a shipboard microgrid environment. 

Particular attention is given to the case study of the bulk carrier M/V Kastor, for which two energy 

management simulation frameworks are presented: one addressing hybrid configurations and one 

assessing a retrofitted system combining power take-off (PTO) with a battery energy storage system 

(BESS). Simulation results demonstrate the achievement of fuel savings and emission reductions 

through the coordinated management of propulsion and auxiliary power. 

Methodologies presented in this report evaluate the technical feasibility, operational advantages, 

and environmental benefits of electrification and hybridization strategies in maritime vessels, 

supporting decision-making in both retrofitting and new ship design scenarios. 
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1 Introduction 

The improvement of efficiency and the attainment of environmental targets in maritime transport 

depend on the integration and advancement of multiple technological domains. In the context of 

retrofitting existing vessels, the most significant areas of technological innovation include ship hull 

design optimization, enhancement of propulsion and energy systems, adoption of alternative and 

cleaner fuels (such as LNG, hydrogen, and biofuels), and the implementation of waste heat recovery 

strategies [1], [2] 

Electrification stands as a cornerstone of the transition towards more efficient, reliable, and 

sustainable maritime operations. Recent research has proposed various electrification strategies 

aimed at enhancing operational efficiency and reducing emissions. For instance, several studies 

have investigated the use of renewable energy sources on board, such as photovoltaic (PV) panels 

[3] and have introduced coordinated optimization frameworks to minimize overall costs and 

greenhouse gas (GHG) emissions by jointly considering energy storage system (ESS) sizing, voyage 

scheduling, and PV power variability  [2] [4], [5]. Furthermore, other studies have analyzed the 

hybridization of diesel-electric systems with battery energy storage to improve operational flexibility 

and efficiency, demonstrating the feasibility and benefits of such configurations for both new designs 

and retrofitted vessels [6]. 

The ultimate paradigm shifts toward environmental sustainability and operational efficiency related 

to the use of electrical technologies on board is embodied in the All-Electric Ship (AES) concept. 

The AES envisions a vessel in which all primary and auxiliary energy demands, i.e., propulsion, hotel 

loads, navigation, and cargo operations, are supplied exclusively through electrical energy. AES 

represents, in perspective, the ideal platform for the development of digital models aimed at 

simulating and analyzing the coordinated behavior of electric power generation and the powertrain 

(which, in this case, also constitutes an electrical load alongside auxiliary and hotel loads), as well 

as for testing the overall electrical efficiency of the vessel. 

Notable advancements are being achieved in this area within the domain of diesel-electric propulsion 

vessels. Although these ships still rely on diesel generators for onboard power production, they are 

progressively evolving towards near all-electric configurations. This transition is characterized by the 

integration of hybrid or clean-fuel thermal generators, the adoption of battery systems to manage 

power peaks and enable zero-emission operations during port stays, and, more broadly, the 

development of centralized or distributed electrical architectures incorporating low-environmental-

impact power generation technologies [7], [8]. 

Within the specific scope of this project, and with reference to the selected case study, i.e., the bulk 

carrier Kastor M/V, the range of technological modifications that can be realistically considered, while 

remaining consistent with the concept of electrical retrofitting, is relatively constrained.  

Among the various retrofit options identified, the shaft generator configuration emerges as the most 

suitable solution for conducting a coordinated simulation-based analysis of the vessel’s electrical 

microgrid and powertrain. This configuration inherently relies on the bidirectional exchange of 

electrical and mechanical power between the main propulsion engine and the onboard electrical 

power grid, thus enabling the simulation of integrated management of propulsion power and auxiliary 

electrical power for the Kastor ship. 

On such bases and according to the project work plan, this report is structured as follows: 
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Firstly, an overview of the fundamental characteristics of AESs, including enabling technologies, 

prospective applications, advantages and limitations, and existing research challenges, is provided. 

This overview demonstrates that the AES paradigm facilitates the analysis of shipboard power and 

propulsion systems from a microgrid-oriented perspective. Furthermore, the study presents several 

examples of simulation-based investigations into hybrid power generation systems with reduced 

environmental impact and aimed at validating either their dynamic performance or the control of 

power converters used for their grid integration. 

With specific reference to the case study vessel, this report presents two simulation frameworks for 

the assessment of energy management strategies (EMSs) both related to the hybrid configurations 

defined and analyzed within D6.3 and D6.4 and related to a retrofitted shipboard power and 

propulsion system resulting by the implementation of a PTO assisted by an appropriate energy 

storage system (battery). For the latter EMS, the obtained advantages in terms of fuel saving and 

emission reduction are evaluated in simulation.   
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2 All-Electric Ship and shipboard microgrid concept 

All-electric ships (AESs) represent a significant evolution in maritime propulsion, characterized by 

the full integration of onboard electrical systems to supply both propulsion and auxiliary loads.  

Unlike conventional vessels, where mechanical energy from internal combustion engines is 

transmitted directly to the propeller, AESs rely on electric motors for propulsion, with all required 

energy provided through a shipboard power grid as exemplified in Figure 1. This electrical paradigm 

allows for flexible distribution of power among propulsion, hotel loads, and auxiliary systems, and 

facilitates the integration of energy storage systems and low-emission or zero-emission generation 

technologies.  

Centralized or distributed electrical architectures, combined with advanced power electronics and 

control systems, constitute the technological backbone of AESs. Specifically, the pillars of the AES 

concept are: 

▪ Integrated Power Systems (IPSs) combining generation, energy storage, and distribution 

within a unified electrical infrastructure 

▪ Modular power electronics for flexibility, redundancy, and fault tolerance 

▪ High-power converters and advanced control systems to ensure stability and power quality 

and to manage energy flows dynamically 

 

 

 

Figure 1: Comparison of conventional (top) and all-electric (bottom) shipboard power and propulsion systems 
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The prospective applications of AESs span a range of vessel types and operational profiles.  

At present, all-electric platforms have been successfully implemented across a wide range of 

applications in both commercial and military vessels, for example, diesel-electric cruise ships, dual-

fuel diesel-electric LNG carriers, nuclear-powered aircraft carriers, and diesel-electric or nuclear-

powered submarines. These systems are also well suited for short-sea shipping, ferries, harbor 

operations, and inland navigation, where predictable energy demand and stringent emission 

regulations promote zero-emission operation. Naval and research vessels also benefit from AES 

adoption, achieving enhanced maneuverability, reduced acoustic signatures, and greater 

operational flexibility. In larger vessels, such as cruise ships and offshore support vessels, AES 

architectures are increasingly being deployed in hybrid configurations that integrate batteries, fuel 

cells, and low-emission generators to comply with evolving environmental standards and regulatory 

frameworks [9], [10].  

The advantages of AESs are substantial. By centralizing electrical generation and employing flexible 

power management, AESs can achieve higher overall energy efficiency compared with conventional 

mechanical transmission systems. The decoupling of propulsion from mechanical engines allows 

precise control of speed and load distribution, while also reducing noise and vibration, which 

improves comfort and minimizes environmental impact. Furthermore, the simplification of 

mechanical systems reduces maintenance requirements and enhances system reliability. The ability 

to incorporate batteries or other energy storage solutions additionally enables peak shaving, load 

energy demand smoothening, and short periods of zero-emission operation, particularly in port 

areas. 

Despite these benefits, AESs also face several challenges and limitations. Energy density 

constraints of current battery technologies restrict their applicability in long-range or high-power-

demand operations. The initial capital costs associated with advanced power electronics, energy 

storage, and integrated electrical architectures are significant, which can impact economic viability. 

Thermal management, system safety, and the complexity of integrating hybrid and renewable 

generation sources further complicate design and operation. Additionally, infrastructure 

requirements for charging or refueling alternative fuels, as well as the need for specialized 

maintenance personnel and protocols, pose practical barriers to widespread adoption. 

Ongoing research and development efforts are focused on addressing these challenges. Advances 

in high-energy-density batteries, hybridization with fuel cells and low-emission generators, and the 

development of intelligent microgrid control systems are critical for improving efficiency, reliability, 

and operational flexibility. Standardization of electrical interfaces and safety protocols, as well as 

lifecycle and techno-economic assessments, are essential to facilitate broader implementation.  

Overall, AESs represent a transformative paradigm for the maritime industry, supporting the broader 

decarbonization and digitalization of shipping. The continued integration of digital twins, simulation-

based design, and smart energy management will play a pivotal role in achieving this transition. 

2.1 The shipboard microgrid and the related enabling technologies 

In AESs the onboard electrical power system can, for all practical purposes, be regarded as a 
microgrid. It comprises generation units, distribution networks, and electrical loads. During 
navigation the system operates as an isolated and self-sufficient network, whereas, when the vessel 
is moored in port, it can be connected to the terrestrial grid, thereby becoming an integral part of it. 
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Current trends aimed at enhancing the efficiency of Ship Power Systems (SPSs) are increasingly 
converging towards the implementation of the microgrid paradigm on board. Consequently, the 
engineering experience gained in terrestrial microgrids proves highly valuable and can be effectively 
transposed to the design and construction of marine power systems. 

Land-based microgrids are small-scale, self-regulating power systems that interconnect generation 
sources, storage units, and loads within well-defined electrical boundaries, typically ranging from 
100 kW to several MW. They interface with the upstream grid through points of common coupling, 
operating either in grid-connected mode, in coordination with the external network, or in islanded 
mode, functioning autonomously. Such architectures dispense with extensive high-voltage 
transmission and distribution systems, facilitate the integration of renewable energy sources and 
enable intelligent management of loads and local resources through bidirectional power and data 
flows [11]. 

Adopting a microgrid-oriented approach for the design and operation of SPSs holds great promise 
in advancing the low-carbon transition of ships. It is now recognized as a key enabler for achieving 
the efficiency and environmental sustainability targets set for the maritime sector by the IMO 
MARPOL Annex VI and the establishment of Emission Control Areas (ECAs), i.e., zones subject to 
stringent limits on pollutant emissions [12]. 

Recent studies have revealed that the conventional diesel-electric configurations, comprising diesel 
engines coupled with centralized synchronous generators and AC distribution networks, fall short of 
optimizing fuel consumption, emission reduction, energy efficiency, space utilization, and passenger 
comfort [13]. In this context, several technological solutions successfully applied in terrestrial 
microgrids can be advantageously extended to shipboard systems to enhance SPS design and 
performance, thereby supporting objectives related to both energy efficiency and pollutant mitigation. 

The most significant of these innovations include: 

• Distributed onboard generation, incorporating low- or zero-emission decentralized generation 

units (DGs) such as fuel cells (FCs) and photovoltaic (PV) panels [5] [14] 

• Integration of energy storage systems (ESSs) and their coordination with diesel-electric 

generators [7] 

• Extensive use of power electronic converters for energy conversion and conditioning 

• Implementation of advanced controllers and Energy Management Systems (EMSs) for the 

optimal operation of onboard electrical networks 

• Adoption of Direct Current (DC) distribution systems [15]. 

Figure 3 illustrates a conceptual framework of the key technologies and solutions driving the 
evolution of SPSs from conventional Integrated Power Systems (IPS) toward an advanced microgrid 
configuration, closely aligned with the architectural and operational principles of terrestrial 
applications. The following subsections briefly provide some insight into each of them. 
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Figure 2: Technological drivers of shipboard microgrid implementation 

2.1.1 Distributed Generation 

The adoption of Distributed Generation (DG) is reshaping the architecture and operation of modern 
electrical grids, both on land and at sea. Its advantages and challenges stem primarily from issues 
of integration and interconnection with existing power systems. 

From an integration perspective, DG enables a reduction in greenhouse gas emissions and 
dependence on fossil fuels by increasing the share of renewable energy sources (RES). It improves 
distribution network efficiency, reduces transmission losses through local generation, and helps 
mitigate congestion. However, widespread deployment also introduces greater operational 
complexity, particularly with non-dispatchable sources, and requires infrastructural adaptation to 
accommodate a more decentralized system. 

Interconnection with distribution networks offers further benefits, such as the development of 
islanded systems that enhance reliability in remote areas and greater flexibility in responding to load 
variations. Yet, this step entails critical technical challenges including voltage and frequency 
regulation, protection selectivity, and power quality conditioning, especially since some technologies, 
such as PV panels and FCs, produce DC power and require conversion for AC grids. 

Integration becomes particularly sensitive in weak grids, characterized by low short circuit ratio 
(SCR). The connection of fast-acting renewable sources such as wind, solar, and storage systems 
can lead to voltage instability, transients, and oscillations if not properly addressed during planning. 
Compounding the issue is the frequent mismatch between manufacturer assumptions about typical 
SCR values and actual grid conditions, as well as SCR variability during operation. Consequently, 
comprehensive stability studies are essential to avoid costly interventions and reliability concerns. 

These considerations are increasingly relevant in the maritime sector, where rising demands for 
energy efficiency and environmental sustainability are driving the shift toward shipboard microgrids. 
This paradigm requires a fundamental redesign of onboard power systems, traditionally based on 
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centralized diesel-electric units, in favor of multiple distributed generators strategically located 
throughout the vessel. Factors such as zonal independence, load distribution, weight, volume, and 
auxiliary systems must be carefully balanced to minimize the impact on commercially valuable 
spaces. 

Within this framework, fuel cell technology, when effectively integrated with Energy Storage Systems 
(ESSs), emerges as one of the most promising solutions for clean and efficient onboard power 
generation. Fuel cells deliver stable, low-emission electricity, while ESSs—typically batteries—
absorb peak loads and accommodate transient power demands. This hybrid configuration enhances 
fuel efficiency, reduces greenhouse gas emissions, and increases the operational flexibility of 
vessels. Nevertheless, significant challenges remain, including high capital and maintenance costs, 
limited onboard fuel storage capacity, increased system complexity, and the requirement for 
advanced energy management strategies. 

Technical and economic analyses of various configurations incorporating fuel cells and batteries for 
marine applications, as well as the assessment of their impact on the sustainability of navigation, 
have been extensively developed in the previous deliverables. 

Similarly, the integration of grid-connected PV panels on board the case-study vessel, as an 

additional, green auxiliary power source, has already been thoroughly analyzed in previous 

deliverables with respect to its impact on fuel efficiency and emission reduction. 

2.1.2 Energy Storage Systems 

Energy storage systems (ESSs) in electrical power systems, such as microgrids, are used to perform 

multiple functions that address the management of generation and demand variability. The typical 

uses of ESSs in microgrids include providing services such as voltage support, frequency regulation, 

synthetic inertia, renewable firming and time shift, arbitrage, and distribution system upgrade 

deferral. 

ESSs have become integral to modern maritime operations, particularly as the industry strives to 

meet stringent environmental regulations and enhance operational efficiency.  

The predominant ESS technology currently utilized on ships is lithium-ion batteries, owing to their 

high energy density, reliability, and proven performance in marine environments. While they offer 

significant environmental and operational benefits, challenges related to cost, space, safety, and 

energy capacity must be addressed to fully realize their potential [16].  

Lithium-Ion (Li-ion) Batteries are widely adopted due to their high energy density, long cycle life, and 

relatively low maintenance requirements. They are particularly effective in applications such as 

hybrid propulsion systems, peak shaving, and providing power during port operations. Among 

lithium-ion chemistries, Lithium Iron Phosphate (LFP) batteries are gaining popularity for their safety 

and cost-effectiveness, while Nickel Manganese Cobalt (NMC) batteries offer higher energy 

densities but at a higher cost [17]. 

Ongoing advancements in battery technology and integration strategies are expected to mitigate 

these challenges, paving the way for more widespread adoption of ESS in the maritime industry. 
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2.1.3 Power electronics 

Power electronics encompass a range of semiconductor-based devices, such as DC/DC converters, 

inverters, rectifiers, and controllers, that manipulate electrical energy to meet the specific 

requirements of shipboard systems. They allow for the conversion of alternating current (AC) to direct 

current (DC) and vice versa, voltage and frequency regulation, power factor correction, and 

harmonics mitigation. This capability is particularly crucial in All-Electric Ships (AESs) and hybrid 

vessels, where multiple power sources, including diesel generators, gas turbines, fuel cells, 

batteries, and renewable energy systems, must be seamlessly coordinated. 

In modern vessels, power electronic converters are used to interface propulsion motors, energy 

storage systems (ESS), and distribute loads with the main electrical grid. For example, variable 

frequency drives (VFDs) control the speed of AC propulsion motors, enhancing maneuverability, 

reducing fuel consumption, and minimizing mechanical stress. Similarly, bidirectional converters 

enable batteries to either store excess energy during low-demand periods or supply additional power 

during peak loads, ensuring stable and efficient operation of the ship’s electrical grid. 

The integration of power electronics in shipboard systems offers several notable benefits. First, it 

improves overall energy efficiency by enabling generators and prime movers to operate at optimal 

points regardless of varying load demands. Second, it enhances the reliability and flexibility of the 

electrical system, allowing for rapid load shedding, fault isolation, and redundant power pathways. 

Third, it facilitates the integration of renewable energy sources, such as PV panels, and emerging 

technologies like FCs, which often require DC or variable-frequency AC interfaces. Finally, power 

electronics reduce the environmental impact of vessels by supporting hybrid and zero-emission 

operational modes, particularly in emission-controlled areas. 

Despite their advantages, power electronics introduce certain challenges. Semiconductor devices 

are sensitive to thermal stress and require sophisticated cooling and protection systems. The 

switching operations inherent to converters can generate electromagnetic interference (EMI) and 

harmonic distortion, which must be carefully managed to prevent disruption of sensitive equipment. 

Moreover, the complexity of integrating multiple power electronic systems demands advanced 

control algorithms, real-time monitoring, and cybersecurity measures to ensure safe and resilient 

operation. 

Ongoing research and development in wide-bandgap semiconductors, such as silicon carbide (SiC) 

and gallium nitride (GaN), promise to enhance the efficiency, power density, and thermal 

performance of shipboard power electronics. Coupled with advances in digital control, predictive 

maintenance, and energy management strategies, these technologies are expected to play a critical 

role in enabling fully electric and hybrid vessels that are both environmentally sustainable and 

operationally flexible [18], [19], [20]. 

2.1.4 Energy Management Systems (EMS) 

Energy management systems (EMSs) employed in land-based microgrids function as supervisory 

control systems operating at higher levels of the hierarchical control structure. Their primary purpose 

is to coordinate the dispatch of power sources and energy storage systems (ESSs) according to 

predefined objectives, such as cost minimization, energy efficiency enhancement, demand profile 

shaping, energy price stabilization, and reduction of pollutant emissions [21] 
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EMSs play a crucial role in microgrids’ operation, ensuring power balance under highly dynamic and 

uncertain conditions caused by fluctuations in renewable generation and demand. They frequently 

leverage Artificial Intelligence (AI)-based forecasting techniques to improve operational decisions. 

By enabling optimized microgrid operation, EMSs also assist Distributed System Operators (DSOs) 

in decision-making, thereby enhancing the reliability, sustainability, efficiency, and economic 

performance of microgrids [22]. 

Recent literature presents a wide range of research contributions focused on the development of 

EMSs for microgrids and emphasizes the need for further investigation into specific technical 

challenges. These include the creation of more accurate and dependable forecasting methods, as 

well as the definition of optimal operating strategies for battery energy storage systems (BESSs) to 

extend battery lifespan [23]. 

Various strategies and tools have been proposed to achieve EMS objectives, encompassing both 

classical optimization methods and meta-heuristic approaches, as well as solutions grounded in 

machine learning and artificial intelligence. Moreover, EMS applications have been explored across 

diverse contexts, including grid-connected, islanded, shipboard and residential microgrids. 

In modern shipboard power systems (SPSs), the need to effectively coordinate multiple power 

generation and storage units alongside diverse and variable economic, operational, and 

environmental requirements makes the adoption of suitable EMSs essential for the practical 

realization of the onboard microgrid paradigm. For instance, the transition towards more efficient and 

sustainable SPSs on large passenger ships (AESs) is driving the shipbuilding industry to explore the 

deployment of shipboard microgrids dedicated to supplying hotel loads. These MGs are intended to 

function as electrically self-sufficient systems, isolated from the main diesel-electric generators.  

Fuel cells (FCs), integrated with battery energy storage systems, are envisioned as preferred power 

sources within such microgrids, where electrical energy is distributed through hybrid DC/AC 

architectures. In addition to ensuring robust voltage regulation for grid stability, shipboard microgrids 

require automated systems capable of handling various operating modes, such as black start, 

normal, transient, and fault conditions, while considering the inherently slow and sensitive dynamic 

behavior of FCs [23]. 

2.1.5 Direct Current (DC) power distribution 

The distribution of electrical power through DC systems is increasingly recognized as one of the 

most promising emerging solutions in the maritime industry. DC distribution is particularly well-suited 

to shipboard power systems, as these are inherently islanded environments that are typically 

compatible with DC-based generation units [24].  

Over the past decades, DC distribution architectures have gained significant attention in land-based 

applications due to their superior power density, simplified design, higher efficiency, and improved 

power quality when compared to conventional AC distribution systems.  

Also, DC shipboard power distribution provides notable advantages over conventional AC systems 

too. As a result, extensive research is being conducted to enable its safe and widespread 

implementation on board.  

The main benefits of DC distribution on board include: 
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▪ Lower fuel consumption, due to lower losses, as no reactive power circulates while diesel 

engines driving synchronous generators operate in optimized manner. 

▪ Simplified integration of DC power sources (e.g., FCs, PV panels and batteries) with fewer 

conversion stages, improving overall efficiency [25]. 

Furthermore, by transitioning to DC distribution systems operating at higher voltages than those 

currently in use, in line with the prevailing technological trend (e.g., using 1,000 V DC for low-voltage 

distribution), the following additional advantages can be achieved: 

▪ Elimination of power transformers, thus reducing system complexity. 

▪ Smaller footprint of electrical equipment, with lower volume, weight, and cabling 

requirements.  

Among these, fuel savings through optimized genset operation represent a key advantage. Unlike 

conventional AC systems, where diesel engines run at fixed speeds, DC distribution enables 

variable-speed operation, reducing specific fuel oil consumption (SFOC). This improvement is 

illustrated in Figure 3 for a representative diesel-electric generator [26]. 

 

Figure 3: Fixed speed vs. variable speed SFOC in a sample diesel electric generator 

 

DC distribution systems have a structure that enables direct integration of DC power sources through 

a single DC/DC conversion stage, reducing conversion losses and improving the overall power grid 

efficiency. DC systems also avoid voltage distortion, reactive power effects, and power factor 

correction, thus improving the overall power quality of the shipboard microgrid. 

As shown in Figure 4, DC distribution eliminates bulky transformers, reducing system size and 

weight. However, the transition toward DC-based shipboard architectures requires the development 

of DC-compatible loads, such as integrated variable-speed drives, since most commercial marine 

equipment remains designed for fixed-frequency AC [27]. Moreover, DC systems simplify shore 

connection by removing grid frequency constraints and offer a flexible platform for implementing 

smart shipboard microgrids with advanced monitoring, control, and optimization capabilities [28]. 



Horizon Europe programme, grant agreement No. 101096068 

 

     
 

D6.6 – Power train and on-board smart micro-grid integration in a simulation environment  

Dissemination level – PU 

Page 18 of 55 

 

Figure 4: Single line simplified diagrams of AC and DC SPSs 

 

Proposed shipboard DC distribution solutions include medium-voltage DC (MVDC) and hybrid 

MVAC/LVDC architectures, the latter ideal for large passenger vessels. High-voltage DC (HVDC) 

systems (1–35 kV) could meet rising power demands but remain largely conceptual due to limited 

availability of COTS industrial equipment [15]. Currently, hybrid AC/DC configurations, combining 

LVDC secondary networks with MVAC main grids, offer practical benefits in reliability, power quality, 

and zonal control [29],[30]. 

Main challenges for shipboard DC microgrids are fault protection and stability. DC faults rise quickly 

and lack zero crossings, demanding faster protection and rather different from that of AC cases; 

novel solid-state circuit breakers (SSCBs) now address this for 1 kV systems. Low inertia due to 

non-rotating power sources and constant power loads (CPLs) also threaten voltage stability, 

requiring advanced control strategies [20].  
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3 Examples of shipboard hybrid generation systems and simulation 
analyses 

The development of innovative solutions for the redesign or retrofitting of ship electrical systems 

increasingly relies on advanced modeling and simulation tools. These tools enable the 

comprehensive representation of systems, components, and technologies involved in the ongoing 

transition of the maritime energy paradigm. Specifically, they encompass new low-environmental-

impact energy sources (such as fuel cells and batteries), the associated power electronic converters 

and, at a more systemic level, the strategies governing power flow and allocation within the 

shipboard microgrid to achieve targeted efficiency and sustainability objectives. 

In this context, numerical modeling and simulation constitute powerful instruments for analysis, 

prototype development, and decision support across both design and operational stages. 

Building upon these premises, the first part of this Section (Subsections 3.1 and 3.2) presents 

selected examples illustrating the application of modeling and simulation methodologies within the 

considered application field. More precisely, Section 3.1 describes the modeling and simulation of a 

hybrid fuel cell–battery system, with particular attention devoted to source degradation phenomena 

and lifecycle performance assessment. Section 3.2, in turn, addresses the modeling and simulation 

of coordinated control strategies for the interface power converters of the fuel cell and battery within 

a shipboard microgrid environment. 

The second part of this Section, particularly Subsection 3.3, focuses on the case study of the M/V 

Kastor, operated by Laskaridis, and introduces the simulation framework developed for the energy 

management system of innovative configurations based on fuel cells, batteries, and waste heat 

recovery systems (WHRS). The characteristics and performance of these configurations have been 

discussed in previous deliverables. Finally, the Subsection 3.4 presents the simulation framework 

devised for the energy management of the M/V Kastor’s electrical system under a retrofitting 

scenario, which involves the integration of a shaft generator and a battery system. For this latter 

case study, simulation results are reported evidencing the impact of the developed EMS on fuel 

consumption and pollutant emissions. 

3.1 Dynamic modelling and simulation of Fuel Cells and Batteries   

The objective of this section is to develop a predictive and accurate modelling framework for 

assessing power output, degradation behavior, and recharging efficiency of a green energy system 

designed for marine applications.  

The system under investigation comprises a lithium-ion battery integrated with a fuel cell-based 

recharging unit. It is intended to support end-users in identifying optimal operational conditions and 

mitigating potential system failures. Preliminary results derived from the model are also presented 

and discussed. The entire modelling framework has been implemented using MATLAB Simulink. 
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Figure 5 illustrates the complete system model, which includes a lithium-ion battery equipped with a 

fuel cell-based recharging unit.  

The model consists of five interconnected sub-models: the fuel cell, a DC-to-DC converter, a 

charging/discharging controller, the lithium-ion battery, and a DC-to-AC converter. The fuel cell 

serves as the primary energy source for recharging the battery. The DC-to-DC converter regulates 

the voltage and current output of the fuel cell to align with the battery’s requirements, as the electrical 

characteristics of the fuel cell differ from those of the battery. The charging/discharging controller 

governs the operational cycles of the battery, defining when charging or discharging should occur. 

The battery is used to supply additional power during periods of increased demand that exceed the 

capacity of the main power generator within the simulation. Finally, the DC-to-AC converter 

transforms and regulates the battery’s DC output to meet the AC power requirements of the main 

power grid. 

 

Figure 5: Overall Model formed of the lithium battery with recharging system based on fuel cell. 

 

Three fuel cell types were modelled: hydrogen, ammonia, and methanol. The energy for each 

specific fuel cell is generated through electrochemical reaction, which are detailed as follows 

(Reaction (A) for hydrogen fuel cell, reaction (B) for ammonia fuel cell, and reaction (C) for methanol 

fuel cell [31]. 

2𝐻2 + 𝑂2 → 2𝐻2𝑂 (4𝑒
− 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑)        (A) 

4𝑁𝐻3 + 3𝑂2 → 6𝐻2𝑂 + 2𝑁2 (12𝑒
− 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑)       (B) 

2𝐶𝐻3𝑂𝐻 + 3𝑂2 → 4𝐻2𝑂 + 2𝐶𝑂2 (6𝑒
− 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝑟𝑒𝑑)      (C) 
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The voltage of the fuel cell as function of the temperature are modelled using the equation (1) for 

hydrogen fuel cell, equation (2) for ammonia fuel cell, equation (3) for methanol fuel cell [32]. Notably, 

the current of the fuel cell is function of the voltage and vice versa, both of which are defined by the 

fuel partial pressures.  

{
 
 

 
 
𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹

−14−1 ln(𝑃𝑂2𝑃𝐻2
2 𝑃𝐶

−1𝑃𝐴
−2) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹

−14−1𝛼−1 ln(𝑖𝑖𝑜
−1)

+ 𝑅𝑇𝐹−14−1 ln(1 − 𝑖𝑖𝑙
−1)]                                                                                    < 100 𝐶 

𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹
−14−1 ln(𝑃𝑂2𝑃𝐻2

2 𝑃𝐻𝑂2
−2 𝑃𝐶𝑃𝐴

−2) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹
−14−1𝛼−1 ln(𝑖𝑖𝑜

−1)

+ 𝑅𝑇𝐹−14−1ln (1 − 𝑖𝑖𝑙
−1)]                                                                                      ≥ 100 𝐶

       (1) 

{
 
 

 
 

𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹
−112−1 ln(𝑃𝑁𝐻3

4 𝑃𝑂2
3 𝑃𝑁2

−2𝑃𝐶
−3𝑃𝐴

−2) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹
−112−1𝛼−1 ln(𝑖𝑖𝑜

−1)

+ 𝑅𝑇𝐹−112−1 ln(1 − 𝑖𝑖𝑙
−1)]                                                                                    < 100 𝐶 

𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹
−112−1 ln(𝑃𝑁𝐻3

4 𝑃𝑂2
3 𝑃𝐻𝑂2

−6 𝑃𝑁2
−2𝑃𝐶

2𝑃𝐴
−2) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹

−112−1𝛼−1 ln(𝑖𝑖𝑜
−1)

+ 𝑅𝑇𝐹−112−1ln (1 − 𝑖𝑖𝑙
−1)]                                                                                      ≥ 100 𝐶

    (2) 

{
 
 

 
 
𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹

−16−1 ln(𝑃𝐶𝐻3𝑂𝐻
2 𝑃𝑂2

3 𝑃𝐶𝑂2
−2 𝑃𝐶

−3) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹
−16−1𝛼−1 ln(𝑖𝑖𝑜

−1)

+ 𝑅𝑇𝐹−16−1 ln(1 − 𝑖𝑖𝑙
−1)]                                                                                    < 100 𝐶 

𝐸 = 𝑁[𝐸𝑂𝐶𝑃 + 𝑅𝑇𝐹
−16−1 ln(𝑃𝐶𝐻3𝑂𝐻

2 𝑃𝑂2
3 𝑃𝐻𝑂2

−4 𝑃𝐶𝑂2
−2 𝑃𝐶) − 𝑅𝑂ℎ𝑚𝑖 − 𝑅𝑇𝐹

−16−1𝛼−1 ln(𝑖𝑖𝑜
−1)

+ 𝑅𝑇𝐹−16−1ln (1 − 𝑖𝑖𝑙
−1)]                                                                                      ≥ 100 𝐶

          (3) 

where, 𝐸 is the voltage of the fuel cell at operation, 𝐸𝑂𝐶𝑃 is the voltage of the fuel cell at open circuit 

potential, 𝑅 is the ideal gas constant, 𝑇 is the temperature, 𝐹 is the Faraday’s constant, 𝑃𝑂2  is the 

pressure of the oxygen, 𝑃𝐻2 is the pressure of the hydrogen, 𝑃𝐶 is the pressure in cathode, 𝑃𝐴 is the 

pressure in the anode, 𝑃𝐻𝑂2 is the pressure of the water in gas physical state, 𝑃𝑁𝐻3  is the ammonia 

pressure in gas physical state, 𝑃𝑁2 is the nitrogen pressure, 𝑃𝐶𝐻3𝑂𝐻 is the methanol pressure in gas 

physical state, and 𝑃𝐶𝑂2  is carbon dioxide pressure, 𝑅𝑂ℎ𝑚 is the ohmic resistance, 𝑖 is the current of 

the fuel cell, 𝑖𝑜 is the fuel cell current in the equilibrium, 𝛼 is the polarisation slope, and 𝑖𝑙 is the limit 

of the maximum fuel cell current.  

Figure 6 presents the sub-model developed to simulate the operational behavior of the fuel cell within 

the hybrid energy system. This sub-model comprises nine distinct components: fuel pressure in the 

anode chamber, fuel pressure in the cathode chamber, fuel cell characteristics, open-circuit voltage, 

combustion products, internal resistance, temperature-dependent equations, current controller, and 

external connector. The anode and cathode pressure modules are designed to capture the dynamic 

behavior of gas pressures within their respective chambers. These pressures are estimated through 

a balance equation that accounts for fuel gas consumption, gas production, and the rates of gas 

inflow and outflow. 

The fuel cell characteristics module defines key physical and operational parameters, including 

temperature, number of cells, pipe dimensions, and the geometries of the anode and cathode. These 

parameters are critical for determining the flow rate, which directly influences the voltage and current 

output of the fuel cell. The open-circuit voltage and internal resistance modules further refine the 

electrical behavior of the cell, while the temperature-based equation module adjusts performance 

metrics according to thermal conditions. The current controller regulates the electrical output, and 

the external connector facilitates integration with the broader system architecture. 
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Figure 6: Sub-model of the fuel cells. 

The lithium-ion battery model is comprehensively described in this section. Its primary objective is to 

simulate the temporal evolution of key performance indicators, including voltage, current, state-of-

charge (SOC) recharging and discharging capacity, and state-of-health (SOH). The dynamic 

behavior of voltage and current in time is modelled using equation (4) [33] 

𝐸𝐵𝑎𝑡 = 𝐸𝑛𝑜𝑚 − 𝐴𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅)(𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅) − ∫ 𝑖𝐵𝑎𝑡 + ∫ 𝑖𝑐ℎ𝑎𝑟)
−1
+ 𝐵𝑒−𝐶 ∫ 𝑖𝐵𝑎𝑡−∫ 𝑖𝑐ℎ𝑎𝑟 −

𝑖𝐵𝑎𝑡𝐴𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅)[(1 − 𝑖𝑛𝑒𝑔)(𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅) − ∫ 𝑖𝐵𝑎𝑡 + ∫ 𝑖𝑐ℎ𝑎𝑟)
−1
− 𝑖𝑛𝑒𝑔(∫ 𝑖𝐵𝑎𝑡 + ∫ 𝑖𝑐ℎ𝑎𝑟 −

0.1𝑄(𝑁𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅))
−1             (4) 

Here, 𝐸𝐵𝑎𝑡 is the current voltage, 𝐸𝑛𝑜𝑚 is the nominal voltage, 𝐴 is the polarisation voltage, 

𝑄(𝑁𝑐,   𝑆𝐶𝑅,𝐶𝑅) is the maximum capacity according to SOH, 𝑖𝐵𝑎𝑡 is the positive current, 𝑖𝑐ℎ𝑎𝑟 is the 

charged current from the fuel cell, 𝐵 is the exponential voltage, 𝐶 is the exponential capacity, and 

𝑖𝑛𝑒𝑔 is the negative values of the current.  

Current SOC of the battery is simulated using the equation (5), which is incorporated into the overall 

model formulation presented in equation (4) [33] 

𝑆𝑂𝐶 = 𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅) − ∫ 𝑖𝐵𝑎𝑡 + ∫ 𝑖𝑐ℎ𝑎𝑟           (5) 

The charging of the current is represented in the equation (4) by the term ∫ 𝑖𝑐ℎ𝑎𝑟. It is important to 

note that this term assumes the value of zero to start the discharging process, while a value of 100% 

when the battery is fully charged. SOH is simulated using term 𝑄(𝑆𝑁𝑐,   𝑁𝑐,   𝑆𝐶𝑅,   𝐶𝑅), which is function 

both intrinsic battery parameters (maximum discharging/charging cycle numbers (𝑆𝑁𝑐), and 

standard charging rate (𝑆𝐶𝑅) ), and operational conditions (current discharge / charge number (𝑁𝑐), 

and current charging rate (𝐶𝑅)). Notably, this function was developed using both literature resources 

and electrochemical experimental results. Figure 7 depicts the sub-model developed to simulate the 

operational behavior of the lithium-ion battery. This sub-model comprises eight key components: 

SOH voltage-to-current efficiency, switch-on/off controller, SOC monitoring, SOH-based capacity 
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adjustment, SOH-dependent current limit, voltage and current generator, external connection 

interface, and charging source connector. 

The SOH voltage-to-current efficiency module models the degradation in energy conversion 

efficiency, which is represented through variations in internal battery resistance. This resistance is a 

function of several parameters, including 𝑆𝑁𝑐, 𝑁𝑐, and 𝐶𝑅. The switch-on/off controller is designed 

to interrupt energy delivery from the battery during charging phases or under specific operational 

conditions. The SOC monitoring module provides real-time feedback on the battery’s charge level, 

which is essential for determining optimal charging durations and initiation points. 

The SOH capacity module simulates the impact of battery health on effective capacity, also governed 

by the parameters 𝑆𝑁𝑐 , 𝑆𝐶𝑅, 𝑁𝑐, and 𝐶𝑅. The SOH current limit module reflects the reduction in 

allowable current output as a function of both operational conditions (𝑁𝑐 and 𝐶𝑅) and intrinsic battery 

characteristics (𝑆𝑁𝑐 and 𝑆𝐶𝑅). The voltage and current generator model the temporal evolution of 

electrical output in response to SOC, SOH, and other battery parameters. The external connection 

interface simulates the battery’s linkage to external electrical loads, while the charging source 

connector facilitates integration with the fuel cell-based recharging unit. Notably, the degradation 

functions embedded in this model were developed using a combination of literature-based data and 

electrochemical experimental results. 

 

Figure 7: Sub-model of the lithium battery 

 

Four distinct simulation scenarios were conducted using the current model: fuel cell operation, 

lithium-ion battery performance, charging and discharging processes, and battery degradation 

analysis. 
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3.1.1 Fuel Cell Operation 

Three types of fuel cells were examined in the simulation study: hydrogen-based, ammonia-based, 

and methanol-based fuel cells. All fuel cell models were simulated under identical operating 

parameters, which are detailed in Table 1. The total simulation duration for each case was 18,000 

seconds. 

Table 1: Selected simulation parameters of the fuel cells. 

Parameter Value 
Cell number 60 

Temperature (K) 298 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Area of the anodic chamber (mm2) 10000 

Thickness of the anodic chamber (mm) 120 

Area of the cathodic chamber (mm2) 10000 

Thickness of the cathodic chamber (mm) 65 

Fuel anodic concentration (%) 99.95 

Fuel anodic pressure per cell (Bar) 13.92 

Fuel cathodic concentration (%) 21 

Fuel cathodic pressure per cell (Bar) 13.92 

 

Figure 8 illustrates the temporal evolution of current, voltage, and power output for three types of 

fuel cells: hydrogen (Figure 8a), ammonia (Figure 8b), and methanol (Figure 8c). While the overall 

trends in electrical behavior are comparable across the fuel cell types, distinct differences emerge 

depending on the fuel employed. Both hydrogen and ammonia fuel cells exhibit similar performance 

characteristics, marked by a sharp initial increase in current, voltage, and power during the early 

stages of operation. This behaviour is attributed to the initial non-equilibrium phase of the 

electrochemical reactions, which are typically highly energetic. As the system stabilizes, the rate of 

increase diminishes, indicating the transition to steady-state electrochemical activity [34] [35]. In 

contrast, the methanol fuel cell displays an opposing trend, with a more subdued initial response. 

This divergence is primarily due to the significant formation of carbon dioxide during methanol 

combustion, which impairs oxygen availability in the cathodic chamber and consequently limits the 

fuel cell performance [36]. Among the three systems, the hydrogen fuel cell demonstrates the highest 

energy conversion efficiency, while the ammonia fuel cell exhibits the lowest. The reduced efficiency 

of the ammonia system is attributed to the thermodynamic instability of its electrochemical reactions, 

which inherently constrain performance [35]. Over time, the efficiency of the methanol fuel cell may 

decline further, potentially falling below that of the ammonia system, as carbon dioxide accumulation 

intensifies. 

It is important to note that the fuel cells in this simulation are not connected to any external devices 

or systems requiring energy consumption, allowing for isolated analysis of their intrinsic performance 

characteristics. 
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Figure 8: Temporal evolution of the current, voltage, and power of the (a) hydrogen, (b) ammonia, (c) 
methanol fuel cell for 5 hours of operation. 

Hydrogen and ammonia fuel cells exhibit a continuous increase in current, voltage, and power output 

over time, reflecting a dynamic electrochemical response during operation. In contrast, the fuel cell 

demonstrates a declining trend in these parameters, indicating a different reaction profile and 

performance behavior. 

Among the three fuel cell types, the hydrogen fuel cell achieves the highest energy conversion 

efficiency. Conversely, the ammonia fuel cell shows the lowest efficiency, primarily due to the 

thermodynamic instability of its electrochemical reactions, which inherently limit its energy production 

capability. 

3.1.2  Lithium-ion Battery Operation 

The simulation parameters of the lithium-ion battery, including nominal voltage, polarization voltage, 

exponential voltage, and maximum capacity, were configured for a 12.8 V system, as detailed in 

Table 2. The total simulation duration was 31,440 seconds. 

Table 2: Selected simulation parameters of the lithium battery at 12.8 V. 

Parameter Value 
Battery resistance (mΩ) 150 

Nominal voltage (V) 12.8 

Maximum capacity (Ah) 100 

Polarisation voltage (mVh-1) 128 

Exponential voltage (Vh-1) 2.2 

Exponential capacity (Ah) 17.187 

Figure 9 illustrates the temporal evolution of current, voltage (Figure 9a), SOC (Figure 9b), and 

power output (Figure 9c) of the lithium-ion battery throughout the simulation period. The initial 

behavior of current and voltage is characterized by an exponential increase during the early seconds 

of operation, followed by a steady-state phase in which both parameters remain nearly constant. 

Towards the end of the simulation, both current and voltage decline to zero, indicating the completion 

of the discharge cycle. Power output exhibits a similar trend, closely mirroring the behavior of current 

and voltage. 

SOC decreases linearly over time, reflecting the progressive depletion of the battery’s stored energy. 

Notably, the exponential region observed in the current and voltage curves corresponds to SOC 

values between 100% and 90%, while the plateau region is associated with SOC values ranging 

from 90% to 20%. These results are consistent with the typical discharge characteristics of lithium-

ion batteries, as reported in the literature [33]. 
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Figure 9: Temporal evolution of the (a) current, voltage, (b) SOC, and (c) power of the lithium battery at 12.8 
V simulation for 31440 s. 

The findings of this study indicate that the simulation results closely align with the actual operational 

behavior of lithium-ion batteries. This consistency validates the accuracy and reliability of the 

developed model in representing real-world battery performance under varying conditions. 

3.1.3 Discharge and Charging Processes 

In this study, hydrogen, ammonia, and methanol fuel cells were employed as charging sources for 

the lithium-ion battery system. The primary objective of the simulations was to evaluate the 

recharging efficiency of each fuel cell type. The simulation parameters for both the fuel cells and the 

lithium-ion battery configured at 12.8 V are presented in Table 3 and Table 4. It is important to note 

that the battery recharging rate was not constrained, as this parameter was not considered a limiting 

factor in assessing fuel cell recharging efficiency. The total simulation time was set to 55.5 hours. 

Table 3: Selected simulation parameters of the fuel cells. 

Parameter Value 
Cell number 60 

Temperature (K) 298 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Area of the anodic chamber (mm2) 10000 

Thickness of the anodic chamber (mm) 120 

Area of the cathodic chamber (mm2) 10000 

Thickness of the cathodic chamber (mm) 65 

Fuel anodic concentration (%) 99.95 

Fuel anodic pressure per cell (Bar) 13.92 

Fuel cathodic concentration (%) 21 

Fuel cathodic pressure per cell (Bar) 13.92 

 

Table 4: Selected simulation parameters of the lithium battery at 12.8 V. 

Parameter Value 
Battery resistance (mΩ) 150 

Nominal voltage (V) 12.8 

Maximum capacity (Ah) 100 

Polarisation voltage (mVh-1) 128 

Exponential voltage (Vh-1) 2.2 

Exponential capacity (Ah) 17.187 

 

The charging process was initiated when the SOC reached zero percent and concluded upon 

reaching full capacity at 100 percent SOC.  
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Figure 10 illustrates the temporal evolution of fuel cell power output (Figure 10a) and the SOC of the 

lithium-ion battery (Figure 10b) during the charging and discharging simulations. During the charging 

phase, all fuel cells exhibited a marked increase in power output. This increase was triggered by the 

battery's energy demand, which stimulated electrochemical reactions and enhanced fuel cell 

performance. 

The hydrogen and ammonia fuel cells demonstrated a progressive rise in power output with each 

successive charging cycle, consistent with the non-equilibrium electrochemical behaviour previously 

discussed. In contrast, the methanol fuel cell maintained a relatively constant power output across 

charging cycles. This sustained output effectively compensated for the gradual decline observed in 

earlier simulations. 

Among the three fuel cell types, the methanol fuel cell produced the highest power output during 

charging, while the ammonia fuel cell generated the lowest. As a result, the ammonia fuel cell 

required the longest charging duration, whereas the methanol fuel cell achieved full battery recharge 

in the shortest time. The charging process was completed when the SOC reached 100%. 

 

 

Figure 10: Temporal evolution of the (a) power produced by the fuel cells, and (b) SOC of the lithium battery 
simulations for 55.5 hrs. 

The charging process leads to a noticeable increase in power output across all fuel cell types. 

Hydrogen and ammonia fuel cells exhibit progressively enhanced power output with each successive 

charging cycle, reflecting the influence of non-equilibrium electrochemical dynamics. In contrast, the 

methanol fuel cell maintains a relatively constant power output throughout all charging cycles. 

Among the three fuel cell systems, the methanol fuel cell demonstrates the highest power output 

and the shortest charging duration. Conversely, the ammonia fuel cell shows the lowest power output 

and requires the longest time to complete the charging process. 

3.1.4  Battery Degradation 

This study investigated the impact of degradation on key performance metrics of the lithium-ion 

battery, including maximum capacity, power output efficiency, and maximum current. The simulation 

parameters for both the hydrogen fuel cell (Table 5) and the lithium-ion battery configured at 3.6 V 

(Table 6) are outlined in this subsection. It is important to note that the battery recharging rate was 

not constrained, as it was not considered a limiting factor in evaluating the recharging efficiency of 

the hydrogen fuel cell. The degradation functions applied to the lithium-ion battery model were 

developed based on data obtained from electrochemical experiments and relevant literature 

sources. The total simulation time was set to 78 hours. 
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Table 5: Selected simulation parameters of the hydrogen fuel cells. 

Parameter Value 
Cell number 60 

Temperature (K) 298 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Length of the pipe for anodic chamber (m) 1 

Diameter of the pipe for anodic chamber (mm) 50 

Area of the anodic chamber (mm2) 10000 

Thickness of the anodic chamber (mm) 120 

Area of the cathodic chamber (mm2) 10000 

Thickness of the cathodic chamber (mm) 65 

Hydrogen concentration (%) 99.95 

Hydrogen pressure per cell (Bar) 13.92 

Oxygen concentration (%) 21 

Air pressure per cell (Bar) 13.92 

 

Table 6: Selected simulation parameters of the lithium battery at 3.6 V. 

Parameter Value 
Battery resistance (mΩ) 150 

Nominal voltage (V) 12.8 

Maximum capacity (Ah) 100 

Polarisation voltage (mVh-1) 128 

Exponential voltage (Vh-1) 2.2 

Exponential capacity (Ah) 17.187 

Standard maximum charging / discharging cycles 10 

 

Notably, the charging process commenced when the SOC exhibited a value of 0% and concluded 

when SOC attained a value of 100%.  

Figure 11 presents the temporal evolution of current, power, voltage, and SOC of the lithium-ion 

battery during the charging and discharging simulations. The discharging phase is characterized by 

a gradual decline in all parameters over time, while the charging phase is marked by a continuous 

increase in SOC, accompanied by near-zero values for current, voltage, and power during the initial 

stages. Over successive cycles, a noticeable reduction in the duration of both charging and 

discharging processes was observed, which is attributed to the progressive decline in the battery’s 

maximum capacity [37]. 

This internal degradation, induced by repeated charging and discharging cycles, significantly 

impacts the battery’s effective capacity. Both power and current remained relatively stable for up to 

eight cycles; however, beyond this point, a progressive decline was observed until approximately 

the nineteenth cycle. Notably, the charging/discharging cycles for battery degradation were reduced 

to minimize simulation time. Under real operation conditions, the simulation time required for each 

case would extend several months. However, these present simulations continue to accurately show 

the degradation effect on the charging/discharging performance of the battery. After this threshold, 

power and current stabilized at constant values, regardless of further cycling. In contrast, voltage 

remained nearly constant throughout all cycles. This behavior is explained by the increase in internal 

resistance, which results from cumulative structural and chemical changes within the battery, such 

as the formation of passive films, oxidized layers, cracks, and by-products, during each cycle. 
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Although the redox reactions in lithium-ion batteries are quasi-reversible, these imperfections 

accumulate and contribute to a rise in internal resistance, thereby reducing current generation and 

overall power efficiency. Furthermore, these defects exhibit an autocatalytic effect, accelerating the 

rate of internal resistance growth after a certain number of cycles [38]. Once the battery reaches the 

end of its service life, identified at approximately nineteen cycles, the internal resistance stabilizes. 

Notably, voltage remains constant because it is governed by the potential difference between the 

cathode and anode, which degrade at comparable rates during each cycle. SOC values remain 

consistent across all cycles, as the maximum capacity used for SOC calculation is updated at the 

beginning of each cycle. 

 

Figure 11: Temporal evolution of the current, power, voltage, and SOC of the lithium battery including the 
degradation effect. 

The results obtained from the simulations reveal several key insights into the degradation behavior 

of lithium-ion batteries. Most notably, the maximum capacity of the battery emerges as the primary 

parameter affected by degradation, exhibiting a marked reduction as the number of charge-

discharge cycles increases. This decline in capacity is accompanied by a progressive decrease in 

both power output and current, particularly evident within the cycle range of eight to nineteen. 

Despite these degradative effects, the battery's voltage and SOC remain relatively stable across all 

cycles, indicating that these parameters are less sensitive to the early stages of degradation under 

the tested conditions. 
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3.2 Simulation of converter control for FC–battery interfacing in 
shipboard microgrids 

In the pursuit of greener and more efficient shipboard power systems for large passenger vessels, 

shipbuilders are increasingly exploring the adoption of modular microgrid architectures for low-

voltage power distribution to hotel loads. The concept involves establishing self-sufficient electrical 

subsystems, isolated both from one another and from the main diesel-electric generation plant, with 

the objective of minimizing the overall weight and volume of electrical equipment. 

A similar approach can be implemented in a centralized configuration on smaller vessels, where a 

single unit may supply the auxiliary loads and, in certain cases, the entire onboard electrical demand. 

Within such microgrids, fuel cell (FC)-based generators coupled with battery energy storage systems 

(ESSs) are envisaged as the sole power sources, with electrical power distributed through a direct 

current (DC) network [14]. A shipboard microgrid designed according to these principles was 

modeled and simulated in Matlab/Simulink to evaluate the capability of the coordinated multi-

converter control strategy to ensure proper power sharing and voltage stability. 

3.2.1 The multi-converter shipboard microgrid 

The considered shipboard microgrid is inherently conceived as a multi-source, multi-converter power 

system, where all the available power is distributed through a 1,000 V DC bus. Furthermore, the total 

electrical load is supposed aggregated and tightly regulated through two point of load (POL) DC/DC 

converters, so that the DC microgrid can be considered loaded only by constant power load (CPLs); 

this is a very “worst case” situation from the standpoint of system stability due to the negative 

resistance- behavior of such CPLs that can easily trigger grid instability. 

For modularity, both power sources (FC and battery) are interfaced with the DC bus by the same bi-

directional converter topology, i.e., a half-bridge (HB) DC/DC converter.  

The microgrid was sized considering a maximum load power of 600 kW and the main features of the 

FC and battery summarized in Table 7. Figure 12 shows a simplified scheme of the DC microgrid 

architecture.  

The analyzed shipboard microgrid is conceived as a multi-source, multi-converter power system in 

which the available power is distributed via a 1,000 V DC bus. The total electrical load is assumed 

to be aggregated and tightly regulated through two point-of-load (POL) DC/DC converters. 

Consequently, the DC microgrid can be represented as being supplied solely by constant power 

loads (CPLs), i.e., a “worst-case” operating condition from the standpoint of system stability, given 

the negative-impedance characteristics of CPLs, which can readily induce grid instability. 

Table 7: Main characteristics of the shipboard microgrid’s FC and battery 

FC Battery 

Technology PEM Technology LiFePO4 

Power 600 kW Capacity 360 kWh 

Power converter Half-bridge DC/DC Power converter Half-bridge DC/DC 
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Figure 12: Scheme of the shipboard microgrid [39] 

The shipboard multi-converter DC microgrid illustrated in Figure 12 constitutes an electrically weak 

system, owing to its lack of connection to the main generation sets that would otherwise provide a 

rotating reserve. Consequently, its reliable operation demands robust voltage regulation and 

effective power sharing between the two power sources that comprise the generation system. 

In the analyzed case, both sources operate under a droop-control strategy, enabling autonomous 

power sharing. Furthermore, the control architecture of the source is based on nested current–

voltage control loops employing proportional–integral (PI) regulators, which contribute to maintaining 

the DC bus voltage. 

Figure 13 presents the electrical diagram of the source half-bridge (HB) DC/DC converters, together 

with their respective control scheme [39]. 

 
Figure 13: Scheme of the source HB converters [39]. 
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Table 8 summarizes the main circuit parameter of the DC bus and lines. Finally, Table 9 summarizes 

the main design parameters of the source HB power converters. 

Table 8: Circuit parameter of the DC bus and lines 

Shipboard microgrid DC bus/lines 

DC bus voltage vDC_ref=1 kV 

Source converter output line parameters LlSo=0.7 μH/RlSo=0.5 mΩ 

CPL input line parameters LlLin=4.5 μH/RlLin=5.5 mΩ 

 

Table 9: Main design parameters of the source HB power converters. 

Source HB converters  

Input voltage vS=880 V (battery) vS=600 V (FC) 

Rated power PSmax=600 kW 
Inductor LS =800μH  

Capacitor CS=20 mH 

Switching frequency fswS =20 kHz 
Voltage PI regulator parameters  kpvS=5.6, kivS=1,819 

Current PI regulator parameters kpiS=0.002, kiiS=0.43 
Droop resistance Rdroop=0.083 Ω 

 

3.2.2 Simulation results 

The microgrid behaviour under the illustrated control framework has been tested by performing time-

domain simulations in MATLAB/Simulink environment, particularly by using the Simscape Electrical 

Toolbox and the software PLECS.  

Several test scenarios were investigated, encompassing different loading conditions of the microgrid, 

both balanced and unbalanced, in order to verify the capability of the proposed control scheme to 

achieve effective power sharing between the two sources. In addition, the system’s dynamic 

performance at the DC bus was evaluated by simulating abrupt load transients, with the objective of 

assessing DC grid voltage stability. Since the primary focus of this analysis is the evaluation of the 

coordinated multi-converter control strategy, the power sources were modeled as ideal voltage 

sources during the simulations. 

The analysis first considered balanced loading conditions, assuming that both constant power loads 

(CPLs) demand identical electrical power according to a predefined load transition sequence, which 

also includes large and rapid variations. The simulation test parameters for these balanced cases 

are summarized in Table 10, where P₀ denotes the initial electrical power required by CPL1 and 

CPL2. 

The corresponding simulation results are presented below. For each test scenario, the fuel 

cell/battery power outputs and the DC bus voltage, together with its percentage deviation from the 

nominal value, are reported. The results clearly demonstrate that the droop-controlled sources, 

configured with identical droop resistances, share the load power evenly under all test conditions. 

Moreover, the system exhibits satisfactory dynamic behavior during load transients, maintaining a 

stable DC bus voltage that deviates only marginally from its 1,000 V reference value, with variations 

consistently within ±5%. 
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Table 10: Test scenarios for balanced cases. 

Test Load P0 Load transition sequence 

#1 
CPL 1 
CPL 2 

50 kW 

P0 -> 1/2∙P0 -> 1/30∙P0 -> P0 #2 
CPL 1 
CPL 2 

150 kW 

#3 
CPL 1 
CPL 2 

300 kW 

 

 
Figure 14: Test #1 with balanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right) 
 

 
Figure 15: Test #2 with balanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right) 
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Figure 16: Test #3 with balanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right) 

 

Unbalanced loading conditions were also investigated. In these scenarios, the two constant power 

loads (CPLs) demand different levels of electrical power, starting from an initial value P₀ and varying 

according to the load transition sequence summarized in Table 11. 

Across all test scenarios corresponding to unbalanced operation, the proposed control schemes 

governing the microgrid demonstrated robust performance. Specifically, the fuel cell and battery 

effectively shared the total load power, while the DC bus voltage remained tightly regulated at its 

nominal value of 1,000 V, exhibiting only minor deviations, consistently well within the ±5% tolerance 

band. 

Table 11: Test scenarios for unbalanced cases. 

Test Load P0 Load transition sequence 

#1 
CPL1 50 kW 

P0 → 1/2∙P0 → 1/30∙P0 → P0 

CPL 2 150 kW 

#2 
CPL1 100 kW 

CPL 2 200 kW 

#3 
CPL1 50 kW 

CPL 2 300 kW 

 

 
Figure 17: Test #1 with unbalanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right) 
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Figure 18: Test #2 with unbalanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right). 

 

 
Figure 19: Test #3 with unbalanced loads: FC and Battery power (left) DC bus voltage and related percent 

variation (right) 
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4 Simulation frameworks and results of EMSs applied to 
innovative/retrofitted electrical configurations for M/V KASTOR ship 

As previously discussed, modeling and simulation tools for shipboard microgrids or their subsystems 

are highly valuable for assessing, among other aspects, the operational efficiency of new 

architectures developed either as innovative solutions or specifically proposed within the framework 

of electrical retrofitting. Based on this consideration, the present Section reports a set of results 

obtained using the M/V Kastor as a case study, and it is organized into two parts. 

The first part (Section 4.1) discusses the logic underpinning the simulations of the Energy 

Management System (EMS) applied to the novel generation systems based on fuel cells, batteries, 

and waste heat recovery systems, which have been extensively described, including relevant 

methodological equations and results, in Deliverables D6.3 and D6.4. In addition, a simulation 

involving a shaft generator and a battery is presented. 

It is worth noting that, among the various configurations investigated, this particular electrical 

arrangement enables the integrated management of both propulsion power and auxiliary electrical 

power, while maintaining consistency with the retrofitting concept, that is, without significantly altering 

the ship’s original electrical architecture and propulsion system. For this reason, developing a model 

of such a configuration is of particular interest, as it allows the reproduction and analysis of the ship’s 

powertrain and electrical microgrid within a simulation environment. Relying on this observation, the 

second part of this Section (Section 4.2) illustrates the development of an EMS designed for a 

retrofitted configuration of the M/V Kastor, which includes a shaft generator and a battery. The 

proposed EMS for this configuration aims to maximize the vessel’s operational efficiency. Its 

effectiveness is assessed through simulations, demonstrating the achievable benefits in terms of 

fuel savings and reductions in pollutant emissions. 

4.1 Energy Management Simulation for Hybrid Ship Electrification 
System   

The Energy Management System (EMS) algorithm and its associated simulation framework for the 

integration of fuel cell/battery/waste heat recovery system (WHRS) have been developed to facilitate 

load-sharing, determine the optimal number of fuel cells or generators required, and regulate battery 

charging and discharging conditions. 

4.1.1 EMS simulation framework 

Implemented in Python, the EMS simulation leverages a unified codebase to assess various hybrid 

power train configurations for a bulk carrier’s power distribution system.  

Figure 20 illustrates the processes applied in the algorithm logic. 
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Figure 20: Processes applied in the algorithm [40] 

 

At the outset, users can customize the configuration and capacity parameters for the fuel cells, 

battery systems, and WHRS. The algorithm initiates by importing relevant datasets and libraries, 

establishing initial conditions, and preparing data structures for iterative computation. The simulation 

processes grid power data collected over 1.96 years, sampled at one-minute intervals.  

The simulation first evaluates whether organic Rankine Cycle based WHRS can be utilized as a 

supplementary power source and computes its output based on the main engine power. Following 

this, the algorithm determines the number of active fuel cells, the battery’s charge/discharge status, 

and the engine load.  

Fuel cell and battery capacities are dynamically adjusted according to the hybrid configuration and 

fuel cell type, while WHRS availability influences operational parameters. All computed parameters 

during each iteration are stored in pre-initialized lists and subsequently exported to spreadsheets for 

post-simulation analysis. These lists are cleared at the end of each iteration to prepare for the next 

cycle.  

Figure 21 illustrates the decision-making process for determining the number of operational fuel 

cells, their respective load allocations, and utilization durations. This process corresponds to process 

(1) as outlined in Figure 20. 
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Figure 21: Determination of fuel cell operation details [8] 

The determination of fuel cell (denoted as FC in Figure 21) operation details begins by comparing 

the total available fuel cell capacity with the required power demands. If the fuel cell capacity is 

insufficient, the algorithm proceeds to calculate the number of fuel cells needed, their power 

contribution, associated emissions, battery charging or discharging power, and the load to be 

handled by diesel generators (DGs). The next decision point evaluates the battery ’s operational 

mode. If the batteries are charging, their charging power is added to the total power demands; 

conversely, if they are discharging, this power is subtracted from the demand. Based on the adjusted 

power requirement, the algorithm then determines the necessary contributions from both the DGs 

and the battery system.  

Figure 22 delineates the battery operation stages demonstrated as (2) in Figure 20. 

 

Figure 22: Battery operation stages [40]  

The procedure begins by comparing the total available fuel cell capacity with the required power 

demand. If the fuel cell capacity is insufficient, the algorithm proceeds to calculate the number of fuel 

cells needed, their power contribution, associated emissions, battery charging or discharging power, 

and the load to be handled by DGs. The next decision point evaluates the battery's operational mode. 

If the batteries are charging, their charging power is added to the total power demand; conversely, 

if they are discharging, this power is subtracted from the demand. Based on the adjusted power 
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requirement, the algorithm then determines the necessary contributions from both the DGs and the 

battery system. 

The EMS governs battery management to maintain the SOC within the 20–80% range, thereby 

optimizing battery longevity [41]. In configurations involving Fuel cells, these units are responsible 

for battery charging, with voltage drop and available power accounted for using pre-established 

SOC-voltage curves. Concurrently, the SOH of the battery is calculated. The required engine power 

is then assessed to determine the number of operational DGs, and diesel fuel consumption is 

estimated using the performance curves provided by the engine manufacturer [42]. Figure 23 shows 

the DG operation steps demonstrated as (3) in Figure 20. 

 

Figure 23: DG fuel consumption calculation stages 

The process begins by evaluating whether the required engine power is greater than or equal to 10% 

of the rated power of a single engine. If this condition is not met, both the number of active generators 

and fuel consumption are set to zero, indicating that engine operation is unnecessary. If the threshold 

is exceeded, the algorithm proceeds to assess whether the required power surpasses 85% of the 

capacity of a single engine. If so, two generators are activated to distribute the load efficiently; 

otherwise, a single generator is deemed sufficient. Once the number of active generators is 

established, the algorithm interpolates the specific fuel consumption based on the engine load and 

calculates the corresponding fuel usage.  

Figure 24 presents a flowchart outlining the hierarchical decision-making process used to allocate 

power among various sources. 
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Figure 24: The hierarchical decision-making process used to allocate power among various sources[40] 

The hierarchical decision-making begins by checking the availability of WHRS. If available, its power 

output is calculated; otherwise, it is set to zero. The next step assesses whether the battery pack is 

in a charging state. If so, the battery charging power is computed; if not, it is set to zero. The algorithm 

then calculates the potential battery discharge power. 

Subsequently, the system evaluates whether the fuel cell plant alone can meet the net power 

demand, which is defined as the total demand minus WHRS power plus battery charging power. If 

this condition is satisfied, the fuel cell plant is deemed sufficient. If not, a second check determines 

whether the fuel cell plant, in combination with battery discharge power, can meet the demand. If 

this condition is also unmet, the algorithm calculates the additional power required from diesel 

generators. This logic is applied iteratively across the entire grid power demand dataset, ensuring 

optimal and efficient power source allocation under varying operational conditions. 

Upon completing fuel consumption calculations through the simulations for different hybrid 

scenarios, further evaluations can be conducted, including fuel tank capacity design, upstream and 

operational emissions assessments (well-to-tank and tank-to-wake), and compliance analysis with 
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the Energy Efficiency Existing Ship Index and Carbon Intensity Indicator. The mathematical 

foundations underpinning both the simulation and subsequent analyses are detailed in Deliverable 

6.4. The findings of case studies based on this simulation can be found in Deliverable 6.3 [40], [43] 

4.1.2 Power System Simulation for Hybrid Ship Electrification System 

The power and propulsion system of the ship, M/V Kastor owned by Laskaridis shipping has been 

modelled and simulated on the MATLAB – SIMULINK platform. A Battery Energy Storage System 

(BESS) consisting of battery banks and inverters have been integrated into the model to evaluate 

the feasibility of the retrofit measure, as well as to determine the savings in fuel consumption.  

Power Take Off (PTO) has been implemented to extract power from the main engine to supply the 

onboard electrical loads. The data on the generated engine power, onboard electrical load levels 

and propeller shaft speed have been derived from onboard measurements from M/V Kastor. The 

propulsion load level is then calculated using the exponential relationship between shaft speed and 

propeller power [44].  

A schematic of the ship power system is shown in Figure 25.  

 

 

Figure 25: Ship power system schematic 

The section of the voyage from the 24th of July 1.04 pm to 1.36 pm was chosen for this section of 

the study. This period of the voyage occurred while the ship was drifting at the port. The average 

main engine power was 1,449 kW, while the average electrical load was 530.9 kW. The relationship 

between the propulsion load level and the main engine shaft speed (𝜔 in rad/s) is as shown in 

equation (6). Using the average shaft speed data of 48.99 rpm, a propulsion load of 1,069 kW was 

computed.   

𝑃𝑝𝑟𝑜𝑝[𝑘𝑊] = 258138𝑒
0.277𝜔[

𝑟𝑎𝑑

𝑠
]
                                                                                 (6) 

Therefore, the power demand from the battery banks would be 150.887 kW. 
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Two commercially available marine batteries by Torqeedo are modelled for the BESS. The 

specifications of the batteries are given in Table 12. 

Table 12: Battery specifications [44] 

Parameter Value 
Type Lithium ion  

Nominal, maximum, and minimum voltage (V) 348 

Nominal, maximum, and minimum current (A) 227 

Maximum capacity (Ah) 228 

Charging / discharging maximum cycle number 4000 

Continuous charge power (kW) 52 

Continuous discharge power (kW) 79 

A minute long snapshot of the generator and battery power levels as well as SOC are as shown in 

Figure 26, Figure 27, and Figure 28.  

 

 

Figure 26: Generator power levels 

 

Figure 27: Battery power levels 
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Figure 28: Battery SOC 

The results indicate constant power levels, thus implying a stable system. The battery is discharged 

as expected. The BESS is also shown to be capable of meeting the total power demand.  

 

4.2 Integrated Management of PTO/PTI and storage systems for the 
reduction of fuel consumptions and polluting emissions   

This subsection presents an energy management strategy designed to optimize the integrated 

operation of a shaft generator and an energy storage system on the case study bulk carrier. The 

proposed method aims to minimize overall fuel consumption by coordinating the performance of the 

main engine (ME) for propulsion and the auxiliary diesel generator (DG) for electric power 

generation, thereby reducing associated pollutant emissions. The approach was validated using 

experimental data collected from the M/V Kastor over a two-year period. The simulation results have 

been compared with two configurations: 1) ship with integrated PTO without storage, 2) the current 

configuration with neither PTO nor storage system. 

4.2.1 Preliminary sizing of PTO and BESS 

As detailed in previously released deliverables, the Power Take-Off (PTO) system was designed 

based on an extensive analysis of experimental data provided by the ship owner, covering a two-

year operational period. The preliminary design aimed to minimize the Main Engine’s (ME) Specific 

Fuel Oil Consumption (SFOC) while ensuring compliance with the PTO operational limit curve 

imposed by ME stability constraints. According to the ME’s technical specifications, the PTO system 

can be engaged only when the ME operates above 50% of its nominal speed (nMCR), corresponding 

to 45 rpm in the present case study. 

The SFOC map of the ME, shown in Figure 29, illustrates the relationship between engine power 

and speed, with the instantaneous operating points over the two-year period superimposed. These 

data are grouped into two clusters, representing engine speeds below (red) and above (green) 45 

rpm. The SFOC surface of the ME appears nearly flat, with a variability of approximately 8% around 

the mean value. This characteristic confirms both the high efficiency of the engine and the limited 

potential for further SFOC reduction through PTO optimization. 
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The design analysis indicated that an ideal shaft generator enabling the ME to consistently operate 

at its minimum SFOC would require a rated power of 1 MW. The sizing of the energy storage system 

was determined based on the vessel’s spatial constraints, as alternative design criteria would have 

resulted in a system exceeding the available installation space. Consequently, the storage system’s 

rated power and energy capacity were set at 800 kW and 8 MWh, respectively. 

Finally, the manufacturer’s data provided by the ship owner also made it possible to characterize the 

fuel consumption of the Diesel Generator (DG), whose SFOC vs. power curves (both experimental 

and interpolated) are shown in Figure 30. It is worth recalling that, in analyzing this configuration, the 

operation is assumed to involve a single DG on board, an assumption that accurately reflects the 

vessel’s typical operating conditions for the majority of the observed period, as assessed in D6.1. 

 

Figure 29: SFOC of the ME vs. speed and power 

 

 

Figure 30: SFOC curve of the DG vs. power 
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4.2.2 The proposed EMS 

The proposed integrated management strategy for the PTO system and the battery is founded on 

the following rationale.  

Operating a shipboard shaft generator leads to an increase in the instantaneous power demand from 

the ME, while the power output from the DG decreases. Consequently, the SFOC of the ME tends 

to decrease, whereas that of the DG increases. 

The PTO operation proves advantageous only when the ME’s SFOC is lower than that of the DG 

under all operating conditions, an assumption verified in the present case, as shown in Figure 29.  

The proposed EMS distinguishes three main operating regions: 

▪ Working Region 1 - Harbor operation (ME speed n_ME = 0): When the vessel is in harbor, the 

system first attempts to supply the electrical load using the energy storage system. If this is 

not possible, the DG is activated. The DG operates at its optimal power output, P_DGopt, 

corresponding to its minimum SFOC (approximately 720 kW, as illustrated in Figure 30). In 

this mode, the DG supplies the electrical load and, when possible, charges the storage 

system with the surplus power. This management approach follows a thermostat-type logic, 

aimed at minimizing DG operation time. 

▪ Working Region 2 - Low-speed operation (0 < n_ME < 45 rpm): In this range, PTO operation 

is not possible. The electrical load is primarily supplied by the DG, which, as in the previous 

region, operates at its optimal power P_DGopt, delivering power to the load and charging the 

storage when capacity allows. If the storage system is fully charged, the DG supplies only 

the load, operating under non-optimal conditions. 

▪ Working Region 3 - PTO active (n_ME > 45 rpm):When the ME operates above 45 rpm, the 

PTO becomes active. If the electrical load demand exceeds the optimal PTO power P_PTOopt, 

corresponding to the ME’s minimum SFOC, the PTO supplies power equal to P_PTOopt. The 

remaining load demand is met by the storage system, provided it has sufficient charge and 

its rated power P_Batt,max is adequate to cover the deficit. If P_PTOopt + P_Batt,max is insufficient to 

meet the total load, the DG supplies the remaining portion.If the storage is depleted, the load 

is shared between the PTO and the DG. Conversely, if the load demand is lower than 

P_PTOopt, the PTO supplies the load and uses the excess power to charge the storage, when 

possible. Otherwise, the PTO operates away from its minimum SFOC point. 

It is worth noting that the proposed analysis assumes an increase in the main engine’s power 

demand to accommodate the PTO, thereby ensuring that the vessel’s speed remains unchanged. 

Figure 31 presents the flowchart of the proposed management system. In this diagram, the symbols 

P, E, and n represent power, energy, and speed, respectively; the subscripts B and L refer to the 

battery and the electrical load. The remaining symbols are self-explanatory from the context. 
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Figure 31: Flow chart of the proposed management strategy 

4.2.3 Simulation results 

The proposed EMS for the integrated PTO and energy storage systems was validated through 

numerical simulations, using experimental data collected from the real case study vessel (M/V Kastor 

ship). The full dataset spans a two-year operational period. 

As previously discussed, the simulation results were compared against two reference configurations: 

1. The vessel equipped with an integrated PTO but without an energy storage system 

2. The baseline configuration, featuring neither PTO nor energy storage. 

Figure 32 presents the time histories of the storage system’s energy, the measured ME speed, and 

the load power demand. Figure 33 illustrates the corresponding power profiles of the storage system, 

the DG, and the PTO. These figures show a representative 15-day interval, extracted from the 
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complete two-year analysis. In these results, the ME speed and load power demand are 

experimental data measured on board the vessel, while the remaining variables were reconstructed 

through simulation. For the baseline configuration, all data are experimental measurements obtained 

directly from the real ship. 

The ME speed trace is shown in three colors: 

• Red: harbor operation, 

• Blue: low-speed operation (0 < n_ME < 45 rpm), 

• Green: PTO-active operation (n_ME > 45 rpm). 

During harbor operation, the system exhibits a typical thermostat-type behavior: the storage supplies 

the electrical load (positive power, decreasing stored energy) until depleted, after which the DG is 

activated to recharge the storage while also supplying the load. In this mode, the DG operates at its 

minimum SFOC. 

At ME speeds below 45 rpm, the load is primarily supplied by the storage system whenever energy 

is available, resulting in positive power output and a gradual energy decrease. When the storage is 

depleted, the DG takes over, supplying both the load and the storage charging demand. 

For ME speeds above 45 rpm, the load is mainly supplied by the PTO, which, when possible, 

operates so that the ME runs at its minimum SFOC. If the PTO produces surplus power relative to 

the load, the excess is used to charge the storage system. Once the storage reaches full charge, 

the PTO can no longer ensure operation at the ME’s minimum SFOC. The DG supports the PTO 

and storage as needed, operating at its optimal SFOC whenever active, and contributing to storage 

recharging when possible. 

 

Figure 32: Storage energy, ME speed, load power 
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Figure 33: Storage power, DG power, PTO power 

Figure 34 and Figure 35 present the overall fuel consumption of the DG and ME for the three 

analyzed configurations: 

1. Baseline: No PTO – No BESS 

2. Partial Integration: PTO – No BESS 

3. Full Integration: PTO + BESS with the proposed management system. 

The results clearly indicate a substantial reduction in DG fuel consumption when integrating only the 

PTO system (1.15 Ml compared to 1.62 Ml in the baseline case). The introduction of the proposed 

integrated management system further decreases DG fuel consumption to 1.04 Ml. 

Conversely, as expected, ME fuel consumption increases when the PTO is introduced (9.89 Ml 

compared to 9.49 Ml in the baseline configuration). The implementation of the full management 

system results in a slight additional increase to 9.92 Ml. 

It is important to note that the DG and ME operate with different fuels, namely Heavy Fuel Oil (HFO) 

and Marine Diesel Oil (MDO), respectively, whose densities differ (991 kg/m³ for HFO and 870 kg/m³ 

for MDO). When these differences are considered, the overall balance demonstrates a net 

advantage: the reduction in HFO consumption (approximately 570 tons) outweighs the increase in 

MDO consumption (about 380 tons). 

Using the emission coefficients reported in [45], the corresponding reductions in pollutant emissions 

were calculated. The comparison among the three configurations (baseline, PTO-only, and 

PTO+BESS) highlights the clear environmental benefits of the proposed system. As shown in Figure 

36M, the integrated management approach enables a reduction in SOx emissions of approximately 

16%, representing an improvement of around 4% compared to the PTO-only configuration. 

Furthermore, PM2.5, CO, and CO₂ emissions are reduced by approximately 6%, 4%, and 2%, 

respectively, demonstrating an enhancement in environmental performance relative to both 

reference cases. 
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Figure 34: DG fuel consumption 

 

 

Figure 35: ME fuel consumption 
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Figure 36: Polluting emissions 
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5 Closing remarks 

The findings presented in this report confirm that shipboard electrification and hybridization 

strategies offer substantial potential for improving energy efficiency and reducing pollutant emissions 

in maritime transport.  

The All-Electric Ship paradigm, underpinned by advanced power generation, storage, and 

management technologies, enables a coordinated approach to both propulsion and auxiliary load 

management within the framework of a shipboard microgrid. This coordination is further enhanced 

through the modeling and simulation of microgrids’ power sources and power converters, including 

the design and evaluation of control strategies, several examples of which are presented in the first 

part of this report. 

In the specific case of the Kastor M/V, simulation-based assessments highlight that integrating a 

PTO with a properly sized battery system can properly reduce fuel consumption and emissions, 

demonstrating the practical feasibility and operational benefits of electrical retrofitting. These results 

emphasize the importance of adopting microgrid-oriented design and energy management 

frameworks supported by modelling/simulation-based approaches as a cornerstone of both 

retrofitted and future vessel configurations. Overall, this study underlines the critical role of integrated 

electrical architectures in advancing maritime sustainability while maintaining operational reliability 

and efficiency. 
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