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Abstract— Emerging renewable energy technologies are 

used by the marine industry to curb greenhouse gas 

releases and increase fuel efficiency. The paper illustrates 

an energy management methodology on the optimal sizing 

and operation of a hybrid fuel cell, battery, and 

supercapacitor system for marine vessels. The proposed 

strategy utilizes Particle Swarm Optimization (PSO) to 

obtain the optimal power distribution among these energy 

sources and to maximize efficiency and reliability. The 

optimum energy management strategy was developed 

accounting for the operation profile of maritime vessels 

and safety-related constraints in different vessel modes of 

operation. The system can appropriately meet the power 

demands of varying load levels and operating situations by 

ensuring that each component adjusts its specific output. 

Fuel cells ensure a stable supply of power, with batteries 

and supercapacitors managing transient loads as well as 

peak power demands. The new system must abide by 

certain safety rules, which generally both encourage the 

use of storage and place a limit on its size or optimal usage. 

From the simulation results, it can be concluded that by 

using a PSO-based energy management strategy for FCVs, 

fuel economy will improve to a large extent, hydrogen 

consumption will reduce within a short time, and the life of 

energy storage components will prolong. This ground-

breaking solution represents a sustainable and viable 

option for the industry, helping revolutionize vessel 

operations efficiently while supporting decarbonization 

efforts from day one. 
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I. INTRODUCTION 

In the search for sustainable maritime transportation, 

optimizing energy management for an Integrated Fuel 

Cell/Battery/Supercapacitor system is of utmost importance. 

The traditional use of fossil fuels in the maritime industry has 

to comply with stringent environmental regulations pertaining 

to emissions of greenhouse gases and efficient fuel utilization 

due to the prevailing global trends towards sustainability. A 

solution that seems particularly promising in this regard is 

integrating advanced energy storage systems such as fuel cells, 

batteries, and supercapacitors into ships. These 

electrochemical devices obtain electrical power from 

hydrogen. They are highly effective electricity generators 

because they convert chemical energy obtained from hydrogen 

gas into electricity, which does not pollute the environment. 

Energy storage facilitates holding excess electrical power to 

be used during peak demand hours or when a fuel cell is idle 

while a supercapacitor has very high-power density that 

enables quick charge-discharge cycles making them suitable 

for smoothing out power fluctuations and handling peak loads. 

Converting chemical reactions related to water consumption 

and heat emission into electrical current at a high efficiency 

rate makes it possible to reduce greenhouse gas emissions 

through their use on the sea or other aquatic densities.  

However, power demands for vessels are not constant and as 

such require supplementary energy storage systems to 

effectively handle transient loads and peak demands. Batteries 

come in handy when it comes to storing energy reliably and 

providing power during peak demand periods. Lithium-ion 

batteries, specifically, have been widely adopted because of 

their high efficiency levels and energy densities. Nonetheless, 

research has shown that optimal battery management is 

important to prevent degradation and prolong their life cycles. 

Super capacitors on the other hand can be used for 

instantaneous power surges due to its fast charge /discharge 

rates besides regenerative braking energies requirements. By 

integrating them with batteries and fuel cells, overall system 

performance can improve significantly especially regarding 

response capacity. Early approaches adopted in hybrid 

systems’ energy management were often rule based whereby 

predefined heuristics were used to regulate the distribution of 

power. These techniques are simple but have limited 

flexibility to adapt with different operating conditions thus 
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causing suboptimum performance. The resultant combination 

of these three technologies together into one system could 

potentially enhance the operational efficiency, reliability, and 

sustainability of maritime vessels 

The literature for optimizing energy management of integrated 

fuel cell, battery and supercapacitor systems is enormous and 

multidisciplinary as per improvements in each component’s 

technology to the development of sophisticated control and 

optimization strategies. The first studies on fuel cells 

developed by inventors marked them as efficient and more 

environmentally friendly than other technologies in their 

application in ships. This pioneering work showed that fuel 

cells can considerably reduce emissions while also improving 

fuel economy compared with traditional diesel engines. 

However, some issues such as hydrogen storage capacity, 

durability of fuel cells necessitated coupling complementary 

energy storage systems like batteries and supercapacitors to 

guarantee a reliable uninterrupted power supply [1] [2]. 

Lithium-ion batteries advancements especially have been 

instrumental towards hybrid energy systems. [3][4] provided 

insights into how lithium-ion batteries were developed and 

optimized for transportation applications. These investigations 

have emphasized the importance of battery management 

systems (BMS) in monitoring battery operations for safety, 

efficiency, and longevity. Further investigations were made on 

the integration of batteries and fuel cells in hybrid systems [5] 

[6] to show that batteries could provide additional power 

during peak periods and store the excess energy produced by 

fuel cells. 

Supercapacitors have attained recognition because of their 

unique properties such as high power density and fast charge-

discharge cycles. Studies by [7][8] presented extensive 

reviews about supercapacitor technologies, which state their 

roles in leveling out power fluctuations and improving 

stability of overall energy systems. Integration of 

supercapacitors with fuel cells and batteries has been shown to 

considerably enhance dynamic response and efficiency of 

hybrid energy systems. This is particularly important for ships 

as they have highly varying load profiles depending on the 

operating conditions. 

Energy management systems have exploited MPC strategies to 

improve adaptability and efficiency. Such techniques can 

predict future power demands and adjust control actions 

accordingly in order to maximize fuel economy or system 

responsiveness. However, it is computationally too expensive 

for real-time applications. PSO is a population-based 

optimization method inspired by social behavior exhibited by 

flocking birds or schooling fish. 

Since it is simple and has the ability to converge towards 

global optimum, it has been used in multiple engineering 

applications. In the last few years, it has been shown that by 

using PSO energy management in hybrid systems can be 

optimized. For example, PSO was used to optimize the power 

distribution between battery and supercapacitor in EVs, 

leading to significant enhancements in energy efficiency and 

components life. Using PSO in maritime energy systems is the 

novel research area. Initial research indicates that PSO can 

accurately control the power flow in FC/battery/ultracap 

integration systems, improving fuel economy and tailpipe 

emissions. But the researchers caution that more work is 

needed to show their results apply in real-world maritime 

settings. Combining fuel cells, batteries, and supercapacitors 

offers a highly resilient sustainable alternative for energy 

management in fast ferries. Power distribution in these hybrid 

systems can be more optimized through the use of Particle 

Swarm Optimization, improving how efficient and reliable 

they operate. Although PSO has come a long way, continuous 

research is critical to overcome the obstacles at real-time 

implementation and enable it to realize itself in full as one of 

the potential candidates for maritime applications. 

Optimization of energy management in integrated systems is 

one important trend, and numerous studies have been 

published with different optimization algorithms for achieving 

the best performance. Since issues like fuel cost minimization, 

system efficiency maximization, and component life time are 

conflicting targets that should not be optimized only for one 

single objective but balanced among all of them; a promising 

optimization algorithm called Multi-Objective Particle Swarm 

Optimization (MOPSO) derived from the particle swarm 

optimization has drawn due attention. The lottery pool 

optimization algorithm is centered around particle swarm 

optimization, first proposed by Kennedy and Eberhart [9], 

then combined into multi-objective frameworks [10]. The 

whole idea is based on some intelligent algorithms which 

mimic how birds flock or fish school, cooperating and 

competing with each other in the searching of a solution set 

until convergence to an optimal (or close enough). 

A number of researchers have studied the usage of MOPSO in 

energy management systems dedicated to maritime vessels. 

[11][12] showed MOPSO was able to balance the trade-offs 

among multiple objectives well, and so it had more optimal 

energy distribution with improved system performance. 

Broadly, those findings underscore the need to design a 

control that can adaptively reschedule power flows on-the-fly 

based upon real-time knowledge and forecasts. These control 

strategies effectively exploit the advantages of each 

component, i.e. fuel cells for continuous power production, 

batteries as an energy storage system, and supercapacitors in 

load leveling tasks to obtain superior performance under 

different operational conditions. The recent study investigated 

the feasibility of implementing an SOC for marine 

applications using integrated fuel cell/battery/supercapacitor 

systems. The performance of these systems on ships in real-

world conditions has been assessed, confirming their 

effectiveness during operation and also the potential for 

operational fuel use savings and emission reductions [13][14]. 

The research referred to demonstrated the viability and 

advantages of implemented integrated energy systems in 

maritime use, emphasizing that substantial environmental and 

financial benefits are within reach. The results showed an even 
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greater improvement--integrated systems were able to cut fuel 

use by as much as 20%, saving fleets significant amounts of 

money while also reducing their environmental impact. 

Advanced System Dynamics and EMS Control Strategies 

along with the energy management of interconnected systems 

are critical in order to achieve optimum performance; [15][16] 

specialize in developing complex EMS algorithms capable of 

flexibly controlling power flows taking into account current 

data as well as predictions. They help to improve the system's 

responsiveness and reliability, so we can better guarantee that 

a variety of maritime vessels will be able to operate in 

different conditions. The incorporation of Internet of Things 

(IoT) technologies and on-the-fly data analytics has 

strengthened the EMS, allowing for true real-time diagnostic 

ability, predictive maintenance scheduling capabilities as well 

as smarter energy usage. Additionally, IoT has been 

implemented in the monitoring and control of marine energy 

systems [17][18] which will lead to more self-descriptive and 

intelligent advanced energy management system. All of this 

enables you to monitor your system's health and performance 

on an ongoing basis so that maintenance truly can be 

preventative, rather than leaving the whole team in reactive 

mode, trying unsuccessfully to bring back up a failed database. 

IoT integration with a more evolved EMS ensures that the 

energy systems on these vessels can change in real-time to 

meet the dynamic requirements of maritime operations leading 

to improved operational efficiencies and reliability. Further 

research and development in this area gives hope for a 

greener, more effective future of marine transportation. With 

the help of advanced optimization methods like MOPSO and 

utilization with real-time data analytics, IoT can guide the 

research community in unleashing more powerful energy 

management systems to better serve changing patterns within 

the marine sector. Conclusions drawn from simulation studies 

and practical applications present useful guidelines for the 

future installation of marine vessel integrated fuel 

cell/battery/supercapacitor systems, thus it aids towards a 

greener global shipping industry [19][20]. The energy 

management of combined fuel cell, battery, and supercapacitor 

systems in ships with the help of the PSO algorithm is 

introduced by this paper. The PSO optimization algorithm 

could obviously enhance the fuel economy of ships by 

adjusting and optimizing power distribution between FCs, 

batteries, and SC. This results in lower hydrogen consumption 

and cost of operation [21], [22]. 

By dynamically adjusting the power output of each energy 

source, the proposed management strategy enhances the 

reliability and responsiveness of the power system to varying 

load demands and operational conditions. The strategy 

effectively manages the charge and discharge cycles of the 

battery and supercapacitor, thereby extending their lifespan 

and reducing maintenance costs. The integration of renewable 

energy sources and advanced energy management techniques 

contributes to more sustainable maritime operations, aligning 

with global efforts to reduce greenhouse gas emissions and 

environmental impact [23]. Simulation results validate the 

effectiveness of the PSO-based strategy, demonstrating its 

superiority in achieving optimal energy management 

compared to traditional methods. Optimizing the energy 

management for an Integrated Fuel Cell/ Battery/ 

Supercapacitor System for maritime vessels using advanced 

algorithms like Multi-Objective Particle Swarm Optimization 

(MOPSO) demonstrates significant potential for enhancing 

efficiency, reliability, and sustainability in maritime 

operations [24]. The simulation results indicate that such 

optimization can substantially reduce hydrogen fuel 

consumption by up to 20%, leading to lower operational costs 

and reduced greenhouse gas emissions. By strategically 

balancing the power contributions from the fuel cell, battery, 

and supercapacitor, the system can maintain high performance 

under various operational scenarios, including steady cruising, 

dynamic docking operations, and emergency situations. This 

approach ensures the fuel cell operates at its most efficient 

points, the battery maintains optimal state-of-charge levels, 

and the supercapacitor effectively handles peak power 

demands, thereby extending the lifespan of these critical 

components and minimizing maintenance costs [25]. 

 

II. THE PROPOSED INTEGRATED FUEL 

CELL/BATTERY/SUPERCAPACITOR SYSTEM FOR 

MARITIME VESSELS. 

The proposed energy management system integrates fuel cells, 

batteries, and supercapacitors, as shown in figures 1 and 2, to 

create an efficient and reliable power source for maritime 

vessels. This integrated system leverages the strengths of each 

component to meet the diverse and dynamic power demands 

of maritime operations. The integrated battery and fuel cell 

system for maritime vessels, featuring an advanced 

combination of fuel cells, batteries, and supercapacitors, 

epitomizes the pinnacle of modern energy solutions. This 

sophisticated schematic begins with the fuel cell stack, which 

lies at the heart of the system. It converts hydrogen fuel's 

chemical energy into electricity through an electrochemical 

reaction with oxygen supplied by an air compressor. 

Hydrogen, stored in a dedicated tank, can be supplemented by 

a fuel processor if necessary, ensuring a steady and efficient 

fuel supply. Accompanying the fuel cell stack is a water 

management system, crucial for handling the water by-product 

generated during the fuel cell's operation, thus maintaining 

optimal performance and preventing potential damage. This 

core component is seamlessly integrated with a series of 

power electronics, including DC-DC converters and inverters, 

which are responsible for managing voltage levels and 

converting DC from the fuel cells and batteries into AC 

suitable for the vessel's propulsion system and onboard 

systems. The battery pack within this integrated system plays 

a pivotal role by storing electrical energy for periods of high 

demand and providing power when the fuel cell is inactive. A 

Battery Management System (BMS) meticulously monitors 
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the state of charge, health, and safety of the batteries, ensuring 

they operate within safe parameters. The batteries are further 

safeguarded by a cooling system designed to maintain optimal 

temperatures, thereby enhancing longevity and performance. 

Complementing the battery pack is the supercapacitor bank, 

which excels in delivering high power density for immediate 

power needs. The supercapacitors are adept at smoothing out 

power supply fluctuations, thereby stabilizing the overall 

system. An energy management system (EMS) orchestrates 

the balance of power distribution between the fuel cell, 

battery, and supercapacitors, optimizing the performance and 

efficiency of the entire setup. Power distribution is a critical 

aspect managed by power electronics, which include DC-DC 

converters that modulate voltage levels to ensure compatibility 

and efficiency between the fuel cell, batteries, and 

supercapacitors. Inverters within the system convert the DC 

power into AC, essential for driving the vessel's propulsion 

system and supporting various onboard electrical systems. The 

electric propulsion system, coupled with a well-designed 

propeller mechanism, ensures that the mechanical energy 

generated is effectively utilized for propulsion, enhancing the 

vessel's operational efficiency. The EMS ensures that power 

demands are met efficiently, balancing energy storage and 

distribution while maintaining system safety and performance. 

This holistic integration allows the maritime vessel to harness 

the benefits of each component, ensuring a reliable, 

sustainable, and high-performance energy solution. By 

leveraging the strengths of fuel cells for continuous power, 

batteries for energy storage, and supercapacitors for 

immediate power delivery, the integrated system offers a 

versatile and robust solution for maritime energy needs. This 

sophisticated setup not only enhances the vessel's operational 

efficiency but also significantly reduces emissions, 

contributing to a greener maritime industry. The application of 

Multi-Objective Particle Swarm Optimization (MOPSO) for 

optimizing energy management in an Integrated Fuel 

Cell/Battery/Supercapacitor System for maritime vessels 

represents a cutting-edge approach to enhancing the 

efficiency, reliability, and sustainability of maritime energy 

systems. The primary objectives in this context typically 

include minimizing fuel consumption, reducing emissions, and 

maximizing the overall system efficiency. For an Integrated 

Fuel Cell/Battery/Supercapacitor System, these objectives 

might involve the optimal allocation of power between the 

fuel cell, battery, and supercapacitors to meet varying power 

demands, maintain state-of-charge levels, and ensure the 

longevity and safety of the system components. Implementing 

MOPSO involves defining a fitness function that quantifies 

the performance of each potential solution based on the 

aforementioned objectives. In the maritime context, the fitness 

function could incorporate factors such as the efficiency of the 

fuel cell, the depth of discharge of the battery, the state of 

health of the supercapacitors, and the overall system response 

to dynamic load demands. By continuously evaluating and 

updating the positions of the particles, MOPSO can identify 

optimal strategies for energy distribution that minimize 

operational costs and environmental impact while maintaining 

high reliability and performance standards. Furthermore, 

MOPSO's inherent flexibility allows it to adapt to various 

operational scenarios and constraints specific to maritime 

vessels, such as changes in navigation routes, varying load 

profiles, and maintenance schedules. The integration of 

MOPSO into the EMS of a maritime vessel involves real-time 

monitoring and control capabilities, enabling the system to 

dynamically adjust power flows based on real-time data and 

predictive analytics. This real-time optimization ensures that 

the vessel operates at peak efficiency under all conditions, 

enhancing fuel economy and reducing greenhouse gas 

emissions. Moreover, by effectively balancing the energy 

contributions from the fuel cell, battery, and supercapacitor, 

MOPSO helps to extend the lifespan of these critical 

components, thereby reducing maintenance costs and 

improving the overall reliability of the maritime energy 

system. 

 
Fig. 1. The schematic of the integrated supercapacitor-battery and fuel cell system. 
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Fig. 2. MPC-MOPSO strategy of the power split optimization. 

 

III. SIMULATION RESULTS AND DISCUSSION 

To evaluate the performance of the proposed optimal energy 

management strategy using MOPSO for an integrated fuel 

cell/battery/supercapacitor system in maritime vessels, a series 

of simulations were conducted. The simulations aimed to 

assess the efficiency, reliability, and overall effectiveness of 

the energy management system under various operational 

conditions. The simulation incorporates a detailed model of the 

maritime vessel’s power demands, integrating the dynamic 

behavior of the fuel cell, battery, and supercapacitor. Each 

component is modeled based on real-world parameters, 

including the fuel cell's hydrogen consumption rate, the 

battery's charge-discharge cycles, and the supercapacitor's 

rapid charge-discharge capabilities. The simulation runs under 

different load conditions, representing various maritime 

operations such as cruising, docking, and maneuvering. The 

MOPSO algorithm is employed to find the optimal balance 

between the energy contributions from the fuel cell, battery, 

and supercapacitor. The fitness function used in the 

optimization process considers multiple objectives: minimizing 

hydrogen consumption, maximizing the state of charge (SOC) 

of the battery, and minimizing the degradation of the 

supercapacitor. The results in figures 3-8 show that MOPSO 

effectively balances these objectives, resulting in a set of 

Pareto-optimal solutions that offer different trade-offs. For 

instance, one solution might prioritize fuel efficiency by 

relying more heavily on the battery and supercapacitor, while 

another might prioritize system longevity by balancing the load 

more evenly across all components. Under cruising conditions, 

which represent steady-state operation, the simulation results 

indicate that the fuel cell can operate at a high efficiency point, 

supplying the majority of the power demand. The battery and 

supercapacitor handle transient loads and peak power demands, 

ensuring that the fuel cell operates smoothly without frequent 

ramp-ups and downs, which could otherwise reduce its 

lifespan. The SOC of the battery is maintained within optimal 

limits, preventing deep discharge cycles that could accelerate 

aging. The supercapacitor, with its rapid response time, 

effectively manages short-duration peak loads, reducing the 

stress on the battery and enhancing the overall system 

efficiency. During docking operations, which involve more 

dynamic power demands due to maneuvering and auxiliary 

systems, the simulation results highlight the effectiveness of 

the MOPSO algorithm in adapting to changing conditions. The 

energy management system dynamically adjusts the power 
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flow, with the supercapacitor providing immediate power 

bursts and the battery handling more sustained loads. The fuel 

cell operates at a lower power output to conserve hydrogen, 

while still providing a steady supply of energy. This dynamic 

adjustment ensures that the vessel's power needs are met 

efficiently, with minimal fuel consumption and reduced wear 

on the battery and supercapacitor. The simulation also 

examines emergency scenarios, such as sudden power spikes or 

equipment failures. In these cases, the MOPSO algorithm 

demonstrates robust performance, quickly reallocating power 

to maintain system stability. The supercapacitor's rapid 

discharge capability is particularly valuable in these situations, 

providing immediate power to critical systems while the 

battery ramps up its output. This fast response helps prevent 

blackouts and ensures the safety and operational readiness of 

the vessel. Additionally, the algorithm includes contingency 

strategies that prioritize power supply to essential systems, 

ensuring that navigation and communication systems remain 

operational even in adverse conditions. One of the key findings 

from the simulation is the significant reduction in hydrogen 

consumption achieved through optimal energy management. 

By strategically utilizing the battery and supercapacitor, the 

MOPSO algorithm minimizes the load on the fuel cell, 

allowing it to operate at its most efficient points more 

consistently. This not only reduces fuel consumption but also 

lowers operational costs and emissions. The simulation results 

indicate that, under typical operational conditions, hydrogen 

consumption can be reduced by up to 20%, translating to 

substantial cost savings and a smaller environmental footprint. 

The discussion section delves into the implications of these 

findings for real-world maritime operations. The reduced fuel 

consumption and enhanced efficiency can significantly lower 

operating costs, making green energy solutions more 

economically viable for maritime vessels. Moreover, the 

extended lifespan of the battery and supercapacitor, as 

indicated by the simulation results, reduces the frequency of 

maintenance and replacement, further decreasing operational 

expenses. The ability to dynamically manage power flows and 

respond to changing conditions enhances the reliability of the 

energy system, ensuring that maritime vessels can operate 

smoothly and safely in a variety of scenarios. Another 

important aspect discussed is the environmental impact. The 

optimized energy management system contributes to lower 

greenhouse gas emissions by reducing hydrogen consumption 

and improving the overall efficiency of the energy system. This 

aligns with global efforts to reduce the carbon footprint of 

maritime operations, contributing to more sustainable shipping 

practices. The discussion also considers the scalability of the 

optimized system, exploring how the principles demonstrated 

in the simulation can be applied to different types of vessels, 

from small ferries to large cargo ships. The modular nature of 

the fuel cell, battery, and supercapacitor system allows for 

customization based on specific power requirements and 

operational profiles. The robustness of the MOPSO algorithm 

in handling multiple objectives and dynamic conditions 

underscores its potential as a powerful tool for energy 

management in maritime applications. The simulation results 

provide a strong foundation for further research and 

development, suggesting that with continued advancements in 

optimization algorithms and energy storage technologies, 

integrated systems can achieve even higher levels of efficiency 

and sustainability.  

 

 

 
Fig. 3. The fuel cell voltage and current. 
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Fig. 4. The Battery Current, Voltage and SOC. 

 

 

 
Fig. 5. The Supercapacitor Current and Voltage. 
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Fig. 6. The FC and Battery Converter Voltages. 

 

 
Fig. 7. Power. 

 

 

 
Fig. 8. The fuel consumption. 
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IV.CONCLUSION 

The proposed integrated fuel cell/battery/supercapacitor system 

represents a significant advancement in maritime energy 

management. By harnessing the complementary strengths of 

each component and employing the advanced optimization 

technique MOPSO, the system can achieve superior efficiency, 

reliability, and environmental performance. This innovative 

approach aligns with the maritime industry's goals of 

sustainability and operational excellence, paving the way for 

the future of green maritime vessels. The simulation results 

validate the effectiveness of the MOPSO-based optimal energy 

management strategy for the integrated fuel 

cell/battery/supercapacitor system in maritime vessels. The 

strategy not only enhances fuel efficiency and reliability but 

also supports sustainable and cost-effective maritime 

operations. Future work should focus on real-world 

implementation and further optimization to address the 

dynamic and complex nature of maritime energy demands and 

exploring advanced machine learning algorithms to enhance 

real-time decision-making and system adaptability. 

Incorporating predictive maintenance models will help 

anticipate and mitigate potential failures, extending component 

lifespan and reducing downtime. Additionally, integrating 

renewable energy sources like solar and wind will reduce 

hydrogen reliance and improve sustainability. Extensive field 

trials on various vessel types and maritime environments will 

validate the system's robustness and scalability, ensuring it 

meets evolving safety and environmental standards. 
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