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Abstract

:

Featured Application


Repowering of existing vessels with hybrid power system for electricity production and storage with focus on reduced power requirement, increased efficiency, and eliminated greenhouse gas emissions are the applications.




Abstract


As marine traffic is contributing to pollution, and most vessels have predictable routes with repetitive load profiles, to reduce their impact on environment, hybrid systems with proton exchange membrane fuel cells (PEMFC-s) and battery pack are a promising replacement. For this purpose, the new approach takes into consideration an alternative to diesel propulsion with the additional benefit of carbon neutrality and increase of system efficiency. Additionally, in the developed numerical model, control of the PEMFC–battery hybrid energy system with balance of plant is incorporated with repowering existing vessels that have two diesel engines with 300 kWe. The goal of this paper is to develop a numerical model that analyzes and determines an equivalent hybrid ship propulsion system for a known traveling route. The developed numerical model consists of an interconnected system with the PEMFC stack and a battery pack as power sources. The numerical model was developed and optimized to meet the minimal required power demand for a successful route, which has variable loads and sees ships sail daily six times along the same route—in total 54 nautical miles. The results showed that the equivalent hybrid power system consists of a 300 kWe PEMFC stack and battery pack with 424 kWh battery and state of charge varying between 20 and 87%. To power this new hybrid power system, a hydrogen tank of 7200 L holding 284.7 kg at pressure of 700 bar is required, compared to previous system that consumed 1524 kg of diesel and generated 4886 kg of CO2.
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1. Introduction


Most countries in the world encourage reductions in harmful emissions [1], which as a consequence causes the price increase of fossil fuels to drive the decrease of greenhouse gas emissions [2], which is an unpopular measure, as fossil fuels are the driving force of marine traffic. From 2008 to 2018, emissions of CO2 increased by 90%, and predictions are that they will further increase. With IMO regulations for NOx, CO2, SOx, and other emissions becoming more stringent, stakeholders across the board recognize the need for the maritime sector to reduce emissions and decarbonize in order to sustain itself as a business in the future. When a hydrogen fuel cell system is used, the emissions of NOx, sulfur oxides (SOx), or PM can be fully eliminated since the fuel cells have no incomplete combustion products, and no pilot fuel is needed [3]. The main measures to reduce consumption and consequently pollution in the shipbuilding industry are to optimize ship engines, propellers, and the hull, which are limiting factors, as the efficiency of each part can only go so far to reach limits of maximal efficiency. To overcome that, a new approach is necessary. The power system generates all power and pollution, and one promising solution is to replace it with a proton exchange membrane fuel cell (PEMFC) in combination with a battery pack. PEMFCs differentiate from internal combustion engines, as they are electrochemical devices for conversion of fuels with hydrogen as an energy carrier to electricity with high efficiency [4]. Other benefits include their generation of completely emission-free energy, their ease of implementation on existing systems that use electricity, and their electrochemical reaction byproduct generation of only pure water and heat. With that said, the PEMFC system is good for long-distance voyages with a constant load and for vessels that travel at relatively short distances with power demand variations, as shown in this paper. Hybrid systems are advantageous in applications where the load is constantly changed, such as the maneuvering of vessels in ports and short distance travel with variable power demand. When a constant load is applied, the PEMFC stack system can be incorporated without the requirement for a high-power battery system; in usage, it can be compared to a diesel system with power demand up to 300 kW. At the moment, diesels outperforms all other systems in towing capability and long-distance range for systems with high output power. A hybrid system that uses a combination of the PEMFC stack and a battery package is very effective and has good dynamic load characteristics, which makes it compatible for replacing the classic marine power systems, like diesel. To analyze and incorporate such a system into vessels for our case, a numerical model was developed. Additionally, this numerical model can be used to simulate different configurations of a hybrid or PEMFC stack system incorporated with other systems that use diesel–electric power (trains or vessels) or any other system that use electricity offshore, off grid, or connected to the grid; it can be scaled, and additional sources of electricity production can be added to give this numerical model offering an even bigger palette of implementation. Corvus Energy developed sustainable marine hydrogen fuel cell systems, which represents a clean and safe alternative power for ships [5]. Petra et al. focused in their study [6] on PEM fuel cells as an energy supply for ships. Their experimental results confirmed that PEM fuel cells are an emission-free solution for electricity generation in ships. The PEM fuel cell was found to be a promising option for marine applications. The main obstacles are the power capacity, cost, and lifetime of the fuel cell assembly [7]. CO2 emissions are up to 8% lower in the solid oxide fuel cell hybrid system in comparison to a diesel-powered ship during a typical passenger ship voyage [8]. Elkafas A. G. et al. analyzed several issues, such as the new technology and characteristics of different fuel cell systems as well as the international maritime organization rules and policies for hydrogen system applications in the marine industry [9]. In the paper [10], a fuel cell marine power systems model with real-time capabilities was developed and can be implemented for researching performance to obtain an effective system and determining the balance of plant, control, and optimization possibility. To enhance shipping fuel efficiency in an energy management system, optimization for day-ahead power generation plans and dynamically adjusted power splitting were presented in [11]. A hybrid marine propulsion architecture with advanced control strategies can reduce fuel consumption up to 35% while improving noise, maintainability, maneuverability, and comfort [12]. Miotti [13] conducted an analysis of the environmental impact and cost of a proton exchange membrane fuel cell (PEMFC) system for use in fuel cell vehicles in comparison with battery electric and internal combustion engine vehicles. When hydrogen is generated from renewable electricity, fuel cell cars reduce greenhouse gas emissions by 50% compared to gasoline-powered cars. A hybrid marine propulsion system with a heat engine in combination with a battery for electromotors was analyzed in a real load application, and the performance of the components was evaluated [14].



One study proposed and analyzed a hybrid propulsion system for ships that utilizes both the electric energy and thermal energy generated by fuel cells. The proposed hybrid propulsion system can increase energy efficiency by 22.5% [15]. The PEM fuel cell–battery hybrid system was developed and integrated with Li-ion batteries to supply electric power to the waterjet propulsion system of the 20 m tourist boat and successfully operated at 6–8 knots [16]. A hybrid propulsion system consisting of hydrogen wind and solar energy was also analyzed. The results shows that wind power can cover up to 27%, solar power up to 1%, and hydrogen fuel cell up to 100% of the total required power for propulsion [17]. A solid oxide fuel cell (SOFC) for a crude oil tanker was investigated, and the results showed that CO2 emissions in the SOFC hybrid system were up to 8.8% lower than in the traditional large vessel [8]. A fundamental platform for exploring a hybrid energy system integrated with fuel cell was given in one study, with emphasis on system optimization and energy management strategies [18].



One control strategy of a ship with hybrid power consisting of a 4-stroke diesel generator, solar panels, and battery packs was simulated, and the energy efficiency and emissions were evaluated. The results of the developed hybrid micro-grid system control system showed that it can significantly reduce CO2 emission and energy cost [19]. From the economic perspective, this system is still expensive. The estimated cost for a fuel cell–battery hybrid propulsion system for repowering a catamaran (20 m long) consisting of (DC) a redundant electric power plant (300 kW) and propulsion system, energy storage system, and marine fuel cell modules is approximately EUR 1,200,000. America’s first hydrogen-powered catamaran, Switch Maritime, aims to start operations early next year in San Francisco and is powered with PEMFC-s with 360 kW of power; it has 242 kg of hydrogen storage tanks and a 600 kW electric propulsion system with speed up to 15 knots and cost of USD 10 million. The high cost of hydrogen, safety considerations, and the supply infrastructure are problems for the wide adoption of fuel cell systems [20]. “Handbook for Hydrogen-fueled Vessels”, written by DNV and other companies, deals with safety issues for hydrogen as ship fuel [21].



This paper offers detailed insight into the novel hybrid propulsion systems that incorporate a system with a PEMFC stack with battery pack at known load cycles. As the implementation of PEMFC stacks as the energy producer in marine systems is still in its infancy, there is very little literature regarding that field. In this paper, the research focus is on gaining detailed insight into such a system, where the novelty is that PEMFC interacts with the realistic dynamic loading conditions of a vessel in real time, forming a precise and robust carbon-neutral system with higher system efficiency and the same autonomy as a traditional system with diesel engines. An analysis was conducted on a catamaran that was previously in service, and it was considered for refitting from diesel to a PEMFC–battery hybrid propulsion system. The goal was to design an optimal hybrid system that incorporates a PEMFC stack with a battery pack for a known vessel, analyze fuel consumption, and compare it to previous systems with diesel engines, with the additional benefits of silent drive and eliminated pollution compared to previously used internal combustion engines running on diesel fuel. The proposed configuration of the main components for simulation are shown in the methodology chapter. The first goal was to develop a model conceptually and to implement it with methodology and system control using the commercial software AVL CRUISETM M 2023.1. For implementation of the conceptual model in the software, it was required to connect all parameters, such as vessel kinematics, with the power demand of electric motors and the required electricity consumption from the PEMFC stack and battery system. Additionally, the limitation of discharge on the battery system was set to 20%, with the electric motor rotation speed limitation set to 110 rpm, contrary to the maximum of 370 rpm, until the state of charge reaches 30%.




2. Methodology


The numerical model was conceptually developed as shown in Figure 1 and later implemented in the commercial software AVL CRUISETM M 2023.1 with a balance of plant system. The conceptual model consists of three main components. the first main component is the PEMFC stack with 300 kWe, and the second is the battery pack with unknown required power that must ensure enough power for the required load profile shown on Table 1. The last component consists of two asynchronous electric motors with a maximum power requirement of 300 kW each (600 kW in total). The required amount of hydrogen with tank capacity is unknown, and simulation was calculated based on the current generated by the fuel cell system.



Additionally, ship resistance was modelled with a longitudinal dynamic model to ensure realistic acceleration and velocity of the vessel; the propeller type is B series, which has a numerical background from the Wageningen B series tests [22]. Torque on the propellers, which generate load on electric motors (EM), ensures a realistic load on the power system.



Balance of plant (BoP) includes the regulation of mass flow rates at the cathode and anode side in the sub-system of the PEMFC, which consists of a compressor at the cathode side with a mass flow of up to 0.3 kg/s and air pumping up to 4 bar from external pressure, which is cooled and circulated through a humidifier before the PEMFC stack to ensure proper humidity for the membrane. Pressure and airflow are controlled via two PID controllers for the compressor and control of the backpressure valve. The power consumption of compressor is defined as linear and dependent on the PEMFC stack load with maximal consumption compared and upscaled from Toyota Mirai PEMFC stack testing [23]. The anode side consists of a large hydrogen tank that stores hydrogen at a pressure of 700 bar and has enough fuel for six voyages; the injection model manages the mixing of hydrogen with water vapor via fuel cell current demand. Recirculation of the unused humid hydrogen is also present, which feeds it back to the system through a Venturi injector, where excess water is removed with a water separator to maintain constant humidity. Pressure is controlled with a PID controller, which controls the Venturi injector’s opening. Additionally, to address nitrogen buildup due to crossover through the membrane, a purge valve is periodically opened and releases some of the gas into the surroundings. Some unused hydrogen is lost during the process, but in typical operating conditions, the loss does not exceed 2% of total fuel consumption. Removal of excessive heat is required to maintain a stable temperature of 65 °C in the PEMFC stack, which is managed with a pump that is controlled with PID control and dependent on the load from the PEMFC stack. A pump uses up to 4 kW of electric energy. The active components of the BoP (compressor at the cathode side and pump for thermal management) were simulated as a speed-controlled flange and the corresponding power consumers. This means that the components inside the BoP are controlled indirectly by required current at the PEMFC stack, and required power consumption is calculated with required mass flow rates. As the system consists of the PEMFC stack and battery pack, a power-split strategy was used to take into account the spikes in power demand and insufficient amount of power generated from the PEMFC stack at maximum load in comparison to the pre-defined cyclic load profile with variable loads during the voyage.




3. Numerical Background of Fuel Cell Model


The fuel cell model utilized in this article was designed and extensively examined in [24]. The model is a 0-dimensional electrochemical model that is thermodynamically consistent. It is used to manage the operation of proton exchange membrane fuel cells (PEMFC). Furthermore, the model was also expanded to include the transportation of gases through channels and the gas diffusion layer (GDL), making it quasi-dimensional. The primary characteristic of the model is the simplified form of the Butler–Volmer equation, which clarifies the correlation between voltage and current in an electrochemical cell. The main assumption is a charging transfer coefficient value of 0.5, enabling the utilization of the hyperbolic sine function. Therefore, Equation (2) is derived, which is analogous to the Butler–Volmer equation but considerably easier to handle. The equations are presented below:
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where     I   c     is the cathode current, F is the Faraday constant,       C  ˜      O   2       and       C  ˜      H   2   O     are the normalized concentrations of oxygen and water, kB is the Boltzmann constant, Z is the number of electrons in the electrochemical reaction, T is the temperature,     k   R D C   *     and     k   O X C     are the reaction rate constants, e0 is the elementary charge, and     η   C     is the reaction kinetics overvoltage on the cathode. Based on Equation (1), it is possible to derive the expression for the overpotential of reaction kinetics,     η   C    , for the cathode side. However, analogous derivations can also apply to the anode side. This adaptability allows the model to be efficiently implemented in both fuel cell operations and electrolyzer mode.



The single-cell voltage     U   c e l l     is defined as given:


    U   c e l l   =   U   t h   −   η   c   −   η   a   −   U   R    



(3)




where     U   t h     is the thermodynamic potential, and     U   R     is voltage ohmic loss.



Ohmic losses are caused by the flow of protons across the membrane, and they have a substantial impact on ionic conductivity. This conductivity is computed using data collected from sources in the literature. Assuming constant ionic conductivity, the ohmic loss increases linearly as the current density increases, which determines the slope of the polarization curve for medium current.



Transport losses refer to the phenomenon of species diffusing through the channels and gas diffusion layer and into the catalyst layer. These losses are quantified using Fick’s law of diffusion. These processes define the maximum current densities, namely the current density at which the concentration of the reactant at the catalyst layer begins to decrease. The transport model was modeled with the idea of estimating the concentration of reactants at the catalyst layer (    C     r   C L       ) by multiplying the reactant concentration in the channel (    C     r    chan         ) by the ratio of the limiting current (IL) to the current density (I), as expressed by the following equation:


    C     r   C L     =   C     r    chan          1 −   I     I   L        



(4)






    I   L   = Z F S   D   r r       C     r    chan            δ   G D L      



(5)




where     D   r r     is diffusion coefficient, and     δ   G D L     is GDL width. The electrochemical model incorporates five calibration parameters, each corresponding to a distinct loss mechanism. Due to the greater significance of activation and transport losses on the cathode side, the parameters for the anode are typically believed to be irrelevant. The membrane material’s properties, including density, specific heat capacity, and thermal and ionic conductivity, as well as water diffusion and electro-osmotic drag values are obtained from the literature [25].



Regarding the technical details, the fuel cell model is from the software AVL CRUISE M. In the software, only the dimensions and number of single cells are specified for the stack, and the effective power is calculated according to the available parameter sets (available in the software manual). For the experimental setup, which was not used in this work, it would be required to model the system for 300 kW output power, capable of producing a voltage of 600 V at a current of 500 A. At the moment, high-performance fuel cell stacks are able to produce current densities of 2.0 A/cm2 with single-cell voltages of 0.6 V. In order to achieve a total current of 500 A, each individual cell should have an active area of at least 250 cm2. Additionally, the stack should be composed of a minimum of 1000 single cells. To our knowledge, commercial stacks only go up to 250 kW. The dimensions of high-end commercial stacks (e.g., Toyota Mirai, with power output of around 115 kW) have a specific power density of 3.0 kW/dm3, which would mean that the volume of the fuel cell stack would be at least 100 dm3.



There are additional approaches for numerical simulation of PEMFC-s, and in CRUISE M, there is simplified model that uses Tafel slope, and the characteristic of the PEMFC stack or single cell is defined as a polarization curve, where it is possible to vary the angle of the curve with coefficients, which makes this simulation zero-dimensional. The most complex numerical approach is with computational fluid dynamics (CFD), with which the PEMFC is considered as a stand-alone system with high complexity, but this requires intensive computation resources and time, so it is useful to define precise parameters in a simplified numerical model, as it can calculate basically any parameter that is required to define the output parameters of heat, current, and voltage production together with consumption of gasses and amount of generated water. One example of CFD simulation for a single-cell PEMFC is given in [26].




4. Developed Numerical Model


In Figure 2, the final model with all components of the system is shown. The first part consists of the PEMFC stack, which was modelled as a quasi-dimensional model with its numerical background explained in the previous chapter. An equivalent circuit model for the battery pack was used, and the model consists of a controlled voltage source with Ohmic resistance, which is used to describe instantaneous voltage response to current input. Additionally, a thermal model called “a solid wall” was implemented to predict the transient thermal behavior of the battery. Moreover, multiple battery elements were connected via electrical pins to construct an electrical network acting as a battery module or battery pack. Open-circuit voltage is defined for classic Li-ion batteries [27], as in Figure 3. Ohmic resistance was taken at the temperature of 25 °C and defined as in Figure 4.



Additionally, the maximal current of charging is defined for a given SoC, which is shown in Figure 5, where the maximal charging current of the battery system is shown with a blue line, and the maximal current of the PEMFC stack is shown with an orange line (500 A).



Many combinations of battery packages have been implemented, and the optimal battery package configuration consists of 110 battery packages connected in parallel with 130 batteries connected in series (total 14,300 batteries), with each battery having a voltage range from 2.5 to 4.2 V, where nominal voltage is 3.7 V, and a capacity of 8 Ah. Discharge voltage is defined as in Figure 3. The total calculated combined power of the battery pack is 424 kWh with state of charge (SoC) at 100%. Ohmic losses between each battery for this simulation were neglected, as the main goal was to examine the required power from auxiliary storage to satisfy the required condition.



There are two electric motors (EM-s) that are the same, defined as asynchronous engines, with a demanded maximum power of 300 kW each or 600 kW in total. They have a defined torque for rotation speed, which is shown in Figure 6 for a full spectrum of load. For this simulation, the spectrum of load has constant torque, as it is from 0 to 370 rpm.



Propellers that are connected to EM-s are defined as classic B series propellers by [22], with a diameter of 1.5 m, four blades, a pitch to diameter ratio of 1.2, and a disk area coefficient of 0.7. While on full load advance, the coefficient is 0.73.



The marine vessel model, which is powered by a fuel cell and a battery, is a sophisticated system with multiple interlinked components. The vessel was modeled as a longitudinal dynamic model and designed to calculate various key parameters related to a vessel’s forward and backward movement. Initially, the model defined parameters such as the ship’s mass (80 t), thrust force, external forces, resistance force, initial speed, and thrust deduction factor. With those parameters, the numerical model could calculate ship acceleration with consideration of the net forces acting on it, including both the thrust and resistance forces, then dividing them by the ship’s mass. The ship’s velocity was then updated by integrating acceleration over time, starting from an initial velocity value. Furthermore, the position of the ship is determined by integrating velocity over time. The ship’s resistance was determined from experimentally validated results.



The propeller speed demand was determined by load profile, which simulates an average cyclical navigation route of 13 nautical miles with the load profile presented by the values in Table 1, which are graphically shown in Figure 7.



The actual propeller speed is regulated with a PID controller, which maintains the desired propeller speed with adjustments of the EM load based on the comparison between the actual and desired speeds.



In terms of energy storage and management, the system includes a battery pack that acts as energy storage, supplying the excess power demand that cannot be met by the fuel cell to the EM and other components that require electricity. The PEMFC stack is the only source of electricity for battery charging with conversion of chemical energy from hydrogen to electrical energy.



Significant aspects of the system include power demand and voltage regulation. The controller function calculates the total power required for the EM, compressor, steering pump, and battery charging. Based on this power demand and the battery’s SoC, the controller decides the PEMFC stack’s power output. If the power demand is high and the battery’s SoC low, PEMFC operates at its nominal power, utilizing the hysteresis mechanism to avoid frequent on–off cycling under certain conditions. The hysteresis mechanism has a boundary condition to limit propeller speed to 110 rpm if the SoC drops below 20%, and it holds that limit until the SoC reaches 30%. The controller also determines the fuel cell’s current demand considering the voltage limits and whether the fuel cell is on or off. It includes a delay feature to simulate the gradual ramping up of current when the fuel cell activates, and a low-pass filter is applied to smooth out any spikes in the output current. Finally, the necessary current from the PEMFC was determined by dividing the calculated power demand by the system voltage. Additionally, stable voltage across the system is maintained by two DC/DC controllers, ensuring efficient and consistent power supply.




5. Results and Discussion


In Figure 8, the SoC, total resistance of vessel, and PEMFC power are shown for six voyages, where all components within the system respond to each other with the hysteresis mechanism implemented for the PEMFC stack, but for this configuration, it was not activated. This is better displayed in Figure 9, which has same parameters as in Figure 8 but is given for only one voyage, where it is seen that total resistance follows the pattern defined on Table 1, with additional time between recharging of the battery and repeating the voyage. It can be seen that the SoC and PEMFC power tracked the ship resistance, as the PEMFC used the battery system for compensation while getting to the work load, and when the load reached the required 600 kW, battery system started to discharge; after the first part of trip (Port of Split to Port of Resnik), the PEMFC continued to work on maximum load until the battery system reached the required SoC, as shown in Figure 5. To show the hysteresis mechanism there was a simulation of one cycle of the battery pack of 100 battery packages connected in parallel with 100 batteries connected in series (total 10,000 batteries) with a total power of 296 kWh; results are shown in Figure 10, with the hysteresis mechanism activated after the 89th minute and kept until the end of the route. As a consequence. the total distance passed changed from 13.8 nm to 11.6 nm.



The results in Figure 8 and Figure 9 show that the system with the PEMFC stack of 300 kWe and battery pack with 424 kWh with an initial SoC of 87% at the start of the voyage can replace the previous configuration of two diesel engines with an output power of 300 kW each and meet all required demands for this route. With the required velocity and duration of voyage shown in Figure 8, the SoC increased to 88.14%, which ensures that route is repeatable, as the final SoC is higher than the initial one. Total consumption for one voyage was 47.45 kg, and for six voyages with the PEMFC as only source of power, it was 284.7 kg of hydrogen in comparison to diesel engines, which require 254 kg for one voyage and 1524 kg of diesel for six voyages. Fuel consumption of the hybrid system can be reduced on the last voyage by 14.6 kg, as it is end of the day, so the battery pack can be recharged with an outer electric energy supply. For 284.7 kg of hydrogen, the storage capacity required is 7200 L under a pressure of 700 bar. All greenhouse gases, including CO2, are removed in comparison to the 4886 kg of CO2 generated from diesel engines, which was calculated from the IMO Resolution MEPC.308(73) [28].



If the time that the ship is moored in the harbor increases, the battery pack capacity could be reduced, and approximately 2 more minutes in full load increases the total consumption of energy up to 3.5% with the increase of distance traveled from 13 nm to 13.8 nm per voyage. In conclusion, this means that the realistic power consumption is smaller than in the numerical model. As the system is 100% electric and compatible with a conventional electric energy grid, it is possible to implement the system with photovoltaics and plug-in charge of batteries, which will consequently significantly reduce the required battery pack power, or it is possible to implement another PEMFC stack as an auxiliary or upscaled power system to meet electric energy requirements.




6. Conclusions


The research has shown repowering an existing vessel with a PEMFC–battery hybrid power system increased efficiency and eliminated greenhouse gas emissions compared to the previously installed diesel propulsion system. The new numerical model of the hybrid power system was developed and can be used for different hybrid systems and power demand optimization and as a very flexible system for implementation in any electric-dependent power facility with different applications. The model will be further developed for BoP optimization in realistic cycles of operation. For further development of the numerical model, an intended improvement would be a system with different output power of the PEMFC stack or a combination of one main and another auxiliary PEMFC stack and the implementation of photovoltaics with detailed insight into their power production and potential to additionally reduce the requirement for batteries and increase possibilities for the implementation of this numerical model. Results have shown that the system using the PEMFC stack with battery system requires a significantly smaller amount of fuel, namely 18.68% of fuel by mass in comparison to the previous system (284.7 kg of hydrogen in comparison to 1524 kg of diesel), which is emission-free and offers high flexibility for further system upgrades, as such a system generates electricity, and additional components can be added without the necessity of additional complex refitting. The total efficiency of the PEMFC system is around 60% [29] in comparison to diesel engines that have a maximal efficiency around 45% for systems with similar power.



There are many ways to further improve this system with additional implementation of an auxiliary PEMFC stack, with which the required power of batteries would be reduced, such as photovoltaic (PV) collectors for electricity production, as this vessel has a large unused area on deck, and the area of the voyage has very good conditions for such energy production. This system would have the potential for generation of around 48 kWp of electricity, as the deck area is around 240 m2 (about 5 m2 for 1 kWp), which would dramatically reduce electricity consumption from the batteries during the voyage and improve charging speed, as the maximum current of charging is 600 A, and there is 100 A deficiency of charging, as the PEMFC stack has a maximal current of 500 A. Additionally, the implementation of charging from the grid in port would significantly reduce consumption of hydrogen (around 87.48 kg), as the load of the PEMFC stack during the time in port can be removed, and the speed of charging can be set to 600 A.
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Figure 1. Main components for the numerical model of a hybrid vessel energy system. 
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Figure 2. Main components of developed numerical model in AVL CRUISETM M 2023.1. 
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Figure 3. Voltage distribution of battery pack for different states of charge. 
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Figure 4. Ohmic resistance distribution of battery pack for different states of charge. 
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Figure 5. Maximal speed of charging for battery system dependent on SoC. 
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Figure 6. Torque distribution of electric engine per number of revolutions in one minute. 
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Figure 7. Velocity and required propulsion power for duration of one voyage. 
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Figure 8. Comparison of power, SoC, and total ship resistance for six voyages. 
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Figure 9. Comparison of power, SoC, and total ship resistance for one voyage. 
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Figure 10. SoC and propeller speed for reduced size of battery package and activated hysteresis mechanism. 
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Table 1. Voyage route with details of catamaran distance, velocity, time, and required propulsion power for calculation.
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Position

	
Distance

	
Velocity

	
Time

	
Propulsion Power

	
Distance Crossed




	
Unit

	
nm

	
kts

	
min

	
kW

	
nm






	
Port of Split—start of route

	
0

	
0

	
3

	
0

	
0




	
Port of Split—starting maneuver

	
0.5

	
6

	
5

	
100

	
0.5




	
Port of Split—sailing ferry to Port Resnik

	
5.7

	
12

	
28.5

	
600

	
6.2




	
Approach maneuver of ferry to Port Resnik

	
0.3

	
6

	
3

	
80

	
6.5




	
Ferry in Port Resnik

	
0

	
0

	
3

	
0

	
6.5




	
Boarding of passengers

	
0

	
0

	
20

	
0

	
6.5




	
Departure of ferry from Port Resnik

	
0

	
0

	
3

	
0

	
6.5




	
Ferry port Resnik—departure maneuver

	
0.3

	
6

	
3

	
80

	
6.8




	
Ferry Port Resnik

	
5.7

	
12

	
28.5

	
600

	
12.5




	
Approaching maneuver to Port of Split

	
0.5

	
6

	
5

	
80

	
13




	
Ferry in Port of Split

	
0

	
0

	
3

	
0

	
13




	
Boarding of passengers

	
0

	
0

	
20

	
0

	
13
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