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Featured Application: Repower of existing vessel with hybrid power system for electricity production and 

storage with focus on reduced power requirement, increased efficiency and eliminated greenhouse gas 

emissions. 

Abstract:  As marine traffic is contributing to pollution and mostly have predictable route with repetitive load 

profiles, to reduce their impact on environment, hybrid system with proton exchange membrane fuel cells 

(PEMFC-s) and battery pack, is promising replacement. For this purpose, the numerical model of repowered 

existing vessel that have two diesel engines with 300 kWe is developed. The goal of this paper is to develop 

numerical model which analyzes and determine equivalent hybrid ship propulsion system for known traveling 

route. The developed numerical model consists of an interconnected system with PEMFC stack and battery 

pack as power sources. Numerical model is developed and optimized to meet minimal required power demand 

for successful route demand, which has variable loads and daily sails six-time same voyage- in total 54 nautical 

miles. The results have shown that equivalent hybrid power system consists of 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, hydrogen tank of 7200 l holding 284.7 kg at pressure of 700 bar is needed, compared to previous 

system that spend 1524 kg of diesel and generate 4886 kg of CO2. 

Keywords: proton exchange membrane fuel cell; system modeling; balance of plant; hybrid marine system 

 

1. Introduction 

As governments incentivize radical reductions in harmful emissions as overall priority [1], 

which as consequence has price increase of carbon to decrease greenhouse gasses [2], which is 

unpopular measure as fossil fuels are driving force of marine traffic. From 2008 to 2018 emissions of 

CO2 increased by 90% and predictions are that they will further increase [3]. The main measures to 

reduce consumption and consequently pollution in the shipbuilding industry are to optimize ship 

engines, propellers and hull, which are limiting factors, as the efficiency of each part can go so far as 

to reach limits of maximal efficiency. To overcome that new approach is necessary and as a power 

system generates all power and pollution, one of the promising solutions is to replace it with a proton 

exchange membrane fuel cell (PEMFC) in combination with a battery pack. PEMFC-s are 

electrochemical devices used for the direct conversion of various fuels with hydrogen as an energy 

carrier to electricity with high efficiency [4] in comparison to internal combustion engines. Other 

benefits include generating completely emission-free energy, they are easy to implement on existing 

systems that use electricity and only byproducts of electrochemical reaction are pure water and heat. 

With that said PEMFC system is good for long-distance voyages with constant load and for vessels 

that travel at relatively short distances with power demand variations as shown in this paper, a 

hybrid system that uses a combination of PEMFC stack and battery package is very effective and has 

good dynamic load characteristics, which makes it compatible for replacement of classic marine 

power systems like diesel. To analyze and incorporate such a system into vessels, a numerical model 
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has been developed. Corvus Energy, Toyota and other partners initiated the Corvus Pelican Fuel Cell 

System which is the result of the H2NOR research project to fast-track the development and 

production of sustainable and scalable Maritime Hydrogen Fuel Cell Systems. They announced the 

launch of their ground-breaking, gas-safe marine fuel cell product, the Corvus Pelican Fuel Cell 

System (FCS). Designed to transform the maritime industry, the new product represents a significant 

leap forward in safe, clean, and efficient power generation for marine vessels alternative [5]. Petra et 

al. in their study [6] are focused on the possible application of hydrogen-fed PEM fuel cells on board 

ships. Experimental results confirm that PEM fuel cells, when supported by a suitably sized energy 

storage system, represent a viable technical solution for zero-emission power generation on board 

ships. Proton exchange membrane is found to be promising options for maritime applications, once 

energy efficiency, power capacity and sensitivity to fuel impurities are considered. Currently, power 

capacity, costs and lifetime of the fuel cell stack are the primary barriers [7]. CO2 emissions in the 

solid oxide fuel cell hybrid system are 5.4% ∼8.8% lower than in the traditional structure for one 

round trip sail [8].  Elkafas A. G. et. al. analyzed several issues such as: the main characteristics of 

fuel cell systems, the available technology suppliers, international policies for fuel cells onboard 

ships, past and ongoing projects at the international level that aim to assess fuel cell applications in 

the maritime industry, and the possibility to apply fuel cell systems on different ship types [9]. In the 

paper [10], a system level fidelity model of the fuel cell-fed marine power systems with real-time 

capabilities is developed. The presented model can be implemented for investigating the system 

performance for simulator applications, designing high-level controls, sizing and optimization. A 

two-layer energy management system (EMS) is presented in [11] to enhance shipping fuel efficiency. 

The first layer of the EMS optimizes day-ahead power generation plans based on the vessel's next-

day cruises, the second layer, dynamically adjusts power splitting decisions based on the output from 

the first layer. Developments in propulsion and power supply systems and their control strategies 

have been analyzed [12] and it has been concluded that a hybrid architecture with advanced control 

strategies can reduce fuel consumption up to 10-35% while improving noise, maintainability, 

maneuverability and comfort. 

This paper offers detailed insight to the novel hybrid propulsion systems which incorporate 

system of PEMFC stack with battery pack at known load cycles. Analysis is conducted on catamaran 

which has previously been in service, and it is considered for refitting from diesel to PEMFC-battery 

hybrid propulsion system. Goal is to design optimal hybrid system that incorporates PEMFC stack 

with battery pack for known vessel, analyze fuel consumption and compare it to previous system 

with diesel engines, with additional benefits as silent drive and eliminated pollution from previously 

used internal combustion engines running on diesel fuel. Proposed configuration of main 

components for simulation is shown at Figure 1. 

 

Figure 1. Main components for numerical model of hybrid vessel energy system. 
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2. Methodology 

Numerical model is developed with commercial software AVL CRUISETM M 2023.1 and it is 

conceptually developed like on Figure 1. It consists of three main components, which are PEMFC 

stack with 300 kWe, battery pack that require unknown power and must be optimized for route 

shown on Table 1. and two asynchronous electric motors with maximum power requirement of 300 

kW each (600 kW in total).  

Table 1. Voyage route with details of catamaran distance, velocity, time and required propulsion 

power for calculation. 

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 to Ferry 

port Resnik 
5.7 12 28.5 600 6.2 

Approach maneuver to 

Ferry 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 Ferry 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 

Additionally, ship resistance is modelled with longitudinal dynamic model to ensure realistic 

acceleration and velocity of vessel, propeller type is B series, which has numerical background from 

Wageningen B series tests [13]. Torque on propellers, which generate load on electric motors (EM) 

ensures realistic load on power system. 

Balance of plant (BoP) include regulation of mass flow rates at cathode and anode side in sub-

system of PEMFC that consists of compressor at cathode side with mass flow up to 0.3 kg/s and pump 

air up to 4 bar from external pressure, which is cooled and circulated through humidifier before 

PEMFC stack to ensure proper humidity for membrane. Pressure and airflow are controlled via two 

PID controllers for compressor and control of backpressure valve. Power consumption of compressor 

is defined as linear and dependent on PEMFC stack load with maximal consumption compared and 

upscaled from Toyota Mirai PEMFC stack testing [14]. Anode side consists of large hydrogen tank 

that stores hydrogen at pressure of 700 bar has enough fuel for six voyages and injection model which 

manages mixing of hydrogen with water vapor via fuel cell current demand. Recirculation part for 

unused humid hydrogen is also present which feds it back to system through a Venturi injector, 

where excess water is removed with water separator to maintain constant humidity. Pressure is 

controlled with a PID controller which controls Venturi injector opening. Additionally, to address 

nitrogen buildup due to crossover through membrane, purge valve is periodically opened and 

releases some of the gas into surroundings. Some unused hydrogen is lost during the process, but in 

typical operating conditions loss does not exceed 2% of total fuel consumption. Removal of excessive 

heat is required to maintain stable temperature of 65 °C in PEMFC stack, which is managed with 

pump, that is controlled with PID control, dependent on load from PEMFC stack. Pump uses up to 4 
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kW of electric energy. Active components in BoP (compressor at cathode side and pump for thermal 

management) are simulated as speed-controlled flange and corresponding power consumers. That 

means that components inside of BoP are controlled indirectly by required current at PEMFC stack 

and required power consumption is calculated with required mass flow rates. As the system consists 

of PEMFC stack and battery pack, power split strategy is used to cover for spikes in power demand 

and insufficient amount of power generated from PEMFC stack at maximum load in correspondence 

to pre-defined cyclic load profile with variable loads during voyage. 

3. Numerical background of fuel cell model 

Fuel cell model used in this article is developed and discussed in detail in [15]. It is a 0-

dimensional, thermodynamically consistent electrochemical model for controlling proton exchange 

membrane fuel cell (PEMFC) performance and then is extended to capture the transport of gases 

across channels and through the gas diffusion layer (GDL), making it quasi-dimensional. Main 

property of model is its simplification of the Butler-Volmer equation, which describes the relationship 

between current and voltage in an electrochemical cell. It assumes a charge transfer coefficient of 0.5, 

allowing the use of the hyperbolic sine function. This results in equation (2) which is equivalent to 

Butler-Volmer but significantly easier to work with. Equations are written below: 𝐼𝑐 = 𝐼0𝑐 ⋅ e−𝐸0𝑐𝑘𝐵𝑇(𝐶̃𝑂2)0.5(𝐶̃𝐻2𝑂)2sinh⁡ (− 𝑒0𝑍𝑐𝜂𝑐𝑘𝐵𝑇 ) 
(1) 

𝐼0𝑐 = 𝑍𝐹e−𝛼𝑐Δ𝑠𝐶(𝑇−𝑇0)𝑘𝐵𝑇 e−𝛼𝑐⋅ln⁡(𝑘𝑅𝐷𝐶∗𝑘𝑂𝑋𝐶)𝑘𝑅𝐷𝐶∗  
(2) 

where 𝐼𝑐 is cathode current, Z is number of electrons transferred in the electrochemical reaction, F is 

Faraday constant, 𝐶̃𝑂2 and 𝐶̃𝐻2𝑂 are the normalized concentrations of oxygen and water, kB is the 

Boltzmann constant, T is the temperature, 𝑘𝑅𝐷𝐶∗  and 𝑘𝑂𝑋𝐶  are reaction rate constants, e0 is the 

elementary charge and 𝜂𝐶 reaction kinetics overvoltage on the cathode. Based on equation (1), it's 

possible to derive the expression for the overpotential of reaction kinetics, 𝜂𝐶 for the cathode side. 

However, analogous derivations can also apply to the anode side. This flexibility enables the model 

to be effectively utilized both in fuel cell operations and in electrolyzer mode. 

The single cell voltage 𝑈𝑐𝑒𝑙𝑙⁡is defined as: 𝑈𝑐𝑒𝑙𝑙 = 𝑈𝑡ℎ − 𝜂𝑐 − 𝜂𝑎 − 𝑈𝑅 (3) 

where 𝑈𝑡ℎ is the thermodynamic potential and 𝑈𝑅 voltage ohmic loss. 

Ohmic losses are linked to proton movement across the membrane, significantly influencing 

ionic conductivity, which is determined with data gathered from literature. With constant properties 

assumed, ohmic loss exhibits a linear increase with the rise in current density, shaping the medium 

current's polarization curve slope.,  

Transport losses capture the diffusion effects of species going through the channel, GDL, and 

into the catalyst layer and are modeled via Fick's law of diffusion. These processes outline the limiting 

current densities, i.e., the current density at which the reactant concentration at the catalyst layer 

starts to diminish. The transport model's principle is to estimate the reactant concentration at the 

catalyst layer (𝐶𝑟𝐶𝐿 ) by multiplying the reactant concentration in the channel (𝐶𝑟chan 
) by the ratio of 

the limiting current (IL) to the current density (I), as follows: 

𝐶𝑟𝐶𝐿 = 𝐶𝑟chan 
(1 − 𝐼𝐼𝐿) (4) 

𝐼𝐿 = 𝑍𝐹𝑆𝐷𝑟𝑟 𝐶𝑟chan 𝛿𝐺𝐷𝐿  (5) 
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where 𝐷𝑟𝑟  is diffusion coefficient and 𝛿𝐺𝐷𝐿  is GDL width. The electrochemical model introduces 

five calibration coefficients, each associated with a specific loss mechanism. Since the activation and 

transport losses are more significant on the cathode side, the parameters for the anode are often 

considered negligible. Properties of the membrane material, such as density, specific heat capacity, 

thermal and ionic conductivity, along with water diffusion and electro-osmotic drag coefficients, are 

sourced from the literature [16]. 

4. Developed numerical model 

And main components are explained below. First part consists of PEMFC stack, which was 

explained in detail in previous chapter.  

 

Figure 2. Main components of developed numerical model in AVL CRUISETM M 2023.1. 

For battery pack equivalent circuit model is used and model consists of controlled voltage source 

and Ohmic resistance used to describe instantaneous voltage response to current input. In addition, 

besides the electrical model, thermal model (i.e., a solid wall) is embedded in model to predict the 

transient thermal behavior of battery. Moreover, multiple battery elements are connected via 

electrical pins to construct electrical network acting as battery module or battery pack. Open circuit 

voltage is defined for classic li-ion batteries [17] as in Figure 3 Ohmic resistance is taken for 

temperature of 25 °C and defined as in Figure 4. 

Many combinations of battery packages have been implemented and optimal battery package 

configuration consists of 110 battery packages connected in parallel with 130 batteries connected in 

series (total 14300 batteries), each battery have voltage range from 2.5 to 4.2 V, where nominal voltage 

is 3.7 V and capacity of 8 Ah. Discharge voltage is defined as in Figure 3. Total combined power of 

battery pack is 424 kWh with state of charge (SoC) at 100 %. Ohmic losses between each battery for 

this simulation are neglected, as main goal is to examine required power from auxiliary storage to 

satisfy required condition. 

There are two electric motors (EM-s), which are the same defined as asynchronous engines, with 

demanded maximum power of 300 kW each, or 600 kW in total. They have defined torque for rotation 

speed, which is shown in Figure 5 for full spectrum of load. For this simulation spectrum of load is 

on constant torque, as it is from 0 to 370 rpm. 
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Figure 3. Voltage distribution of battery pack for different states of charge. 

 

Figure 4. Ohmic resistance distribution of battery pack for different states of charge. 

 

Figure 5. Torque distribution of electric engine per number of revolutions in one minute. 
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Propellers that are connected to EM-s are defined as classic B series propellers from [13], with 

diameter of 1.5 m, 4 blades, pitch to diameter ratio of 1.2 and disk area coefficient of 0.7. While on full 

load advance 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. Vessel is modeled as longitudinal dynamic model which is 

designed to calculate various key parameters related to vessel forward and backward movement. 

Initially, the model defines parameters such are the ship’s mass (80 t), thrust force, external forces, 
resistance force, initial speed and thrust deduction factor. With that parameters, numerical model 

calculates ship acceleration with consideration of net forces acting on it, including both the thrust and 

resistance forces and then dividing them by the ship’s mass. Ship’s velocity is 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. Ship’s resistance has been taken from 
experimentally validated results. 

Propeller speed demand is determined by load profile which simulates average cyclical navigation 

route of 13 nautical miles with load profile presented on Table 1 and graphically on Figure 6. 

  

Figure 6. Velocity and required propulsion power for duration of one voyage. 

Actual propeller speed is regulated with PID controller, which maintains desired propeller 

speed with adjustment of EM load based on the comparison between the actual and desired speeds. 

In terms of energy storage and management, the system includes battery pack that acts as energy 

storage, supplying excess power demand that can’t be meet with fuel cell to the EM and other 
components that require electricity. 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 are power demand and voltage regulation. Controller function 

calculates the total power required for EM, compressor, steering pump and battery charging. Based 

on this power demand and battery’s SoC, the controller decides PEMFC stack power output. If the 

power demand is high and battery’s SoC is low, PEMFC operates at its nominal power, utilizing 

hysteresis mechanism to avoid frequent on-off cycling under certain conditions. The hysteresis 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 February 2024                   doi:10.20944/preprints202402.0518.v1

https://doi.org/10.20944/preprints202402.0518.v1


 8 

 

mechanism has boundary condition to limit propeller speed to 100 rpm if SoC drop below 20% and 

holds that limit until SoC reach 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 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 is 

determined by dividing of 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 

At Figure 7 the SoC, total resistance of vessel and PEMFC power are shown and all components 

within system respond to each other with hysteresis mechanism implemented for PEMFC stack, but 

for this configuration it is not activated. To show hysteresis mechanism there is simulation of one 

cycle with battery pack of 100 battery packages connected in parallel with 100 batteries connected in 

series (total 10000 batteries) with total power of 296 kWh and results are shown on Figure 8, with 

hysteresis mechanism activated after 89-th minute and kept until end or route, as consequence total 

distance passed changed from 13.8 nm to 11.6 nm. 

 

Figure 7. Comparison of power, SoC and total ship resistance for six voyages. 

 

Figure 8. SoC and propeller speed for reduced size of battery package and activated hysteresis 

mechanism. 
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The results show that the system with PEMFC stack of 300 kWe and battery pack with 424 kWh 

with SoC of 87% at start of voyage can replace previous configuration of two diesel engines with 

output power of 300 kW each and meet all required demands for this route, as shown on Figure 7, 

where final SoC is 89.949%. Total consumption for one voyage is 47.45 kg and for 6 voyages with 

PEMFC as only source of power it is 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 hybrid 

system can be reduced with last voyage by 14.6 kg, as it is end of the day, so battery pack can be 

recharged with outer electric energy supply. For 284.7 kg of hydrogen, the storage capacity required 

is 7200 l under pressure of 700 bar. All greenhouse gases including CO2 are removed in comparison 

to 4886 kg of CO2 generated from diesel engines. 

If the time of ship moored in the harbor increases, battery pack capacity could be reduced and 

approximation of 2 more minutes in full load increases total consumption of energy up to 3.5 % with 

increasement of distance traveled from 13 nm to 13.8 nm per voyage. In conclusion that means that 

realistic power consumption is smaller than in numerical model. As system is 100% electric and 

compatible with conventional electric energy grid, it is possible to implement system with 

photovoltaics and plug in charge of batteries, which will as consequence significantly reduce required 

battery pack power, or it is possible to implement another PEMFC stack as auxiliary or upscaled 

power system to meet electric energy requirements. 

6. Conclusions 

The research has shown that repower of existing vessel with PEMFC-Battery hybrid power 

system increased efficiency and eliminated greenhouse gas emissions compared to previously 

installed diesel propulsion system. New numerical model of hybrid power system is developed and 

can be used for different hybrid systems, power demand optimization and as very flexible system for 

implementation in any electric-dependent power facility with different routes and application. The 

model will be further developed for BoP optimization in realistic cycles of operation. For further 

development of numerical model intended improvement would be the system with different output 

power of PEMFC stack, or a combination of one main and another auxiliary PEMFC stack and 

implementation of photovoltaics with detailed insight to their power production and possibilities to 

additionally reduce requirement for batteries. 
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