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A B S T R A C T

The International Maritime Organization (IMO) is making efforts on reducing pollutant emissions within port
areas in order to achieve the ambitious goal of zero net carbon emissions by 2050. This work analyses the
effects of the cell degradation on the performance and thermal management of a hydrogen fueled Proton
Exchange Membrane Fuel Cell (PEMFC) power system for ferry electric propulsion. The manuscript firstly
describes the proposed models, which simulate the fuel cell system and the battery. Then, the development
of both an Energy Management strategy and the optimization framework are shown. In details, the zero-order
model for the fuel cell and the methodology to estimate its time degradation are described. The accuracy
of the model is established through calibration with the characteristic curves of the Ballard FCvelocity™ HD6
PEMFC (150 kW) and further validated against experimental data. The model also involves energy storage and
converters that connect both the fuel cell and battery to the electrical grid. The proposed online strategy for the
Energy Management System considers four different operating modes and takes into account the estimated fuel
cell degradation. Furthermore, the optimization framework finds the solution to achieve the best performance
in terms of stack degradation over one year of ship operation, based on a real mission duty cycle. Overall, the
efficiency of the fuel cell system decreases by 5%. The degradation involves an increase in fuel consumption
of 14.65%. Furthermore, after the last mission, the cooling efficiency achieved through the proposed thermal
management strategy is 90%.
1. Introduction

The ferry industry plays an important part in the global transporta-
tion landscape, connecting islands to mainlands, even between different
Countries. It was estimated that the global ferry industry transported
more than 4.3 billion passengers in 2019 [1]. Norway is the first
European nation with the largest number of ferries in operation, with
180 ferries employed in 112 routes. The country has taken a world-
leading position in electric and hybrid ferries, with plans to have more
than 70 fully or hybrid electric vessels by 2022. Ferries play a crucial
role in the Norwegian road transport system, connecting communities
on islands along the coast. Italy also relies heavily on ferries due to
its coastline and numerous islands. The Italian ferry fleet is the second
largest in Europe, behind Norway.

Nearly 70% of global GHG emissions occurs within 400 km of coast-
lines, hence influences the air quality of inhabited coastal areas (about
40% of the world population lives within 100 km of the coastline [2,3]).
Then, there is the need to cut down emissions from ships, especially
those that operate in coastal waters. According to the classification
of the European mandatory Monitoring, Reporting and Verification
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system (EU-MRV), passenger transport ferries belong to the category of
Ro-pax ships. In 2020, this category was responsible for 9.3% of CO2
emissions from the European maritime transport (level reduced by 21%
concerning the emissions in 2019, due to COVID-19 impact [4]).

Electrification of ferries in Italy, along with Greece, Germany, and
the UK, would potentially reduce emissions by up to 800,000 tons of
CO2, corresponding to a 50% decrease in the ferry-related emissions
in these countries [5]. To enhance the energy transition in ferry trans-
portation, it would be effective to promote the adoption of fully electric
ships to replace obsolete vessels on every route up to one hour in
duration (long-haul). Furthermore, the average age of European ferry
fleet stands at 35 years, with approximately 25% of the ships exceeding
40 years of service, as depicted in Table 1. This involves that over half
of the fleet is likely to undergo replacement within this decade [5].
Thus, in order to face legislative constraints, the maritime industry will
have to come up with various zero-emissions solutions for new ferries
and refit the existing ones.

The electrification of ferries with available technologies such as
shore power, hybridization, and electric propulsion for routes of up to
vailable online 5 March 2024
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Nomenclature

Abbreviations

𝐷𝐶 Direct Current
𝐸𝑀𝑆 Energy Management System
𝐹𝐶 Fuel Cell
𝐺𝐴 Genetic Algorithm
𝐺𝐻𝐺 Green House Gas
𝐻𝐼𝐿 Hardware In the Loop
𝑀𝐸𝐴 Membrane Electrode Assembly
𝑃𝐸𝑀 Proton Exchange Membrane
𝑆𝑂𝐶 State Of Charge

Table 1
Average age of the European ferry.
Source: Data retrieved by [5]

Average age of European ferry fleet 35 years
Share of fleet older than 20 years 64.59%
Share of fleet older than 30 years 44.70%
Share of fleet older than 40 years 25.46%

one hour can significantly contribute to reduce emissions in the ferry
industry [5].

Actually, batteries are not feasible to cover medium/long distances,
due to the limited storage energy density (referred to the battery mass),
around 0.2 kWh/kg depending on type of battery. In comparison, Pro-
ton Exchange Membrane Fuel Cells (PEMFC) system shows an energy
density of 39.7 kWh/kg (referred to the mass of the FC system) [6]. A
more effective and economical approach would be to integrate batteries
into hybrid systems, enhancing efficiency by balancing the load with
other power sources such as fuel cells or internal combustion en-
gines [7]. Consequently, it is crucial to investigate alternative solutions
that offer higher energy storage capacities and recharging or refueling
capabilities.

Fig. 1 shows the Ragone plot of the main power generation and
energy storage devices. This chart is useful during the preliminary
design of the power system, when it is fundamental to identify the most
suitable resource that guarantees the reference application demands.
Fuel cells appear suitable for those transports that do not require high
power density but carry out long-haul routes. This advantage is due
to the fact that energy storage is separated from the power generation
unit (i.e., the FC itself), ensuring a high density of energy, compared to
batteries. The amount of time reported in the Ragone plot represents
the time within a device can be operated at its rated power is given
as the ratio between the specific energy and the specific power. In a
hybrid configuration, fuel cells can provide power for medium-long
haul vehicles, allowing the battery to handle peak power demands and
energy recovery systems, as shown in [8].

In the past few years, various alternatives to conventional batteries
have been developed for powering maritime loads. These alterna-
tives encompass flywheel batteries, renewable energy systems, and
hydrogen-based technologies. Hydrogen currently plays a key role for
the future global energy landscape because of its carbon-neutral prop-
erties. Research in propulsion systems that utilize hydrogen combustion
is driving the development of free carbon emissions solutions through
the use of gas turbines and direct injection combustion engines [10].
However, hydrogen fuel cell technology appears to be the most suitable
for the propulsion and hotel demands of ferry vessels [2,11].

1.1. Literature review

Fuel cells (FC) directly transform chemical energy into electrical
energy, avoiding the intermediate conversion into thermal energy typ-
804

ical of combustion engines. This results in reduced NOx emissions,
noise and vibration, while maintaining high levels of efficiency. Thanks
to their modular design, fuel cells can be distributed throughout the
ship, minimizing electricity transport losses and improving redundancy.
FC systems have good part-load performance and a higher volumetric
energy density than batteries. Thermodynamic performance by energy
and exergy analysis of different fuel cell systems is reviewed in [12],
where the parameters influencing the thermodynamic performance of
the system are summarized and classified.

The proton exchange membrane fuel cell (PEMFC) has rapidly
advanced in recent years, achieving high power densities and improved
transient performance. In this case, the fuel cell layers consist of the
Proton Exchange Membrane PEM, gas diffusion and catalyst layers.
These layers are assembled together and are called the Membrane
Electrode Assembly (MEA). A stack with many cells has MEAs posi-
tioned between bipolar flow field plates and only one set of end plates.
However, the requirement for a wet membrane, while keeping the gas
diffusion pores dry, imposes an operating temperature range of 65-
85 ◦C, posing challenges in water management. At lower temperatures,
platinum is required to catalyze the electrochemical reaction. In addi-
tion, the low operating temperature limits the system tolerance to fuel
impurities, particularly carbon monoxide (CO), which is adsorbed from
the catalyst surface at these temperatures, deactivating it [13].

The recent scientific literature on Proton Exchange Membrane Fuel
Cells (PEMFCs) presents several works with both modeling and exper-
imental approaches.

Different hypotheses and modeling approaches adopted in low
computational cost PEMFC system models were reviewed in [14].
In [15] using analytical order reduction and approximation methods,
the fluxes and source terms in conventional 1D conservation equations
are reduced to six computing nodes at the interfaces between each
cell/membrane component. In the work shown in [16,17], two models
were developed in the MATLAB-Simulink environment, the first focus-
ing on single-cell modeling, making the model computationally feasible
to be integrated into a system-level model, while the second proposes
stack modeling and comparison with experimental results.

The high safety risk of hydrogen-fueled systems limits the exper-
imental study of large-scale PEMFC plants, which are rare in the
literature compared to configurations between 1–10 kW. Gadducci
et al. [18] reported the results of an experimental assessment of a
240 kW real-scale test rig complete with auxiliaries, made up of 8
PEMFC stacks. The experiments focused on the response of the FC
system to static, dynamic, and typical maritime operative load profiles.
Furthermore, the work gives important suggestions and criteria for the
design, construction, and control of similar fuel cell complete systems
for maritime applications. Yin et al. [19] described the 5 kW PEMFC
laboratory set-up and the related control system. The proposed results
concern the improvement of the performance by optimizing the air flow
rate at the fuel cell inlet.

The aspect of thermal management was studied by Lim et at. [20]
who proposed a methodology for fault diagnosis of the thermal manage-
ment system to ensure the system reliability by means of an experimen-
tal campaign on the thermal management of Low-Temperature PEMFC
(LT-PEMFC). Moreover, Oruganti et al. [21] showed the effect of ther-
mal management on the system equipment sizing through simulations.
In the work carried out by Hoeflinger et al. [22], a comparison between
experimental results and simulations is shown. In this study, the test rig
was built starting from a commercially available 30 kW stack and the
investigation was focused on the efficiency of the overall system for
different ambient and reagents supply conditions.

The degradation of the PEM fuel cells is a critical challenge in their
practical applications. Degradation can occur in various components
of the fuel cell, including the electrocatalysts for oxygen reduction
reaction at the cathode and hydrogen oxidation reaction at the anode.
Factors such as fuel/air impurities, harmful species during catalyst
preparation and use, and catalyst decomposition during operation con-
tribute to degradation [23]. Environmental conditions (e.g., particu-

larly temperatures below freezing) can also affect the performance and
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Fig. 1. The Ragone plot of main power generation and energy storage devices.
Source: Data retrieved from [9].
long-term stability of PEMFCs. These causes can lead to changes in the
catalyst layers and a reduction of its thickness, ultimately impacting the
fuel cell performance. In [24], the authors characterized three different
MEAs, estimating performance and degradation for stress cycles be-
tween 80 and -10 ◦C. Fan et al. [25] studied the degradation of the MEA
of a PEMFC under Dead-Ended Anode and Cathode (DEAC) operational
mode. During this mode of the FC, the generated water cannot be
fully removed and then accumulated in the channels, causing a local
high voltage to accelerate carbon corrosion or Pt dissolution, thereby
influencing the performance of PEMFCs. The diagnosis and prognosis of
PEMFCs is discussed in [26], where the main degradation mechanisms
(i.e., chemical, electrochemical, and mechanical) and poisoning effects
are described. Furthermore, they investigated also the key mitigation
strategies.

In the maritime transport sector, PEMFCs can be usefully exploited
in ferries, as an alternative to batteries or in combination with them.
Wu et al. [2] proposed a holistic design methodology for coastal hybrid
ships to optimize its plug-in hybrid fuel cell and battery propulsion
system via two case studies. In this work power source degradation
and optimal energy management between multiple power sources are
considered in the optimization. Aarskog et al. [27] evaluated the eco-
nomic feasibility of fuel cell powered high speed craft vs. diesel and
biodiesel combustion engine solutions. The analysis involves current
and a future scenarios, based on real-world operation profiles. FC
solution was found to be 28% and 12% more expensive than diesel
and biodiesel alternatives, respectively. A sensitivity analysis focusing
on seven critical design parameters showed that the most significant
factors affecting cost are the hull energy efficiency, the cost of the
FC system itself, and the price of hydrogen. In a projected future
scenario, between 2025 and 2030, assuming moderate advancements in
technology and favorable cost trends, high-speed crafts equipped with
FC systems are expected to become cost-competitive with diesel and
even more affordable than biodiesel. Letafat et al. [28] investigated the
problem of simultaneous optimal energy management and component
sizing for a zero-emission ferry ship. A comparison of the proposed
configuration in [28] with the existing one also indicates a reduction
of the proposed method in reducing the daily operating and investment
cost by about 2%. Finally, they suggested a power scheduling, achieved
through dynamic programming, 2.4% cheaper than rule-based method.
Xie et al. [29] presented a two-level energy management system for
805
a PEMFC/battery hybrid passenger ship to improve the specific fuel
consumption during variable cruising conditions. Specifically, the first
level is able to customize the power generation plan according to
different cruise and FC working conditions. The second level of the EMS
is rule-based and it is able to distribute the energy demand. However,
in this study FC degradation estimation and prediction are described
as future enhancements to enable more practical and accurate opera-
tion. In [30], three retrofitting configurations of a Ro-Pax vessel with
hydrogen systems were considered for ferries covering the route from
Piombino to Elba Island in Italy. Partial retrofitting with the installation
of hydrogen FC to power the ship auxiliary systems reduces the overall
energy consumption and emissions of the vessel. The study presented
in [30] employed an experimental case study to analyze the system
configuration and the operation of refueling.

1.2. Research targets

At present, the penetration of PEMFC systems into marine power-
trains is limited by the cost of manufacturing fuel cells and the high
purity of hydrogen as a fuel. In addition, companies offering PEMFC-
based power generation solutions to the marine market must design the
product to meet customer requirements, which are different for each
application. This significantly increases the cost and resources involved
in each project.

The aim of this work is to provide an effective tool for the pre-
liminary design of PEMFC systems that considers the fuel cell in a
hybrid configuration, taking into account the interaction with all other
equipment on board. The proposed framework, together with the sizing
of the FC system, provides important insights into the sizing of the other
power system components.

A primary distinction of this research lies in its system design
method. This methodology takes into account the interconnections
between the fuel cell and other components on the vessel that affect
its performance. This extensive level of integration requires a deeper
understanding that extends beyond the design of individual parts, em-
phasizing instead on the synergetic optimization of the whole system.
This approach provides an in-depth perspective, ensuring that any
proposed feasibility or design solution is not only technically valid, but
also practically possible in a real maritime context. The selected case
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Fig. 2. The schematic of the proposed zero-emission ferry considering the propulsion system, the power generation system and the energy storage.
study concerns a Norwegian ferry, for which data on propulsion power
requirements, hotel loads and shore power availability are available.

The presented work studies a power train solution similar to that
investigated in [2,28], but extends the analysis by considering a long
operating period and the corresponding FC degradation. The proposed
online rule-based strategy adapts power scheduling with respect to the
estimated cell degradation and the remaining capacity of the energy
storage. This solution is currently applicable to actual on-board man-
agement systems, simulating the real performance of the generation
system. In contrast, the optimal strategy obtained through more com-
plex and computationally demanding methods only finds its application
in vessels that have adequate systems to process large amounts of
information, such as self-driving vessels.

The simulations assess the feasibility of the hybrid PEMFC power
system, taking into account the main issues affecting performance over
the years, such as transient performance, FC degradation and thermal
management. The optimization framework then finds the solution to
achieve the best performance in terms of FC stack degradation over
5000 h of ship operation.

The first part of the work concerns the development of models of
PEMFC, auxiliaries and thermal management strategy. After describing
the methodology used to model the battery, the EMS and the proposed
rule-based strategy are introduced. Afterwards, the optimization frame-
work and its implementation via Matlab GA is presented. Finally, the
results obtained for the 600 simulated missions for the configuration
with the lowest fuel cell degradation are presented and discussed.

2. The simulation framework

This chapter describes the methodology used to model the different
components of the ferry power system. Fig. 2 shows the schematic of
the proposed zero-emission ferry. The main power source is the PEM
fuel cell system. The battery energy storage operates to obtain a peak
shaving of the FC power demand and ensures electrical power to the
ship grid allowing the correct dynamic operation of the PEMFC stacks.
The online Energy Management Systems (EMS) select the operative
mode taking into account the vessel power demand and the battery
State Of Charge (SOC) and choose when and how to exploit the
power available to the shore (cold-ironing mode). The electrical drives
connected to the propellers and the hotel loads represent the power
demand of the studied system.
806
2.1. The fuel cell model

The proposed reduced-order model simulates the FC from an elec-
trochemical and thermodynamic perspective. The model provides also
an evaluation of the power absorbed by the oxidizer compressor and
auxiliaries. The thermal management strategy applied for the presented
PEMFC system is based on the oxidizer stoichiometric excess ratio and
the liquid water injected in the oxidizer. The latter is fundamental
to ensure the cell membrane humidity. In addition, a degradation
estimation model was implemented. Indeed, PEMFCs have a shorter
operational lifetime than marine diesel engines due to various factors
that can influence the rate of degradation.

The presented PEMFC power system model was developed in the
Matlab-Simulink environment. The mathematical model of the single
cell and the potential losses (overpotentials) associated with its oper-
ation are described, followed by a presentation of the implemented
control loop. The proposed model was calibrated on 150 kW Bal-
lard FCvelocity PEM fuel cell available data retrieved from the work
presented by Li et al. in 2015 [31].

The model calibration involved a sensitivity analysis in order to
evaluate the best values for the customizing variables, as the exchange
and limiting current density and the reaction transfer coefficient. More-
over, the test proposed by Li et al. in 2015 was replicated [31] in order
to prove the validity of the PEMFC power unit model.

Then, the method used to estimate the fuel cell degradation under
different operating conditions is illustrated. The mass and energy bal-
ance equations are discussed. Finally, models related to the fuel cell
stack and the power required by the auxiliaries are presented.

2.1.1. The single cell model
A fuel cell is an electrochemical cell that converts the chemical

energy of a fuel into electricity. Hydrogen is oxidized at the anode
and oxygen is reduced at the cathode. Protons are transported from
the anode to the cathode through the electrolyte membrane, while
electrons travel to the cathode over the external circuit. On the cathode,
oxygen reacts with protons and electrons to form water and produce
heat. Both electrodes contain a catalyst to speed up the electrochemical
processes.

A typical PEM fuel cell operates according to the following reac-
tions, shown in Eqs. (1), (2) and (3):

Anode: H → 2H+ + 2𝑒− (1)
2(g) (𝑎𝑞)
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Cathode: 1
2
O2(g) + 2H+

(𝑎𝑞) + 2𝑒− → H2O(g) (2)

verall: H2(𝑔) +
1
2
O2(g) → H2O(g) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑃 𝑜𝑤𝑒𝑟 +𝑊 𝑎𝑠𝑡𝑒 𝐻𝑒𝑎𝑡 (3)

The key components of a fuel cell are the Proton Exchange Mem-
rane (PEM), the gas diffusion and catalyst layers. These layers are
ollectively assembled to form what is known as the membrane elec-
rode assembly (MEA). In a fuel cell stack, multiple MEAs are placed
etween bipolar flow field plates, with just one set of end plates. The
aximum energy output of a fuel cell is determined by the change in
ibbs free energy, denoted as 𝛥𝐺.

Consequently, the theoretical potential of the fuel cell at standard
onditions (25◦ C and 1 atm), 𝐸0

𝑟 , is described in Eq. (4), where 𝐹 is
he Faraday’s constant and 𝑛 is the number of electrons involved in the
eaction (two in this case). According to Eq. (4), 𝐸0

𝑟 = 1.229 V. Eq. (5)
s the Nernst equation that can be used in order to compute the FC
otential at operating condition different from the standard ones, 𝐸𝑟,
s a function of pressure and temperature. 𝛥𝑆 is the entropy variation
f the system, 𝑇𝑜𝑝 is the operating temperature of the cell, 𝑇𝑟𝑒𝑓 is the
eference temperature equal to 298.15 K, 𝑅 is the universal elastic gas
onstant and the partial pressures (𝑝H2

, 𝑝O2
, 𝑝H2O) replace the reaction

ctivities of hydrogen and oxygen gases [32].
The potential 𝐸𝑟 represents the state when the fuel cell is in open

ircuit; however, when the circuit is closed, various types of voltage
osses occur, each resulting from different phenomena.

0
𝑟 = −𝛥𝐺0

𝑛𝐹
(4)

𝐸𝑟 = 𝐸0
𝑟 − 𝛥𝑆

𝑛𝐹
(𝑇𝑜𝑝 − 𝑇𝑟𝑒𝑓 ) +

𝑅𝑇𝑜𝑝
𝑛𝐹

ln
⎛

⎜

⎜

⎝

𝑝H2
𝑝0.5O2

𝑝H2O

⎞

⎟

⎟

⎠

(5)

As expressed before, there are three kinds of losses (or overpo-
entials) which make the cell voltage decrease during its operation
i.e. activation, ohmic and concentration overpotentials). The voltage
f the single fuel cell 𝑉𝑐𝑒𝑙 is express by Eq. (6).

𝑐𝑒𝑙 = 𝐸𝑟 − 𝑉𝑎𝑐𝑡 − 𝑉𝑜ℎ𝑚 − 𝑉𝑐𝑜𝑛 (6)

Exceeding the activation energy threshold is essential to initiate a
eaction. The activation losses, denoted as 𝑉𝑎𝑐𝑡, reflect the additional
nergy required beyond equilibrium to start the reaction, predomi-
antly due to electrode kinetics. These losses occur on both the anode
nd cathode sides.

In a state of equilibrium, the net reaction rate is zero, meaning that
orward and reverse reactions proceed at a rate defined by the exchange
urrent density, 𝑗0, a condition known as dynamic equilibrium. When
he cell operates at a current density 𝑗 > 𝑗0, the forward reaction
redominates, indicative of a completely irreversible reaction process.
he relationship between 𝑗 and 𝑗0 is described by the Butler–Volmer
quation, Eq. (7), as outlined in [27]. In this equation, 𝛼 represents
he transfer coefficient, which indicates how variations in electrical
otential across the reaction interface affect the magnitudes of the
orward versus reverse activation barriers.

= 𝑗0𝑒
𝛼𝑛𝐹 (𝑉𝑎𝑐𝑡∕𝑅𝑇𝑜𝑝) (7)

The value of 𝛼 is usually between 0 and 1. For symmetric reactions,
= 0.5. For most electrochemical reactions, 𝛼 ranges from about 0.3

o 0.7 [33]. During operating conditions, the fuel cell produces large
mounts of net current. This corresponds to an irreversible reaction
rocess where the forward reaction dominates. By solving Eq. (7), we
an express the activation overpotential using Eq. (8).

𝑎𝑐𝑡 =
𝑅𝑇𝑜𝑝
𝛼𝑛𝐹

ln
(

𝑗
𝑗0

)

(8)

Eq. (8) is recognized as the Tafel equation. Initially, this equation
was formulated as an empirical rule based on observations in electro-
chemistry, predating the development of the Butler–Volmer equation.
807
Table 2
Results from the analysis of the Bode diagram.

Rise time: 2.06 s
Settling time: 3.67 s
Overshoot: 0%
Phase margin: 123◦ @ 1.98 rad∕s
Closed loop stable: YES

It was not until later that the kinetic theory of Butler–Volmer provided
a fundamental explanation for the Tafel equation [32].

The Ohmic losses, denoted as 𝑉𝑜ℎ𝑚, are associated with the re-
istance encountered in the electrolyte to electron flow through the
lectrically conductive components of the fuel cell, such as bipolar
lates and gas diffusion layers, which includes contact resistance. These
osses are quantified using Ohm’s law in Eq. (9), where 𝑅𝑖 represents

the equivalent resistance of the fuel cell, and 𝐴 is the effective surface
area of the cell reaction, usually measured in cm2.

𝑉𝑜ℎ𝑚 = 𝑗𝐴𝑅𝑖 (9)

The limiting current density, 𝑗𝐿, in a fuel cell signifies the peak
current output that the cell can achieve. This threshold marks the
extreme condition for mass transport, occurring when the reactant
concentration at the cell surface depletes to zero due to high current
density. Nonetheless, concentration losses can occur even at lower
current densities. These variations in concentration within the catalyst
layer impact the fuel cell efficiency by reducing the Nernst voltage and
exacerbating the activation loss. Both these phenomena culminate in
what is known as the fuel cell concentration overvoltage, 𝑉𝑐𝑜𝑛, which
is calculated using equation Eq. (10) [32,33].

𝑉𝑐𝑜𝑛 =
𝑅𝑇
𝑛𝐹

(

1 + 1
𝛼

)

ln
(

𝑗𝐿
𝑗𝐿 − 𝑗

)

(10)

In order to emulate the real behavior of a fuel cell, 𝑉𝑐𝑜𝑛 is often
multiplied by an empirical factor in order to improve the results
obtained by the cell model at high current densities [32]. For proposed
results this gain factor has been set to one. Finally, from Eq. (6) it is
possible to obtain the polarization curve that relates the voltage output
of the fuel cell for a given current density loading.

The control action, in the developed loop, is the direct current
produced by the fuel cell, 𝑖. Therefore, the control system is performed
by evaluating the error of the actual cell power delivered, 𝑃𝑐𝑒𝑙, with
respect to the reference cell power demand, 𝑃𝑑,𝑐𝑒𝑙. 𝑃𝑐𝑒𝑙 is obtained
from the product between the current and the potential given by the
polarization curve. The control system analysis was evaluated using the
Bode diagram. Table 2 reports the results obtained from the analysis of
the Bode diagram.

The current, 𝑖, and the cell voltage, 𝑉𝑐𝑒𝑙, are observed during the
simulation. Hence, the current output must not exceed the current
threshold 𝐼𝐿𝑖𝑚 and 𝑉𝑐𝑒𝑙 must be between the values 𝑉𝐿𝑖𝑚,𝑙𝑜𝑤 and
𝑉𝐿𝑖𝑚,𝑢𝑝. These threshold values can be set by the user according to the
datasheet.

2.1.2. The degradation model
The degradation of Proton Exchange Membrane (PEM) fuel cells

poses a significant obstacle in their practical applications. This phe-
nomena can affect different parts of the fuel cell, particularly the
catalysts. Various elements contribute to this degradation, including
impurities in the fuel and air, detrimental substances formed during
the manufacturing and operation of the catalysts.

PEMFCs typically have a shorter lifespan compared to marine diesel
engines, primarily due to factors like power fluctuations, cycling, and
varying load conditions that accelerate their degradation rate. Consid-
ering the high manufacturing costs associated with PEMFCs, under-
standing and accounting for their degradation characteristics is crucial
during both the design and operational stages of a ship to ensure

cost-effective performance [34].
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Table 3
PEM fuel cell degradation rates (per cell) for linear degradation estimation.
Source: Data retrieved by [2,11]

Operating conditions Deg. rate Unit

Low power (0%–80% rated power) 10.17 μV/h
High power (80%–100% rated power) 11.74 μV/h
Transient loading 0.0441 μV/𝛥kW
Start/stop 23.91 μV/cycle

To accurately determine the rate of voltage degradation under dif-
erent operational conditions, extensive testing on individual fuel cells
s usually required. However, this process can be quite time-intensive.
ortunately, a reliable approximation of this degradation can be de-
ived using data from the manufacturer’s datasheet and insights from
rior investigations [2,35,36]. The degradation of the cell, denoted as
𝑐𝑒𝑙, for a single load cycle can be calculated using Eq. (11).

𝑐𝑒𝑙 = 𝐷𝑙𝑜𝑤 +𝐷ℎ𝑖𝑔ℎ +𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 +𝐷𝑐𝑦𝑐𝑙𝑒 (11)

where 𝐷𝑙𝑜𝑤, 𝐷ℎ𝑖𝑔ℎ, 𝐷𝑡𝑟𝑎𝑛𝑠𝑖𝑒𝑛𝑡 and 𝐷𝑐𝑦𝑐𝑙𝑒 are cell voltage degradation
aused by low power operation (less than 80% of the rated power), high
ower operation, power transient and start/stop cycling, respectively.
able 3 describes the PEMFC single-cell degradation rates used in this
tudy. These parameters may differ across different fuel cell types,
epending on the design and actual operating parameters.

The degradation model is executed through a Matlab function,
hich needs the input of a vector detailing the power output of the

ell over time throughout the mission, the sampling time interval, and
he rated power of the individual cell.

.1.3. The stack and auxiliary model
In order to design the whole fuel cell system, including the cooling

ystem, the proposed model not only estimates the performance of
he cell from an electrochemical perspective but it also manages the
eactant and water flow rates for the thermal balance of the fuel cell.
herefore, the water mass and power balance between the inlet and
utlet of the system are evaluated by Eqs. (12) and (13). In Eq. (13),
𝑐𝑒𝑙 is the electric power output produced by the PEMFC.

For the comprehensive design of the entire fuel cell system, includ-
ng the cooling system, the proposed model predicts the cell perfor-
ance electrochemically. It also regulates the flow rates of reactants

nd water for thermal equilibrium in the fuel cell. Consequently, the
ater mass and power balance at the system inlet and outlet are

alculated using Eqs. (12) and (13). In Eq. (13), 𝑃𝑐𝑒𝑙 represents the
lectrical power output generated by the PEMFC.

�̇�𝑂𝑥
H2O,𝐼𝑛

+ �̇�H2O,𝐼𝑛𝑗𝑒𝑐𝑡 + �̇�H2O,𝑔𝑒𝑛 = �̇�𝑂𝑥
H2O,𝑂𝑢𝑡 (12)

̇ 𝐻2 ,𝐼𝑛 + �̇�𝑂𝑥𝐼𝑛 + �̇�𝑂𝑥
H2O,𝐼𝑛

+ �̇�H2O,𝐼𝑛𝑗𝑒𝑐𝑡 = �̇�𝑂𝑥,𝑂𝑢𝑡 + �̇�𝑂𝑥
H2O,𝑂𝑢𝑡 + 𝑃𝑐𝑒𝑙 (13)

The water introduced into the PEMFC, as well as that generated
nternally, is expelled as vapor in the exhaust, as indicated in Eq. (12).
y applying Eq. (12) and (13), it is possible to determine the necessary
xygen stoichiometric ratio and the rate of injected liquid water mass
low rate. This ensures that the exhaust air is fully saturated, elimi-
ating the need for additional cooling or heating of the fuel cell. This
pproach allows for maintaining the optimal operating temperature
hile ensuring the correct amount of water at the air outlet to prevent
ither flooding due to excess liquid water or drying out from overly
ry air. In this setup, the relative humidity of hydrogen, which would
therwise humidify the membrane from the anode channels, is disre-
arded. However, such a fuel cell configuration results in a remarkably
traightforward system, as depicted in Fig. 3, which operates without
he need for an external water supply for humidification or cooling
ystem.

The presented work does not consider the dynamic on stack humid-
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fication. Nevertheless, as described in [37] the humidity regulation at
ifferent operating power can optimize the cell dynamic performance.
herefore, the dynamic on stack humidification will be implemented in
he proposed model in order to improve the obtained results.

Then it is possible to calculate the flow rate of reactants and the
enerated water as a function of the current, 𝑖, by Eq. (14). 𝑀H2

,
O2

and 𝑀H2O are the molar weights, whereas the parameters 𝑆H2
and SO2

are defined as the hydrogen and oxygen stoichiometric ratios,
respectively.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�̇�𝐻2 ,𝐼𝑛 =
𝑖
2𝐹 𝑆H2

𝑀H2

�̇�𝑂𝑥,𝐼𝑛 =
𝑖
4𝐹

SO2
𝜒O2 ,𝑖𝑛

𝑀𝑂𝑥

�̇�H2O,𝑔𝑒𝑛 =
𝑖
2𝐹 𝑀H2O

(14)

The proposed model can simulate PEMFC operation either using
pure oxygen or air as oxidizer. Hence, the molar fraction of oxygen,
𝜒O2 ,𝑖𝑛, could be set as shown in Eq. (15).

𝜒O2 ,𝑖𝑛 =
{

1 Oxygen as oxidizer
0.2095 Air as oxidizer (15)

The calculation of the mass of vapor in the oxidant supplied to the
cell and in the exhaust, denoted as �̇�𝑂𝑥

H2O,𝐼𝑛
and �̇�𝑂𝑥

H2O,𝑂𝑢𝑡 respectively, is
derived from the temperatures of the reactants at the inlet, 𝑇𝑖𝑛, and the
operating temperature, 𝑇𝑜𝑝. From these temperatures, the correspond-
ing saturated vapor pressure, 𝑝𝑣𝑠, is determined. These values, along
with the relative humidity of the reactants, 𝜑, are utilized in Eqs. (16)
and (17) to ascertain the vapor mass. In these equations, 𝑝𝑐𝑎 refers to
the cathode supply pressure, and 𝑝𝑜𝑢𝑡 represents the pressure at the
outlet.

̇ 𝑂𝑥
H2O,𝐼𝑛

=
SO2

𝜒O2 ,𝑖𝑛

𝑀H2O

4𝐹
𝜑𝑝𝑣𝑠(𝑇𝑖𝑛)

𝑝𝑐𝑎 − 𝜑𝑝𝑣𝑠(𝑇𝑖𝑛)
𝑖 (16)

̇ 𝑂𝑥
H2O,𝑂𝑢𝑡 =

SO2
− 𝜒O2 ,𝑖𝑛

𝜒O2 ,𝑖𝑛

𝑀H2O

4𝐹
𝑝𝑣𝑠(𝑇𝑜𝑝)

𝑝𝑜𝑢𝑡 − 𝑝𝑣𝑠(𝑇𝑜𝑝)
𝑖 (17)

As previously mentioned, the model determines the required values
for SO2

and �̇�H2O,𝐼𝑛𝑗𝑒𝑐𝑡, essential for maintaining the fuel cell operating
state, by resolving Eqs. (12) and (13). The output of hydrogen is
contingent upon the set value of 𝑆H2

, and the flow rate of the outlet
gas is computed using Eq. (18).

̇ 𝑂𝑥,𝑂𝑢𝑡 = �̇�𝑂𝑥,𝐼𝑛 −
𝑖
4𝐹

𝑀O2
(18)

Dry air considered components are N2, O2, Ar and CO2. The thermal
powers in Eq. (13) are obtained from the product of the flow rate by
the standard enthalpy of the species.

The main auxiliary system powered by the PEMFC itself is the
system that compresses the oxidizer to operating pressure. The power
absorbed by the compressor, 𝑃𝑐𝑜𝑚, for each powered cell is estimated
from Eq. (19).

𝑃𝑐𝑜𝑚 = 1
𝜂𝑐𝜂𝑚

�̇�𝑂𝑥,𝐼𝑛𝑐𝑝𝑇
⎡

⎢

⎢

⎣

(

𝑝𝑐𝑎
𝑝𝑎𝑚𝑏

)

𝛾𝑎−1
𝛾𝑎

− 1
⎤

⎥

⎥

⎦

(19)

Where 𝑝𝑎𝑚𝑏 is the upstream pressure, 𝑐𝑝 and 𝛾𝑎 are respectively the
oxidizer specific heat and specific heat ratio. 𝜂𝑐 is the air compressor ef-
ficiency, derived from [38], and 𝜂𝑚 is the compressor motor efficiency.
The 𝜂𝑐 and 𝜂𝑚 values, extracted from the technical literature, vary
respect to the oxidizer flow rate from zero to the maximum deliverable
flow rate. The other auxiliary losses, 𝑃𝑎𝑢𝑥, are estimated as a percentage
of the single-cell gross electrical power produced, 𝑃𝑐𝑒𝑙, taking into
account the fuel cell DC–DC converter efficiency reported in Table 4
extracted from [2].

The stack model introduced requires two key inputs: the number of
cells in a single stack, denoted as 𝑛𝑐𝑒𝑙, and the total number of stacks,
𝑛𝑠𝑡𝑎𝑐𝑘, that are linked to the DC bus. In the results presented, each stack
is connected directly to the grid. However, the parameter 𝑛𝑐𝑒𝑙 allows for
the simulation of connecting multiple stacks in series.
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Fig. 3. PEM Fuel Cell proposed system block diagram.
Table 4
PEM fuel cell DC–DC converter efficiency as function
of gross power delivered.

Power Converter
[%𝑃𝑟𝑎𝑡𝑒𝑑

] Efficiency [%]

10 91.9
20 94.8
30 96.1
40 96.3
50 96.3
60 96.5
70 96.1
80 96.1
90 95.8
100 95.4

The total power requirement for the PEMFC system, referred to as
𝑃𝑔𝑟𝑜𝑠𝑠, is calculated using Eq. (20). Here, 𝑃𝑚𝑖𝑠𝑠𝑖𝑜𝑛 represents the power
needed for shipboard operations, thus defining the net power that is
drawn from the power plant.

𝑃𝑔𝑟𝑜𝑠𝑠 = 𝑃𝑚𝑖𝑠𝑠𝑖𝑜𝑛 + (𝑃𝑐𝑜𝑚 + 𝑃𝑎𝑢𝑥)𝑛𝑠𝑡𝑎𝑐𝑘𝑛𝑐𝑒𝑙 (20)

In addition, the cell power demand, 𝑃𝑑,𝑐𝑒𝑙, is obtained by Eq. (21).

𝑃𝑑,𝑐𝑒𝑙 =
𝑃𝑔𝑟𝑜𝑠𝑠

𝑛𝑠𝑡𝑎𝑐𝑘𝑛𝑐𝑒𝑙
(21)

Finally, the overall system efficiency, 𝜂𝐹𝐶 , is calculated by Eq. (22),
considering the system net power 𝑃𝑚𝑖𝑠𝑠𝑖𝑜𝑛 and the hydrogen lower
heating value (LHV), having gaseous products as exhaust.

𝜂𝐹𝐶 =
𝑃𝑚𝑖𝑠𝑠𝑖𝑜𝑛

�̇�𝐻2 ,𝐼𝑛 LHVH2

(22)

The thermal management system key parameters are the surplus
oxidizer supplied, denoted as SO2

, and the mass of water injected,
�̇�H2O,𝐼𝑛𝑗𝑒𝑐𝑡. These parameters are determined based on the operating
current of the cell. Consequently, by applying Eq. (23), the efficiency
of the proposed thermal management approach, 𝜂𝑐𝑜𝑜𝑙, is assessed over
the lifespan of the PEMFC.

𝜂𝑐𝑜𝑜𝑙 =
𝛥�̇�𝑂𝑥 + 𝛥�̇�H2O

�̇�𝐻2 ,𝐼𝑛 − 𝑃𝑐𝑒𝑙
(23)

𝛥�̇�𝑂𝑥 and 𝛥�̇�H2O represent the variations in thermal power of the
oxidizer and water at the cell inlet and outlet, respectively. These
differences indicate the amount of heat being extracted from the sys-
tem. Additionally, the disparity between the hydrogen heating power,
�̇�𝐻2 ,𝐼𝑛, and the electrical power output of the cell, 𝑃𝑐𝑒𝑙, corresponds to
the heat that needs to be dissipated.

2.1.4. Model calibration and validation
The PEMFC selected to power the ferry used as a case study is the

FCvelocity™-HD6 manufactured by Ballard. Each stack of this model
809
Table 5
PEMFC Ballard FCvelocity™ HD6 operating parameters from technical literature and
customizing variables results for calibration on experimental dataset.

Operating parameters

Cell active surface: 𝐴 500 cm2

Number of cells: 𝑛𝑐𝑒𝑙 762
Operating temperature: 𝑇𝑜𝑝 330 K
Oxidizer Dry Air
Anode supply pressure: 𝑝𝑎𝑛 2.24 bar
Cathode supply pressure: 𝑝𝑐𝑎𝑡 2.06 bar
Stack max current: 𝐼𝐿𝑖𝑚 300 A
Voltage operating range 465 – 730 V

Customizing variables

Transfer coefficient: 𝛼 0.515
Exchange current density: 𝑗0 1.9E−7 A/cm2

Limit current density: 𝑗𝐿 0.8 A/cm2

Average internal resistance: 𝑅𝑖 0.15 Ω cm2

Stack dynamic time constant: 𝜏𝐹𝐶 0.9475 s

can generate a maximum power of 150 kW, and the primary operating
parameters are detailed in Table 5.

To verify the accuracy of the PEMFC power unit model, the test
conducted by [31] was performed. Table 5 displays the calibrated
values for parameters such as 𝛼, 𝑗0, 𝑗𝐿, and 𝑅𝑖, derived from the
experimental data on the polarization curve and power output as re-
ported in [31]. The stack dynamic time constant, 𝜏𝐹𝐶 , was determined
from the analysis of available experimental data, corresponding to the
duration required for the system to reach 63% of the power step applied
during the test.

Fig. 4 illustrates the outcomes of the model calibration using the
experimental data of the fuel cell typical performance. The test inves-
tigates the full operational spectrum of the PEMFC up to a current of
300 A, which is the upper limit for the operating current (𝐼𝐿𝑖𝑚).

Following the calibration of the model, a validation test was con-
ducted. This involved simulating the fuel cell transient performance
from 14 kW to approximately 140 kW. In detail, the test of the 150 kW
PEMFC stack consisted of a load step from 20 A (14 kW — Idle
Condition) to 240 A (140 kW). The environmental and stack operating
conditions during the test correspond to the parameters used for the
calibration listed in Table 5. As shown in Figs. 5 and 6, the reference
load step takes 1 s to reach 240 A starting from 20. The simulation used
a computing time step of one second, mirroring the approach in the ref-
erenced study. The results of the proposed model have been compared
with the experimental data in terms of current and electric potential.
Specifically, the model is in good agreement with the experimental
voltage and current curves, provided in the reference case study.

Fig. 5 depicts a comparison between the outcomes reported by Li
Q. et al. [31] and those of the newly developed model, particularly in
terms of power output. The figure specifically highlights the dynamic
step of the reference power, alongside both the experimental and



International Journal of Hydrogen Energy 61 (2024) 803–819G. Saponaro et al.
Fig. 4. Comparison between Ballard FCvelocity™ HD6 experimental data and calibrated
proposed model. (a) the polarization curve, (b) the power output.

Fig. 5. Comparison between the proposed model (in blue) and experimental (red
crosses) and numerical (yellow circles) results proposed by Li et al. [31] in terms
of transient power output conditions. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

simulation results from [31], and demonstrates the behavior of the
model being proposed.

Fig. 6 depicts the results of the validation test in terms of stack
current and voltage. The proposed model follows the trend shown by
the simulations and experiments carried out in [31], demonstrating
the validity and reliability, varying the customizing variables, of the
developed model.
810
2.2. The power system model and management

In this section, the methodology employed to model the power
system components external to the fuel cell is presented. In addition,
the implementation of the Energy Management System (EMS) and the
available operating modes for the case study ferry are discussed.

2.2.1. The energy storage model
Batteries play a crucial role in hybrid ship powertrains. They are

used for energy storage and provide power to the propulsive system.
The use of lithium-ion batteries is common in these powertrains, as they
are the primary battery technology for electric and hybrid vehicles. The
implementation of Li-ion batteries in ship power systems has shown
potential for reducing CO2 emissions. Different types of Li-ion batter-
ies, such as lithium titanate and lithium iron phosphate, have been
evaluated, with the latter demonstrating better performance. Over-
all, batteries are an essential component in hybrid ship powertrains,
providing efficient and environmentally friendly energy storage and
propulsion capabilities. In the presented configuration, the battery is
also essential to start-up the fuel cell and to handle the power provided
from the harbor grid.

The 𝑆𝑂𝐶 of the battery represents the Coulombic capacity (Ah) of
the storage. Eq. (24) expresses the change of 𝑆𝑂𝐶 in a time interval
𝑑𝑡, where 𝑄(𝑖) is the ampere-hour capacity of the battery at the current
rate 𝑖.

𝑆𝑂𝐶 = 𝑆𝑂𝐶0 − ∫
𝑖 𝑑𝑡
𝑄(𝑖)

(24)

For energy system applications the energy capacity (kWh) is more
useful than the coulombic capacity (Ah), because it is directly associ-
ated with operations. Eq. (25) defines the energy delivered from the
battery, where 𝑉 (𝑖, 𝑆𝑂𝐶) is the actual battery voltage at the defined
current rate and SOC.

𝐵𝑐 = ∫ 𝑉 (𝑖, 𝑆𝑂𝐶) 𝑖(𝑡) 𝑑𝑡 (25)

To complete the power generation system model, an energy storage
system was integrated. In the model, the battery is considered as an
energy storage tank characterized by a capacity, 𝐵𝑐 , and a limited
charge/discharge rate, 𝐶𝑟𝑎𝑡𝑒. Hence, the battery power output, 𝑃𝑚𝑎𝑥

𝑏 is
obtained by Eq. (26).

𝑃𝑚𝑎𝑥
𝑏 = 𝐵𝑐 𝐶𝑚𝑎𝑥

𝑟𝑎𝑡𝑒 (26)

In this work, the Corvus Orca Energy is taken as default bat-
tery, [39]. The capacity of a single battery pack is 124 kWh and
the 𝐶𝑟𝑎𝑡𝑒 is up to 3 (𝐶𝑚𝑎𝑥

𝑟𝑎𝑡𝑒 ). The numerical model takes into account
the efficiency of the storage related to the actual State of Charge
(𝑆𝑂𝐶), 𝜂𝑏, for a Li-ion battery [40] and the efficiency of the bi-
directional DC/DC converter as function of the battery power output
(charging/discharging), 𝜂𝑏𝑐 , taken from [2]. The battery gross power
output as function of the net power delivered and remaining capacity
is express in Eq. (27).

𝑃𝑏,𝐺𝑟𝑜𝑠𝑠 =
𝑃𝑏,𝑁𝑒𝑡

𝜂𝑏 𝜂𝑏𝑐
(27)

The Table 6 reports the values of the efficiency of the battery storage
cell DC–DC converter for different battery power levels during charging
or discharging operations.

2.2.2. The energy management strategy
Integrating the Energy Management System (EMS) is crucial when

determining the size of different components. The EMS facilitates the
combination of various renewable energy sources and backup sys-
tems, addressing the challenges of inconsistent energy supply and
guaranteeing uninterrupted power. By optimizing component sizes and
implementing an effective energy strategy, the EMS reduces the system
total cost and limits adverse impacts.
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Fig. 6. Comparison between the proposed model (in blue) and experimental (red crosses) and numerical (yellow circles) results proposed by Li et al. [31] in terms of current (a)
and voltage (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 6
Battery storage cell DC–DC converter efficiency as function of gross power delivered.

Power [%𝑃𝑟𝑎𝑡𝑒𝑑
] Converter Converter

charging efficiency [%] discharging efficiency [%]

8.1 88.2 86.3
17.5 92.5 91.4
27.4 94.4 93.8
37.0 95.5 95.0
47.1 96.2 95.7
57.2 96.5 95.9
67.8 96.6 96.2
78.1 96.7 96.2
89.2 97.1 96.3
100 97.0 96.3

The battery energy storage helps to balance out the peak power
needs of the Fuel Cell (FC) and provides consistent electrical supply
to the ship grid, ensuring the PEMFC stacks function efficiently. The
real-time Energy Management Systems (EMS) determines the operating
mode based on the ship power needs and the battery state of charge.
It also decides when and how to utilize power from the shore during
cold-ironing mode.

𝑃 𝑓𝑖𝑙𝑡𝑒𝑟
𝑑 is the total power demand, limited to the maximum PEMFC

net power 𝑃𝑚𝑎𝑥
𝐹𝐶,𝑁𝑒𝑡, passed through a low pass filter. The latter is

characterized by a customizable time constant 𝜏𝐹𝐶 greater than or equal
to the stack dynamic time constant. Higher 𝜏𝐹𝐶 means lower cut-off
frequency which makes the demand power signal smoother. Hence, the
𝑃 𝑓𝑖𝑙𝑡𝑒𝑟
𝑑 in Laplace domain (s) can be obtained by Eq. (28).

𝑃 𝑓𝑖𝑙𝑡𝑒𝑟
𝑑 (𝑠) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑃𝑑
1 + 𝜏𝐹𝐶𝑠

, if 0 ≤ 𝑃𝑑 ≤ 𝑃𝑚𝑎𝑥
𝐹𝐶,𝑁𝑒𝑡

𝑃𝑚𝑎𝑥
𝐹𝐶,𝑁𝑒𝑡

1 + 𝜏𝐹𝐶𝑠
, if 𝑃𝑑 > 𝑃𝑚𝑎𝑥

𝐹𝐶,𝑁𝑒𝑡

(28)

The actual battery state of charge, 𝑆𝑂𝐶𝑎𝑐𝑡, and 𝑃 𝑓𝑖𝑙𝑡𝑒𝑟
𝑑 are calculated

in the model and used as input for the EMS. Finally, the EMS considers
constant values as 𝑆𝑂𝐶𝑀 and 𝑆𝑂𝐶𝑚, respectively upper and lower
thresholds for the battery capacity, 𝑆𝑂𝐶0, the starting capacity of the
storage, and the limit net power output for the PEMFC, 𝑃𝑚𝑎𝑥

𝐹𝐶,𝑁𝑒𝑡, and
for the battery, 𝑃𝑚𝑎𝑥

𝑏,𝑁𝑒𝑡. In this work 𝑆𝑂𝐶0 is set to 0.5, 𝑆𝑂𝐶𝑀 is 1 and
𝑆𝑂𝐶𝑚 is equal to 0.3.

Fig. 7 shows the four states, or modes, that represent the governor
of the power generation system and the transition constraints based on
the parameters just described. The base state is Default Navigation. In
this mode, the power 𝑃 𝑓𝑖𝑙𝑡𝑒𝑟

𝑑 is requested to the PEMFC system while
the exceeding power demand, positive or negative, is given from the
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energy storage. Therefore, the exceeding power is positive when the
fuel cell delivers more than the power adsorbed by the loads and it is
used to charge the battery, when negative is drained from the battery.

During the mission, if the 𝑆𝑂𝐶𝑎𝑐𝑡 reaches 𝑆𝑂𝐶𝑀 , this condition
triggers the ‘‘Single Direction Batt’’. state. This basically works as the
‘‘Default Navigation’’, but the energy storage cannot be charged and
it is more exploited until the 𝑆𝑂𝐶𝑎𝑐𝑡 returns to 𝑆𝑂𝐶0. If the battery
capacity goes lower than 𝑆𝑂𝐶𝑚, ‘‘Low 𝑆𝑂𝐶 Mode’’ is activated and the
fuel cell charges the storage, unless the FC power demand is more than
𝑃𝑚𝑎𝑥
𝐹𝐶,𝑁𝑒𝑡. The last state is the ‘‘Cold Ironing’’, that is activated in case

of 𝑆𝑂𝐶𝑎𝑐𝑡 lower than 𝑆𝑂𝐶𝑀 and the shore power 𝑃𝐻𝑎𝑟 is available. In
Cold Ironing, the PEMFC only works for the power requirement that
the harbor grid cannot meet, meanwhile the storage is charging. This
state remains active until shore power is lacking or the battery is full.

2.3. The optimization framework

Fig. 8 shows the schematic relative to the control of the optimization
framework that has been developed. The ‘‘Physical Object’’ represents
the existing ferry, which is characterized by its actual power system
and operational mission data, such as performance and efficiency. The
‘‘Digital Asset’’ simulates a new layout for the ferry power system using
a PEMFC and battery, which must meet the power demands of the
‘‘Physical Object’’. The optimization open variables are the number of
PEMFC Ballard FCvelocity™ HD6, 𝑁𝐹𝐶 , the number of Corvus Orca
Energy packs, 𝑁𝑏 and the low pass filter time constant, 𝜏𝐹𝐶 .

The constraints implemented are presented in Eq. (29), where
𝑃𝑚𝑎𝑥
𝑆𝑡𝑎𝑐𝑘,𝑁𝑒𝑡 is the limit net power output of a stack of the Ballard

FCvelocity™ HD6 and 𝑃𝑚𝑎𝑥
𝑝𝑎𝑐𝑘 is the maximum power of the single Corvus

Orca Energy pack.

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

𝑁𝐹𝐶 , 𝑁𝑏 are integer
3 ≤ 𝑁𝐹𝐶 ≤ 15
1 ≤ 𝑁𝑏 ≤ 4
0.947 ≤ 𝜏𝐹𝐶 ≤ 50
𝑁𝐹𝐶 𝑃𝑚𝑎𝑥

𝑆𝑡𝑎𝑐𝑘,𝑁𝑒𝑡 + 0.8 𝑁𝑏 𝑃𝑚𝑎𝑥
𝑝𝑎𝑐𝑘 > 𝑃𝑚𝑎𝑥

𝑑

𝑁𝐹𝐶 𝑃𝑚𝑎𝑥
𝑆𝑡𝑎𝑐𝑘,𝑁𝑒𝑡 −𝑁𝑏 𝑃𝑚𝑎𝑥

𝑝𝑎𝑐𝑘 > 0

(29)

The simulation results as power system configuration and perfor-
mance determine the ‘‘Digital Object’’. The Matlab GA optimization
algorithm evaluates the best solution, referred to as the ‘‘Optimized
Digital Object’’. The output provided by the proposed optimization
recommendations for the sizing and preliminary design of the ferry
hybrid power system. The objective function that aims to reduce this
work is the PEM fuel cell stack degradation, which is fundamental for
all the design aspects, from sizing to evaluating the operational costs.
Table 7 lists the genetic algorithm options selected for this project.
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Fig. 7. Energy management strategy navigation modes and transition constraints.
Fig. 8. Schematic of the control applied to the optimization framework.
Table 7
Matlab GA selected options.

Options Values

Constraints tolerance 1E−3
Crossover fraction 0.2
Elite count 5
Max generations 300

3. The ferry case study

Norway stands out as one of the leading European nations that
heavily relies on maritime transport, particularly for covering short to
medium distances. This reliance is evident in the fact that a significant
portion of its extra-urban mobility is facilitated through ferries. Given
its extensive coastline, ferries play an essential role in connecting
various regions.

The specific case study selected for this research project is a ferry
that sails in Norway. In its current operational setup, this ferry employs
a combination of batteries, which serve as its primary source of power,
assisted by two diesel generators that act as a backup power source. The
onboard electrical infrastructure is based on a direct current (DC) sys-
tem, and it has been designed to seamlessly integrate with the electrical
grid at the port, facilitating easy power exchange. This particular ferry,
with its existing configuration, represents an exemplary subject for
this research. The presence of a battery-based power system operating
within a DC grid offers a unique opportunity. It allows us to conduct a
comprehensive feasibility study on the potential integration of a Proton
Exchange Membrane Fuel Cell (PEMFC) system. The reliability of this
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study is further enhanced by the power demand experimental data.
Indeed, the power conversion of the case study ferry is the same as
the proposed powertrain configuration. This alignment ensures that our
findings and recommendations are grounded in real-world operational
dynamics, making them both relevant and actionable.

Fig. 9 reports the experimental data corresponding to 8.5 h ferry
mission with a sample time of 6 s.

As discussed in the previous section, the case study represents
the ‘‘physical object’’. Thus, all the key data to design and optimize
the hybrid PEMFC system are derived from the experimental profiles.
The case study was characterized starting from the power demand
profiles of the two propulsive electric motors and the ferry hotel load.
Moreover, Fig. 9 shows both when the shore power is available and
the maximum power of the harbor grid. As can be seen in Fig. 9, the
ferry mission is interrupted for 2.5 h after 3.5 h of operation. During
the pause, the fuel cell is switched off and only Cold Ironing mode is
allowed. This duty cycle has been retrieved by a previous work [41].

The presented model performs the simulation with a time step of
one second. The detailed sampling rate of experimental data offers the
opportunity to investigate the fuel cell system dynamic performance
and to study its coupling capabilities with energy storage such as
batteries or supercapacitors. However, the objective of this work is to
investigate the feasibility of the PEMFC system to power a long-haul
ferry during its entire lifecycle considering the cell degradation rate.

The average target life for a PEM fuel cell system for transports is
around 5000 h, as reported in [42,43], so the effects of the degradation
on the PEMFC system were studied through the model described above,
by simulating a cycle of 600 missions, equivalent to 5100 working
hours. At the beginning of each mission, the polarization curve was
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Fig. 9. Mission hotel/propulsive load profiles and the shore power available.
Fig. 10. (a) Mission power profiles of the FC system and battery gross power output and the amount of power taken from the harbor grid; (b) Energy storage capacity and FC
system efficiency along the first mission.
updated to take into account the potential lost during the operations.
Also 𝑃𝑚𝑎𝑥

𝐹𝐶,𝑁𝑒𝑡 was updated according to the estimated degradation, in
order to improve the robustness of the EMS strategy.

4. Results

The optimization algorithm found the best energy source sizing and
fuel cell time constant that minimize the stack degradation. The pro-
posed solution consists of 8 PEMFC Ballard FCvelocity™ HD6 (150 kW),
3 Corvus Orca Energy packs (124 kWh per pack) and sets the low pass
filter time constant 𝜏𝐹𝐶 equal to the natural FC system time constant
0.947 s.

A sensitivity analysis was performed on the effect of 𝜏𝐹𝐶 on different
feasible plant solutions. For a balanced plant, such as the one obtained
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from the GA where the battery and fuel cell power ratings are similar,
higher values of 𝜏𝐹𝐶 are irrelevant or detrimental to stack degradation.
Indeed, the PEMFC system had to meet a significantly more stable load
than a solution where most of the power is delivered by the fuel cell,
and thus higher 𝜏𝐹𝐶 values (> 20 s) can have a positive impact on
reducing degradation.

The first proposed results are related to the individual mission
carried out over 8.5 h, to provide a clear benchmark for assessing
the effects of degradation on the system. Fig. 10 shows the power
output of the hybrid system, where the negative values of battery power
corresponds to storage charging. Moreover, the same figure reports
that the EMS chooses not to recharge from the shore grid. Indeed,
the bottom part of Fig. 10 shows the trend of 𝑆𝑂𝐶𝑎𝑐𝑡, which ends the
mission by storing energy from the FC excess power output and not
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Fig. 11. The power demand and navigation phases, for the mission between 2.6–3.5 h, are described at the top. The trend of consumed hydrogen and battery SOC, during ‘‘Default
Navigation Mode’’, are depicted at the bottom.
from the grid. The same picture shows the efficiency of the PEMFC
system, which along the mission profile remains stable between 43.7%
and 53.7%.

In Fig. 11 part of the first mission is shown in detail, in particular
between 2.6-3.5 h, to explain the proposed operation. This route,
during the first mission, is traveled in ‘‘Default Navigation Mode’’. The
power demand and navigation phases are described at the top: navi-
gation, maneuvering, and stop at the port. At the bottom, the trend of
consumed hydrogen and battery SOC are depicted. The rapid increase
in power demand, going from stop to sailing and during navigation,
is met by using both power resources, where the battery serves the
‘‘peak-shaving’’ function. Energy storage during the other phases is
minimally exploited allowing the required load to be coupled with the
fuel cell dynamics. During the second sailing period, the power demand
exceeds the available power of the fuel cell. In this case, the battery
provides power for an extended period while the fuel cell operates at
the maximum available load.

Fig. 12 depicts the effect of the degradation on the battery 𝑆𝑂𝐶
and the PEMFC efficiency during the 600 missions simulation. The
efficiency of the fuel cell system never drops under 38.7%. The en-
ergy storage capacity trend describes better how the EMS changes its
approach to the mission taking into account the potential lost by the
FC.

The energy required by the battery increases with the number of
missions completed because it must compensate for the loss of FC
performance caused by the degradation of the cell. In Fig. 12, it can be
seen how depending on the need, the EMS manages battery charging
during different port stops.

In Fig. 13 it is evident how, since the 184th mission, the EMS has
been using primary system energy and port energy more frequently to
recharge the battery. The EMS from mission #393, and even more so
from mission #547, mitigates battery utilization, stressing the fuel cell
to recharge it. The next progress of this work intends to implement an
optimization in order to reduce the overall energy and monetary cost
of the period under study.

Fig. 14 provides significant results on the strategy adopted by
the EMS during the test cycle showing the percentage of effective
navigation time spent in each EMS state.

The ‘‘Single Direction Batt.’’ mode was never triggered. Hence in
every mission, the battery was able to store the excess power produced
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by the PEMFC improving its transient performance. Indeed, the ‘‘De-
fault Navigation’’ mode is active most of the time, running both the
energy sources in the desired set-up. The PEMFC degradation increases
the energy storage exploitation, the reason why the time spent in ‘‘Low
𝑆𝑂𝐶 ’’ Mode and ‘‘Cold Ironing’’ increases after the 300th mission.

The Fig. 15 shows the degradation of the single PEMFC limit poten-
tial from the rated value of 730 V to 679 V. The total H2 consumption
for a single mission increases from 198 kg, for the first mission, to the
maximum value of 227 kg, during the 575th mission. Therefore, after
4887.5 operative hours, the fuel consumption increases by 14.65%.
Obviously, it will be of future interest to analyze the behavior of EMS
between mission 500 and 575, where consumption appears very high
compared to the trend. Trend resumed in the last mission, after 5100 h
of navigation, a consumption of 217 kg of H2 is recorded, only 9.6%
more than the hydrogen consumed during the first mission. The trend of
the fuel consumption along the mission cycle gives important insights
on the H2 tank on board, resulting in a more efficient design of the
power system and avoiding maintenance costs for the shipowner.

The simulated generation system performed the described mission
600 times in order to evaluate its performance during a total of 5100
operational hours. For each completed mission, it determined the rel-
ative degradation and updated the polarization curve for the next
mission. As input to the degradation estimation function, the vector of
the power produced by the single cell during the concluded mission,
as the reference dataset, and the maximum power output of the cell
(215 W) were provided.

Fig. 16 shows the polarization curves after several missions con-
ducted, up to #600. The effects of degradation are visible as they
reduce the operating voltage of the stack for a given current. Analyz-
ing the polarization curve obtained to perform the 600th mission, it
appears that over the entire operating current range (𝐼𝐿𝑖𝑚 =300 A) the
voltage remains within the range provided by the manufacturer, not
dropping below the lower limit of 465 V. The PEMFC system can work
properly but delivers less power for the same operating current, as the
voltage is decreased.

Fig. 17 describes the trend of the oxidant excess ratio (SO2
) and the

amount of water injected in the oxidant gas along the first mission and
for all the operative cycles. The excess oxidant never exceeds the value
of 4.7, remaining in the range described in the literature [32]. Thus,
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Fig. 12. (a) Effect of degradation on the battery 𝑆𝑂𝐶 along the test simulated; (b) Effect of degradation on the PEMFC efficiency along the test simulated.
Fig. 13. Total energy provided by the battery and the harbor for each mission.

the proposed strategy turns out to be very effective and easily handled
even considering the degradation of FC. The amount of water injected
at the oxidant inlet helps to dispose of excess heat and allows the MEA
to remain moist.

In conclusion, the results presented show that the designed PEMFC
system succeeds in performing the 5100 h of operation before cell
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degradation making the generation plant unable to supply the required
power during the mission.

The last proposed result concerns the average efficiency of the plant
thermal management system, illustrated in Fig. 18 as function of the
number of missions completed.

The cooling system is designed to dissipate more than 98% of the
heat produced during the first mission, but this value drops to about
90% for the last mission. This result confirms the feasibility of the
presented PEMFC thermal management strategy, working correctly up
to the 600th mission.

5. Conclusions

The maritime industry is facing substantial transformation, primar-
ily driven by the need for sustainable and efficient energy solutions. In
this context, the feasibility of integrating a Proton Exchange Membrane
Fuel Cell (PEMFC) power system into long-haul ferry operations has
been extensively studied.

The degradation estimation of the fuel cell system highlights the
operational and sizing critical issues of this technology. Recognizing
that system degradation influences hydrogen consumption, energy ef-
ficiency, and ultimately operational costs, it becomes evident that the
proposed methodology assesses the performance of the system during
a long period of operation.

The first result to be discussed concerns fuel cell dynamics. Indeed,
the FC system working according to natural dynamics degrades less
than the system working with slower dynamics. The fuel cell, when
forced to slower dynamics, produces a higher average power that
causes it to degrade faster than when working with its natural dynamics
(𝜏𝐹𝐶 = 0.947 s). This effect is reduced in solutions where energy is
produced almost completely by FC.
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Fig. 14. Effective navigation time for each of the EMS states for five different mission number.

Fig. 15. (a) PEMFC Ballard FCvelocity™ HD6 max potential degradation along the test cycle; (b) Hydrogen consumed per mission along the test cycle.

Fig. 16. Single stack polarization curves after the degradation estimated through the proposed linear model.
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Fig. 17. Trend of the main operating parameters of the thermal management of the single PEMFC stack along the mission cycle. (a) The excess of oxidant required along the
missions; (b) The volumetric flow rate of water injected into the oxidant at the inlet.
Fig. 18. Trend of thermal management system efficiency along the mission cycle.

The simulation records the performances of the power generation
plant and the energy management system for all 600 missions. This
means 5100 operational hours, about one year of ferry operational life.
The most important insight provided by the analysis is the increase in
fuel consumption, which increases by 14.65% during the mission cycle.
This result is critical for the sizing of the fuel tank.

The configuration that resulted in the least degradation of the fuel
cell is characterized by 8 Ballard stacks (150 kW) and 3 battery packs
(124 kWh), with a maximum discharge rate of 3. Thus, 1.2 MW of
installed power using FC and approximately 1.1 MW of energy storage.
The degraded fuel cell will be able to deliver the same power by
working at higher currents, this means more fuel consumption, but
also more oxidant flow rate to be delivered by the compressor. The
817
excess oxidant used increased from 3.25 to 3.31 during the analysis.
In addition, the average flow rate of injected water, which with air
contributes to cell cooling and keeps the membrane moist, increases by
17.6%. Overall, the efficiency of the fuel cell system decreases by 5%.
Variations in some parameters are minimal, but this is only due to the
proper online energy management strategy adopted, which manages
the onboard power sources and port energy.

In conclusion, this research offers valuable insights into the poten-
tial and challenges of integrating fuel cell technology in the maritime
industry. Employing a holistic approach lays the foundation for future
studies that consider the broader implications of technology integra-
tion, moving beyond isolated evaluations. As the maritime industry
continues its journey toward more sustainable horizons, such com-
prehensive methodologies will undoubtedly play a pivotal role in its
future.

Possible future developments may involve both improvements to
the model and experimental implications. The fuel cell model could be
improved to provide results regarding the dynamics of the FC mem-
brane cooling and humidification system. The estimation of PEMFC
degradation could complement recent advances in the literature. The
relevance of this estimation for FC design promoted the experimental
study of stress cycles and the study of analytical models to obtain the
potential drops due to membrane degradation. An important devel-
opment in this work concerns synergy with the experimental set-up.
Indeed, experimentation on large-scale fuel cell plants, to study the per-
formance of the stack and especially of the cooling system, is essential
to obtain more reliable data on which to base simulations. Moreover,
the proposed methodology is essential to provide the experimental
set-up with the correct insights to study the fuel cell as part of a
complex hybrid system in real applications. Hence, integrating this
simulation framework into a Hardware In the Loop (HIL) configuration
could enable the achievement of important results on the most efficient
solutions of integrating the fuel cell system, the future in terms of zero-
emission power generation, within marine powertrains, especially those
of ferries and other vessels operating on the coastal areas.
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