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Abstract

New methods of ship propulsion are required to meet the targets for reducing global emissions of
greenhouse gases. Hydrogen-powered fuel cells can be used to greatly reduce emissions, facilitating
renewable shipping. Fuel cell durability is recognised as a large barrier to widespread fuel cell appli-
cation. The goal of this graduation project is to develop a model which can be used to examine the
trade-off between hydrogen consumption and degradation in the operation of a fuel cell/battery hybrid
ship. The main research question is defined as follows:

”How does incorporating fuel cell degradation in the energy management system of a hybrid marine
propulsion system affect the resulting fuel consumption and degradation?”

An optimisation approach is used to develop an energy management system. A quadratic mathe-
matical model is constructed using the fuel cell’s polarisation curve as its basis. Linear relations for a
fuel cell’s current-voltage relation are used to describe the fuel cell power as a quadratic current-power
relation. Fuel cell degradation is included in the model by defining various operating conditions and
relating them to degradation rates reported in the literature. In turn, the degradation influences the
polarisation curve, thereby limiting the fuel cell’s performance. This quadratic approach to modelling
the interplay between fuel cell degradation and the fuel cell’s performance is the main contribution to
the literature.

The proposed energy management system is used to determine a vessel’s optimal operation, de-
pending on the objective function applied. Two objectives are defined: minimisation of fuel consump-
tion and minimisation of fuel cell degradation. Besides testing these single objectives, a weighted-sum
approach to multi-objective optimisation is carried out using hydrogen and fuel cell system costs.

The optimal operation of the vessel is analysed based on key performance indicators such as fuel
consumption, fuel cell degradation and operating costs. Incorporating fuel cell degradation in the energy
management system leads to a reduction in degradation of up to 33% for the long-term simulation of the
case study applied in this thesis when compared to the results for the minimisation of fuel consumption.
A large increase (50%) in fuel cell lifetime can be accomplished with a very limited increase in hydrogen
consumption (0.5%).

This research contributes an intuitive modelling method for the interplay between fuel cell degra-
dation and the fuel cell’s performance. It provides insight into the considerations between fuel cell
degradation and hydrogen consumption while operating a hybrid vessel, addressing a small part of a
technical solution to mitigating emissions.
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1
Introduction

The International Maritime Organization (IMO) set targets for the reduction of greenhouse gas (GHG)
emissions in the maritime sector in the coming decades. The development of IMO objectives during
this graduation project illustrates the urgency of climate change. At the start of this thesis, IMO’s GHG
strategy set goals for a reduction of total GHG emissions by 50% in 2050, while the carbon intensity
should be reduced by 40% and 70% in 2030 and 2050, respectively [1]. These goals could theoretically
be reached while still using fossil fuels, for example, by applying wind-assisted propulsion and lowering
ship speeds [2]. In the meantime, the 2023 IMO Strategy on Reduction of GHG Emissions from Ships
has been adopted, which states that the emissions from international shipping should reach net zero
around the year 2050 [3], a radical change in objectives. In addition, the 2023 strategy includes goals
to support the uptake of near-zero GHG emission technology, which should represent at least 5% of all
energy used in 2030 [3]. Similarly, the recent FuelEU maritime proposal of the European Union creates
goals for the reduction of GHG intensity of maritime fuels [4]. The proposed regulation defines the GHG
intensity as ”CO2-equivalent (emissions) established on a well-to-wake basis, per MJ of energy used
on-board” [5]. Critically, this is per unit of fuel consumed. The regulation should lead to the use of
cleaner types of energy. The maximum GHG intensity of a ship will slowly decrease every five years,
beginning with a reduction of 2% in 2025 and ending with a 75% decrease in 2050, compared to the
2020 fleet average [5]. A growing demand for cleaner fuels and more efficient propulsion methods can
be expected in the coming years due to the IMO and EU regulations.

The GHG intensity can be drastically reduced by applying fuel cells with renewably produced hydro-
gen, as there are no tank-to-wake GHG emissions, and well-to-tank GHG emissions are very limited [6].
Besides, no SOx and PM emissions are generated when using hydrogen as a fuel, and no NOx emis-
sions are formed in fuel cells [7]. It is clear that the operation of hydrogen-fuelled fuel cells leads to a
negligible amount of emissions and may become more relevant in the coming years. However, more
research into the application of fuel cells is necessary, as they are not yet widely applied in the maritime
industry [7].

One of the barriers to increased fuel cell application is their durability and reliability [8]. The stack
lifetime of fuel cells is often very limited [7], which is caused by a wide array of degradation mech-
anisms, dependent on the operating conditions of the fuel cell [9]. Experience with fuel cells in the
automotive industry led to the conclusion that ”complex automotive operating conditions significantly
accelerate fuel cell aging” [10]. Stationary fuel cell stacks have been designed with a realised lifetime
of 23,000 hours and a projected lifetime of 40,000 hours [11]. Some applications of fuel cells in buses
have reached a lifetime of 20,000 hours without maintenance [12]. The difference in lifetime between
stationary applications and applications in fuel cell vehicles is likely caused by the harsher operating
conditions [10]. According to a report by the EU’s public-private partnership, Clean Hydrogen Joint
Undertaking, the lifetime of state-of-the-art maritime fuel cell systems was 20,000 hours in 2020, with
a lifetime objective of 80,000 hours in 2030. This lifetime definition includes stack replacements. In
order to increase the lifetime of fuel cell systems in maritime applications, their degradation has to be
limited.

An energy storage system (ESS) can be used to avoid harmful operating conditions of the fuel cells,
for example, by using the fuel cell only for base load and using the ESS for the load transients [13].

1



2

Besides that, the ESSmay enable peak shaving and load levelling, and it can supply a backup load [14].
In the context of fuel cell systems, energy storage systems may be used to generate stable power at
complex operating conditions to compensate for the limited dynamic response of fuel cells [15], [16]. In
the case of a fuel cell/battery hybrid, an energy management system (EMS) can be used to determine
the power allocation between each fuel cell stack and battery pack. Various types of EMS modelling
exist, and they can have several goals, mostly focused on efficiency in the power allocation [17]. As
a large barrier to increased fuel cell application is their durability, this thesis is focused on limiting the
degradation of fuel cell systems using the EMS.

The main objective of this study is to investigate the effects of incorporating fuel cell degradation
in the energy management system of a fuel cell/battery hybrid vessel. The system will consist of pro-
ton exchange membrane fuel cells (PEM FCs) and lithium-ion batteries. The research question is as
follows:

”How does incorporating fuel cell degradation in the energy management system of a hybrid marine
propulsion system affect the resulting fuel consumption and degradation?”

The following sub-questions are defined to help answer the main research question.

• Is there a gap between state-of-the-art fuel cell (degradation) modelling and fuel cell (degradation)
models applied in energy management systems?

• Can an energy management system for the hybrid system be constructed which is suitable for
incorporating fuel cell degradation?

• How can the operational characteristics of the fuel cell and battery be described in a way suitable
for this thesis?

The first sub-question is answered in the two chapters comprising the literature review: chapters 2
and 3. A mathematical model for a fuel cell/battery hybrid energy system, incorporating fuel cell degra-
dation, is proposed in chapter 4, answering the second sub-question. The vessel used in the case
study is introduced in chapter 5, after which the selection and modelling of the fuel cell system are
described, answering the third sub-question. The verification of the mathematical model is presented
in chapter 6. Finally, the results, discussion and conclusion are presented in chapters 7, 8 and 9.



2
Fuel cell modelling

The results of the literature review on fuel cell modelling are discussed in this chapter. The modelling
of fuel cell voltage is reviewed in section 2.1. The theoretical models are discussed first, after which
various methods of fuel cell modelling applied in relevant literature are compared. A review of auxiliary
power modelling is given in section 2.2, and the necessity of including auxiliary components in a fuel
cell model is explained. Finally, a detailed overview of fuel cell models applied for simulation purposes
is given in section 2.3.

2.1. Fuel cell modelling
The hydrogen combustion reaction is split into two half-reactions in a proton exchange membrane
(PEM) fuel cell. The hydrogen oxidation reaction (HOR) occurs at the anode, while the oxygen reduction
reaction (ORR) occurs at the cathode. Whereas the energy from electron configuration in the hydrogen
combustion is recovered as heat in a combustion engine, a fuel cell directly harnesses the energy in
the electrons by physically separating the half-reactions and designing an external path for the current
to be used to power a load [18]. The power generated by a fuel cell is thus one that is generated by the
product of its voltage and its current. The voltage generated by a fuel cell can be modelled in various
ways.

In the first subsection, the theoretical modelling of fuel cell power from the perspective of electro-
chemical engineers is discussed. The models found here are used as a benchmark for the models
used for simulation purposes. In the second subsection, various fuel cell models used in relevant liter-
ature are discussed. In the third subsection, a comparison is made between the theory and the models
applied in literature, and differences are discussed.

2.1.1. Fuel cell theory
The text in this paragraph is based on the book of O’Hayre et al. [18].

The theoretical potential of a fuel cell under standard conditions (E0) can be found by using the
standard electrode potentials for each of the half-reactions, from which a standard-state potential of
1.23 V follows for the HOR and ORR half-reactions in the PEM fuel cell. The theoretical potential of a
PEM fuel cell (Nernst voltage EN) under non-standard conditions can be described using the Nernst
equation as given in equation 2.1.

EN = E0 − RT

zF
ln pH2O

pH2p
1
2

O2

(2.1)

Note that while equation 2.1 does account for the influence of the operating temperature on the
chemical activity, it does not yet account for the influence of the operating temperature on the reversible
voltage. The temperature-dependent Nernst voltage EN(T ) for a PEM fuel cell is defined as in equa-
tion 2.2, which for the PEM fuel cell with water vapour as a product can be written as equation 2.3.

EN(T ) = E0 +
∆ŝ

zF
(T − T0)−

RT

2F
ln pH2O

pH2p
1
2

O2

(2.2)

3
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EN(T ) = E0 +
−44.34

2 · 96485
(T − T 0)−

RT

2F
ln pH2O

pH2
p

1
2

O2

(2.3)

While the theoretical potential of a fuel cell can be found by using the Nernst equation, losses occur
when the fuel cell is operated. The decrease in potential as a function of current density is depicted in
the polarisation curve in figure 2.1, adapted from [18].

Figure 2.1: Voltage decrease as a function of current density, adapted from [18]

The decrease in voltage can be represented by three distinct types of losses. These include acti-
vation losses, ohmic losses and mass transport losses. The generated voltage can be described as
follows:

V = EN − ηact − ηohm − ηcon (2.4)

In a basic voltage model proposed by O’Hayre et al. [18] the losses can be written by the following
three equations. This model is based on current densities, but note that the same model can also be
described using current instead of current density.

ηact = (aA + bA ln(J)) + (aC + bC ln(J)) (2.5)

ηohm = J ·ASRohm (2.6)

ηcon = c ln( JL

JL − J
) (2.7)

The activation losses represent the voltage that is expended to overcome the activation energy
of an electrochemical reaction. It mostly affects the low-current region. The Butler-Volmer equation
is used to describe the relation between the generated current and the required activation potential.
The definition of ηact follows from this equation. In the Butler-Volmer equation, the generated current
increases exponentially with the activation overpotential. The activation losses are given separately for
the anode and cathode and are modelled with a constant value dependent on the exchange current
density J0 (aA and aC respectively) and a value that is logarithmically dependent on the operating
current density J . The activation losses can be reduced by increasing the reactant concentration,
temperature or the number of reaction sites, or by decreasing the activation barrier with the use of
catalysts. These factors all influence the exchange current density, and thus the activation losses, at a
given operating current.

Ohmic losses are the sum of all losses due to resistance to charge transfer in the fuel cell and
increase linearly with the current (density). It is mainly responsible for the linear voltage drop in the
ohmic region. The losses are dominantly caused by the ionic resistance, caused by charge transport
of ions in the fuel cell. It can bemodelled using the area-specific resistance (ASR). This term represents
the ASR of all components in the fuel cell that generate an ohmic resistance, such as the electrolyte
and the electrodes. It is found by multiplying the area of the fuel cell by its normal ohmic resistance.
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The ohmic losses can be reduced by either increasing conductivity or reducing the length (or thickness)
of the conductor. Conductivity is related to the number of charge carriers available for charge transport
(number of available vacancies in the electrolyte) and the mobility of those carriers (ion diffusivity). For
polymer electrolytes, water content is of great influence on the conductivity of the electrolyte.

Concentration losses, or mass transport losses, are related to poor transport of uncharged species,
specifically the resulting concentration of reactants and products in the catalyst layer. It dominates
losses in the high-current region. Mass transport in fuel cell flow structures is driven by fluid flow and
convection while gas transport in electrodes is driven by diffusion. The porosity of electrodes shelters
the gas from the convective forces and allows diffusion to take place. This occurs in the gas diffusion
layer (GDL), where gas molecules are transported to the membrane via diffusion. The concentration
losses are related to a drop in the Nernst voltage, and increased activation losses. The Nernst voltage,
defined in equation 2.1, is dependent on the partial pressures of reactants (hydrogen and oxygen
gas) and product (water). These relate to the partial pressures at the reaction site (catalyst), not the
partial pressures of the product as it enters the fuel cell. As the reactant concentration at the catalyst
decreases and product concentration increases, the ideal Nernst voltage decreases. On top of that,
the reactant concentration also influences the reaction kinetics, and activation losses increase as the
reactant concentration decreases. These effects are both encapsulated by equation 2.7.

Besides the voltage drops due to the three different losses discussed above, extra losses in the
form of electrical shorting and fuel crossover may occur. This may be caused by electrolytes that are
too thin, which may be a design choice or a result of degradation or manufacturing mistakes. These
losses can be represented by an additional leakage current density J leak; the fuel cell has to produce
extra current to compensate for this leakage. The J − V curve gets shifted to the left. This effect can
be included in the model by adding the leakage current to the actual current for the J terms in ηact and
ηcon. Only the operating current is actually passing through the fuel cell, and thus, the ohmic losses are
based on J instead of J + J leak.

When the operating voltage V is multiplied by the current I at which the fuel cell operates, the power
P can be found. This follows the well-known relation described in equation 2.8.

P = V I (2.8)

The current directly follows from the speed of the electrochemical reaction and thus the fuel con-
sumption rates.

The efficiency of a fuel cell is, just like the efficiency of an internal combustion engine, inherently
limited. This limit, the thermodynamic efficiency, can be used to calculate the theoretical maximum
efficiency of the fuel cell. The actual fuel cell efficiency is lower because of voltage losses and fuel
utilisation losses and can be described as the product of thermodynamic efficiency, voltage efficiency,
and fuel utilisation efficiency.

2.1.2. Fuel cell models in literature
Because most of the work regarding fuel cells is limited to research, it is important to compare the var-
ious methods of modelling the fuel cell. The linear current-voltage relation suggested in [7], discussed
below, sparked the initial interest in the various ways of modelling fuel cells. A review that includes
modelling methods for ship energy systems [19] is used as a starting point for finding various articles
where fuel cells are modelled.

Van Biert and Visser [7] suggest that activation and transport losses may be neglected in specific
parts of the operating window, and a linear relation between the cell voltage and the current density
can be found by using the area-specific resistance. Equation 2.9 is adapted from [7].

V cell = V OC − J ·ASRohm = V OC − I ·Rohm (2.9)

In this model, the open-circuit voltage gives the voltage at 0A and are seen as a value that includes
the initial activation voltage losses. However, current-dependent activation losses are not included.
Besides the initial activation voltage loss, the ohmic losses are modelled using the ASR and mass
transport losses are not included.

In contrast, Yousfi-Steiner et al. [20] suggest that the difference between the open-circuit voltage and
the theoretical Nernst potential may be caused by a partial pressure drop of reactants due to hydrogen
crossover through the membrane, or by reactions between the platinum surface and oxygen or impurity



2.1. Fuel cell modelling 6

oxidation resulting in a mixed cathode potential. In this case, the activation losses are not represented
in the open-circuit voltage and a different schematic overview of the losses is proposed, which can be
seen in figure 2.2.

Figure 2.2: Polarisation curve showing a possible origin of the difference between EN and V OC, from [20]

A similar way of defining the difference between the Nernst voltage and the open-circuit voltage is
proposed by Ren et al. [10], who define an additional voltage drop ηloss, the open-circuit loss. This
term is related to the sum of current densities due to gas crossover and electrical shorting and can
be described with equation 2.10. Here J leak is again the loss in effective current density due to gas
crossover and electrical shorting.

ηloss =
RT

αzF
ln(J leak

J0
) (2.10)

Note that the authors of [10] use i for current density and n for the number of electrons transferred, as
seen in the figure. The equation and variables are edited in equation 2.10 for continuity in this review.
When looking at figure 2.3 it is unclear if the activation at OCV conditions does indeed include the ηloss
term, and this does not become clear in the paper.

Figure 2.3: Polarisation curve, from [10]

Chakraborty [21] notes that this additional current J leak should only be applied to the concentration
and activation losses. She writes about this as useful current and useless current in the paper where
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she discusses this frequently made mistake in fuel cell modelling. The loss in current due to hydrogen
fuel crossover and current leakage through the fuel cell is considered useless, while useful current
relates to the transfer of protons through the electrolyte and electrons through the electrodes. The
ohmic drop is only related to the useful current, and there is no ohmic drop ηohm under open-circuit
conditions, even though there may be a current loss due to internal leakage and fuel crossover. It can
be seen in figure 2.3 that the current leakage term is only included in the activation losses and not the
concentration losses, which may be a mistake as Chakraborty suggests.

Bagherabadi et al. [22] made a fuel stack model that uses equation 2.4 to model the stack voltage.
In the model, the activation losses are modelled by using the Tafel equation and are dependent on the
stack temperature, cell current, and partial pressures in the system. Ohmic resistance is modelled with
a temperature-dependent area-specific resistance, multiplied by the current density. Concentration
losses are dependent on the current, stack temperature, and partial pressures in the system. The
model was used for the simulation and sizing of marine power systems, especially the influence of
component sizing and configuration on the dynamic response of the system. It was not used for long-
term modelling.

Several sources use a variant of the generic fuel cell model proposed by [23] to develop and simulate
hybrid fuel cell/battery ships [24], [25], [26]. Two generic fuel cell models were proposed, a simplified
and a detailed one, which both can be constructed using data from fuel cell data sheets as input [23].
The simplified model subtracts the current-dependent activation losses and ohmic losses from the open-
circuit voltage. Only the polarisation curve of the fuel cell is required to develop this model. It can be
used to simulate fuel cell stacks operating at nominal temperature and pressure and does not include
mass transport losses. The model is described by only one equation, given in equation 2.11, adapted
from [23] to be consistent with variable names. The final component of the equation is a transfer function
that is used to model the delay in the activation losses. The simplified model can be seen in figure 2.4.

Vcell = V OC −Rohm · I − nA ln( I
I0

) · 1

s · T d/3 + 1
(2.11)

Figure 2.4: Simplified generic FC model, from [23]

The detailed model developed in [23] may include pressure and temperature variations, as well as
changes in the composition and flow rate of reactants. The model also excludes concentration losses.
Additional fuel cell data is required to generate this model, including knowledge about the dynamic
behaviour of the stack. The model can be seen in figure 2.5. In this model, the open-circuit voltage,
exchange current, and Tafel slope (A) are affected by each of the possible variations in the model.
Further details can be found in [23].

Another possible way of developing a fuel cell model is by using a parametrised model and finding
the parameters using optimisation methods. Priya et al. [27] wrote a review of parameter estimation
techniques. Fuel cell voltage is determined as in equation 2.4, and the three voltage losses are mod-
elled using nine parameters in total, that all depend on the operating conditions of the fuel cell. An
overview of optimisation methods used to determine these parameters is given, and includes a wide
array of metaheuristics and algorithms.

Lastly, Boettner et al. [28] adjusted an existing PEM FC model for the simulation of automotive
vehicles. The model is expanded to include auxiliary components. Boettner et al. suggest that a stand-
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Figure 2.5: Detailed generic FC model, from [23]

alone fuel cell stack model is insufficient to analyse fuel cell performance in automotive applications.
The influence of auxiliary components on the simulation of hybrid vehicles will be discussed in the next
section.

2.1.3. Discussion
The formula proposed by van Biert and Visser [7] may be used to accurately portray the ohmic region
of a fuel cell, but this means that the operating conditions of the fuel cell must be limited to ensure
the validity of the equation. It is unclear to what extent the current leakage losses are included in the
open-circuit voltage. Yousfi-Steiner et al. [20] show this loss as a constant reduction, independent of
current density, and the three other losses are modelled as an additional reduction. Ren et al. [10] give
a schematic polarisation curve and suggest the loss is constant as well in the figure, but the term is
formulated as being dependent of the current loss, which may change with the operating current.

Bagherabadi et al. [22] developed a model suitable for detailed modelling, but modelling of the stack
temperature and partial pressures in the fuel cell may be too complex for longer fuel cell simulation.

The simplified model developed in [23] requires significantly less input from the fuel cell compared
to the detailed model, and is simple to construct. It is unclear how well the simplified model correlates to
the actual product, as only the detailed model was validated. The detailed model is reported to simulate
the stack voltage with an error of ±1% if the humidity level in the fuel cell is controlled.

The overview of parameter estimation techniques given by Priya et al. [27] gives a new insight in
the possibilities of fuel cell modelling. A large variation in computational complexity and accuracy can
be observed for the various estimation methods. The methods may generate an accurate model in
standard test conditions, but the parameters vary a lot in operating conditions; ”the models must be
tested for all operating conditions” [27].

2.2. Fuel cell auxiliary systems
Fuel cells require additional subsystems to operate. By only modelling the fuel cell itself, these aux-
iliary systems are ignored while their impact on the fuel cell output may not be negligible. In the first
subsection, the theory behind the auxiliary systems is discussed, while in the second subsection the
inclusion of auxiliary systems in simulations is discussed.

2.2.1. Role of auxiliary systems in theory
Fuel cells require auxiliary systems, for example, to manage the temperature in the fuel cell, to deliver
reactants at the right pressure and to control the power electronics [18].

Large low-temperature PEM fuel cells may require active cooling, while passive cooling may be
enough for small systems [18]. Active cooling may be done by an increased cathode air flow, separate
air flow, or liquid cooling [29]. Two applications of separate air flow cooling [30], [31] are discussed
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in [29]. They reported a power consumption by the cooling system of 3 and 2% of the stack power
respectively.

The process of delivering hydrogen to the fuel cell is highly dependent on the storage mechanism.
When pure hydrogen is stored on the vessel, it can be used directly in the fuel cell and the fuel cell
system is simplified [18]. However, system energy density may be limited, and energy is expended
to store the hydrogen. For compressed hydrogen, it is stated that ”approximately 10% of the energy
content of H2 gas must be expended to pressurise it to 300 bars” [18]. The same principle applies to
liquefied hydrogen, where up to 30% of the energy stored may be expended during the liquefaction
process. Conversely, using a hydrogen carrier fuel may lead to higher system energy densities, but
reforming is required to extract the hydrogen which then can be used in PEM fuel cells. The reforming
system may consume some energy, and depending on the fuel, the hydrogen may contain some impu-
rities, lowering the performance of the fuel cell [18]. The hydrogen and air need to be delivered to the
electrodes and may need to be pressurised. This is done using pumps and compressors, and these
consume parasitic power. When hydrogen is stored in compressed form, only a compressor is required
for the air. At low currents, all power generated by the fuel cell is consumed to keep the compressor
running, and the total system efficiency is extremely low. O’Hayre et al. suggest that the parasitic
power may be represented by a linear equation, where there is a fixed parasitic power even at 0 W
fuel cell power, and an increase in parasitic power as the fuel cell power increases [18]. A schematic
overview of this effect can be seen in figure 2.6.

Figure 2.6: Electrical efficiency of stack and total system, from [18]

Power regulation is essential for almost all fuel cell applications, and in case AC power is required,
inversion must also be applied. The generated fuel cell power must be delivered at the right voltage.
DC-DC converters used for power regulation may lead to somewhere between 2 and 15% of extra
losses, whereas DC-AC inverters may lead to between 3 and 15% extra losses [18].

2.2.2. Inclusion of auxiliary systems in literature
To start, the generic detailed model developed in [23] is validated using both a 6 kW from NedStack and
a 500 W stack from Hpower, and shows accurate results for both fuel cell stacks. It is not reported what
the auxiliary power is, nor is there any word on the efficiencies of converters or inverters. Balestra and
Schjølberg [24] use the generic model by [23] to model and simulate a hybrid ferry. The power values
used in the operational profile represent the combination of propulsion load, auxiliaries, and hotel load,
and do not specifically speak of a compressor load. The converters are modelled with ideal switches,
just like the compressor is modelled as being ideal [24].

Bassam et al. [25] use data from the fuel cell vessel FCS Alsterwasser, and note that the required
auxiliary power is included in the load profile of the vessel. No auxiliary systems are included in the
model by Bassam et al., but by generating enough power to meet the load profile this should indirectly
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include the auxiliary power demand. [25] uses [26] as a source, where the same data is used to develop
an EMS for the FCS Alsterwasser. In contrast to Bassam et al. [25], Han et al. [26] do not consider
the auxiliary power included in the load profile data from the FCS Alsterwasser. Instead, they show
that the compressor has a large effect on the effectively produced power and that the compressor
power constitutes most of the auxiliary power (up to 93.5% [28]) and is estimated to be up to 30% of
the stack power [26]. The effect of compressor power on system power and efficiency can be seen
in figure 2.7 [26]. The compressor power has an extreme impact on system efficiency at low-load
operation, and increasing effect at higher operating currents.

Figure 2.7: Power and efficiency including and excluding compressor, from [26]

Boettner et al. [28] extended an existing vehicle performance simulator to include a PEM FC model
with auxiliary components. In their simulation, the compressor power constituted up to 93.5% of the
auxiliary power. Besides that, the cooling fan made up 5% of auxiliary power, followed by the cooling
water pump (1%) and the hydrogen recirculation pump (0.5%). When simulating the fuel cell vehicle,
”typical values for both motor and power converter efficiencies were used”. The extended model by
Boettner et al. [28] was used to define power management strategies for hybrid vehicles [32], [33].
Their findings regarding the power consumed by the compressor were used in a wide array of studies to
support the inclusion of compressor power in fuel cell models, among which the study by Han et al. [26].

2.2.3. Discussion
Balestra and Schjølberg [24] state that auxiliary power is included in the load profile of the vessel, while
the paper which it is based on states that auxiliary power is not included [23]. This is a controversial
deviation. An EMS is developed in [24] and it is stated that the hybrid powerplant will be suitable for
low-power operation, because the efficiency is higher than at rated load. This is contrary to the findings
in [26], where the efficiency of the system, including the compressor, is very low at part load conditions,
due to the inclusion of the compressor in the fuel cell system.

Boettner et al. [28] found that the compressor consumes up to 93.5% of the auxiliary power, and
Han et al. [26] report that compressor power can reach up to 30% of the total fuel cell stack power. It
can be concluded that the inclusion of compressor power in the modelling of a fuel cell system is an
important consideration.

2.3. Simulations of energy management systems
In this section, an overview of the various models applied in energy management systems will be given.
Research from various sectors such as the automotive and maritime sector is used to determine the
level of detail of fuel cell models used in state-of-the-art energy management systems. While research-
ing the various methods of modelling the fuel cell systems, a split in modelling methods has been
observed. Two terms are proposed to characterise the difference in the methods: voltage models and
reduced models. This distinction has been made to differentiate between simulations where the fuel
cell voltage is calculated at each time step in the simulation of the energy system (voltage models) ver-
sus simulations where the fuel cell system is modelled using its output characteristic (reduced models).
An overview of voltage models applied in relevant literature is shown in table 2.1. Note that the term
”simulation time” refers to the virtual time, the time that is simulated by the researchers. This does not
relate to the computational time required to run the simulation.

The overview in the table entails some of the voltage models that were found in simulations in the
maritime field, as well as one source that was used to model a hybrid tramway. Two sources [24], [25]
apply the simple and detailed generic fuel cell models by [23], respectively. In both studies, only the
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Table 2.1: Voltage models applied in relevant literature

Voltage model
Auxiliary

components
Modelling
method

Simulation
time

Ships Voltage ηact ηohm ηcon Compressor Converter BoP

[24] V OC 3 3 7 7 3 7
ECM,

Simulink 1 hour

[25] V OC 3 3 7 7 3 7
ECM,

Simulink 8 hours

[26] EN(T ) ·KC 3 3 7 3 3 7
Analytical model,

Simulink 5 minutes

[34] V OC 3 3 3 3 3 3
Optimisation,

Deterministic DP 1 hour

Rail

[35] EN(T ) ·KC 3 3 7 3 3 3
ECM,

Simulink 5 minutes

converter is modelled, the mass concentration region is not included in the model and equivalent circuit
models (ECMs) are applied. Han et al. [26] apply a very short drive cycle of only five minutes. During
this drive cycle, the ship operates in cruising mode for 92 seconds, docks in 46 seconds, stops for
24 seconds and then accelerates to its cruising speed in 35 seconds. It is interesting to note that
Bassam et al. [25] simulate the fuel cell system for way longer, while using data from the same vessel,
the FCS Alsterwasser. The fuel cell model included in the paper by Wu and Bucknall [34] is defined by
several PEM FC governing equations, that take a similar shape to the equations in subsection 2.1.1.
In the model, it seems like the open-circuit potential V OC was defined as the temperature-dependent
Nernst potential, but it is not completely clear if this is the case or if a rated voltage constant KC has
been applied.

It can be seen that most of the reduced fuel cell models are applied in the automotive industry,
while most of the voltage models that were found were applied in the maritime research sector. It
seems that more reduced models are applied in the automotive research sector because of the more
widespread application of fuel cells in the industry; there is simply more data available on which to base
your study. On the other hand, most research on fuel cell applications for maritime purposes remains
related to voltage models, due to the fact that there is a limited number of pilot projects available for
data purposes.

Two studies from the same maritime research group did use a reduced fuel cell in optimisation
methods. Pivetta et al. [13] describe the fuel cell by a linear relation between fuel consumption and
power output. They use this reduced fuel cell model in a multi-objective optimisation which is used
to determine the optimal design (number of fuel cells, total installed battery capacity) and operation
while also reducing degradation. The degradation does not influence the performance of the system
in their model. Dall’Armi et al. [17] use a similar reduced fuel cell model to simulate the long-term
performance of the hybrid system. They use two linear relations to describe the characteristics of the
fuel cell: the relation between power and current and between hydrogen consumption and current. Fuel
cell degradation does influence the performance of the system through the angular coefficient in the
linear relation between power and current.

The research by Dall’Armi et al. [17] was the inspiration for the idea of long-term modelling of the
fuel cell system. No similar long-term simulations of hybrid fuel cell/battery systems were found for
maritime purposes. Of the long-term models that were found, two studies [41], [42] were optimisations
of standalone hybrid energy systems for distribution and generation of electricity, and included degra-
dation and lifetime considerations. A daily power load was determined in [41], which was extrapolated
to 25 years of service of the hybrid energy system. Both a simulation of one year of running and 25
years of running were described, as well as short-term simulations used to evaluate the control strategy.
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Table 2.2: Reduced fuel cell models found in literature

Reduced fuel cell model
Auxiliary

components
Modelling
method

Simulation
time

Ships Compressor Converter BoP

[13]
Model FC with linear curve for
fuel consumption as a function

of power, from various data sheets
7 3 7

Optimisation,
MILP 24 hours

[17]
Linear power-current &

fuel consumption-current relations
to describe fuel cell characteristics

7 7 7
Optimisation,

MILP Until end-of-life

Automotive

[36]
Find voltage, hydrogen consumption
and degradation from FC power
based on manufacturer data

7 3 7
Optimisation,
stochastic DP 1 hour

[37] Normalised efficiency-power
curve based on test data 7 3 7

Optimisation,
direct algorithm 25 minutes

[38]
Defines FC characteristics with
nonlinear relationships defined
from own experimental data

7 3 3

Simulink simulation,
control strategy applied

in real time testing
20 minute tests

[39]
Quadratic relations for current
as function of FC power and

aux power as function of current
3 3 7

Model applied in
FC bus simulator,
PMP controller

20 to 40 minutes

[40]
Define curves for net power
and hydrogen consumption

as function of current
3 3 7

PMP controller,
simulations 10 to 20 minutes

Three separate optimisation-based EMSs were applied in [42]. They also simulated a time frame of
up to 25 years, and found, among others, the total fuel cell power generated over time as well as life
degradation of the components in the hybrid energy storage system. A third research paper discussing
the long-term modelling of a fuel cell system is the study by Wang et al. [43]. They modelled the system
lifetime of a fuel cell battery hybrid vehicle. Consecutive optimisations were carried out using dynamic
programming; the fuel cell power profile is modelled at several time steps throughout its lifetime. The
polarisation curve of the fuel cell is updated after each dynamic programming simulation. They show
that the optimal control strategy shifts over the lifetime of the system’s lifetime. Lastly, they found that
assigning different cost factors to the fuel cell has a large effect on the optimal operation of the fuel cell.

It is clear that there are various ways of modelling the fuel cell system. Mixed-integer linear pro-
gramming (MILP) has been used to find the optimal operation of a fuel cell/battery hybrid ship [13], [17].
This requires the use of reduced fuel cell models to represent the fuel cell with linear equations. Voltage
models may reflect the internal operating conditions of the fuel cell more accurately than the reduced
models. The polarisation curve of a fuel cell is regarded as an important characteristic describing the
fuel cell by the author of this thesis. Modelling the power output of a fuel cell by using its polarisation
curve turns the model into a problem described by non-linear equations: power is the product of voltage
and current (equation 2.8). If the voltage can be described as a linear function of current, as suggested
by van Biert and Visser [7], then the problem becomes quadratic.

An alternative to the use of mixed-integer linear programming is the use of mixed-integer quadratic
programming (MIQP), which would allow the modelling of a fuel cell system using its polarisation curve.
The downside of mixed-integer quadratic programming is its increased computational complexity com-
pared to mixed-integer linear programming [17].

An MIQP approach has been used to model quadratic aspects in various energy management sys-
tems. Examples are a quadratic cost function for battery degradation [44], [45], quadratic constraints
describing the performance of a diesel generator [46], [47] and a quadratic cost function of an electrol-
yser on an offshore platform [48].

To the best of the author’s knowledge, an MIQP approach has not yet been used to model the fuel
cell using its polarisation curve in an energy management system for a fuel cell/battery hybrid ship.



3
Fuel cell degradation

As mentioned in the introduction, low durability and reliability of fuel cell technology are aspects that
obstruct large-scale commercialisation of fuel cells [8]. In this chapter, various degradationmechanisms
will be discussed and the relation to the fuel cell modelling will be analysed. It is important to consider
how degradation of a fuel cell is related to its performance.

First, the relevant definitions are given in section 3.1. Next, the various degradation modes are
discussed in section 3.2. Degradation rates are quantified in section 3.3 and the findings are discussed
in section 3.4.

3.1. Degradation definition
In the review of PEM fuel cell degradation mechanisms by Wu et al. [49], three terms related to the
lifetime of the fuel cell are defined: reliability, durability, and stability. Reliability is related to the func-
tionality of the fuel cell at this moment or the near future; can the fuel cell start, or is failure expected in
the short-term [50]. Durability concerns the resistance to irreversible decay of the fuel cell performance,
and stability refers to the reversible decay of the fuel cell [49].

This research is related to the durability aspect of the fuel cell: how does irreversible degradation
influence the performance of the fuel cell during its lifetime. The lifetime of the fuel cell can be defined
in several ways. Several sources [49], [51] define the end of life (EoL) as a 10% voltage, efficiency,
or power reduction. Pei et al. [51] define the EoL as a 10% voltage reduction under constant current
operation (so also a 10% power reduction), which is reported as being the same lifetime target as set
out by the Department of Energy in the US. Wu et al. [49] report that normal degradation targets are
a 10% loss in efficiency. The lifetime can also be defined as time before critical failure, as is done
in a durability study on PEM FCs under severe operating conditions [52]. This definition is then more
closely related to the reliability aspect of fuel cell degradation. As a final option, Chen et al. [53] propose
an EoL definition that takes into account the profitability of the system. At the economic lifetime of the
system, the average cost reaches its lowest point, and the system should be replaced.

While degradation and its effects on the performance of the fuel cell might be modelled in a fuel cell
system, the point of critical failure may best be determined using real-life testing, as this point may not
be represented well in models. The definition used by Chen et al. is certainly interesting, but requires
extensive knowledge about the cost of operating the system, and this may not always be clear. Initially,
the 10% voltage reduction may be a suitable EoL definition for modelling purposes. The EoL definition
of 10% voltage reduction is not necessarily the only suitable EoL definition for maritime purposes. It
may be more economical to install more fuel cell stacks than necessary and keep using them even
after a 10% voltage reduction has occurred. In that case, using the 10% voltage reduction as an EoL
criterion may be considered arbitrary. However, as the fuel cell degradation increases, so does the
chance of critical failure, and thus the 10% voltage reduction may be suitable when critical failure is not
considered.

As discussed in subsection 2.1.1, the losses in the fuel cell consist of activation, ohmic and transport
losses, as well as electrical shorting and fuel crossover. The various causes of degradation will be
related to one of these types of losses.

13
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Activation losses are determined by the speed of the electrochemical reaction, and can be reduced
by increasing the reactant concentration, temperature or the number of reaction sites, or by decreasing
the activation barrier with the use of catalysts, influencing the modelling parameter I0, the exchange
current [18]. The influence of the activation losses is the highest at low-current operation of the fuel
cell. The main part of the activation losses occur at the cathode, due to the slower reaction of the ORR.
The losses increase as the catalyst or ionomer degrade [20].

Ohmic losses are related to the internal resistance of the fuel cell. They can be reduced by either
increasing conductivity (charge carrier availability, mobility of carriers, water content), or reducing length
of the conductor [18]. Ohmic losses may increase due to membrane drying or degradation, and bipolar
plate corrosion [20].

Concentration losses are a result of insufficient mass transport. Convective mass transport losses
can be reduced by designing good flow channels [18]. The porosity of the electrode is important for the
diffusion that takes place in the gas diffusion layer [18]. These characteristics are represented in the
modelling parameter IL, the limiting current, referred to before in section 2.1.

Fuel crossover may be caused by reduced electrolyte thickness, and leads to a reduction in gen-
erated current; the same goes for current leakage due to shorting, which may also be caused by thin
electrolytes [18].

3.2. Degradation modes and effects
De Bruijn et al. [9] wrote an extensive review on durability aspects of the fuel cell system. They dis-
cussed the irreversible degradation of the membrane, electrodes, bipolar plates and seals.

Membrane degradation can be caused by low relative humidity, high temperature, high cell voltage,
relative humidity cycling and manufacturing damages. This can result in chemical and mechanical
degradationmechanisms, as well as ion contamination and structural changes of themembrane. These
degradation mechanisms may then lead to membrane pinholes and cracks and membrane thinning,
resulting in increased fuel crossover and related voltage reduction [9].

Electrode degradation, or specifically the degradation of platinum catalysts and its carbon support
structures, is considered as one of the most important factors that decrease the operation life of PEM
fuel cells [54]. The number of active platinum sites is related to the electrochemical surface area
(ECSA), and thus the performance of the fuel cell [54]. According to de Bruijn et al. [9], electrode
degradation may be caused by OCV conditions, fuel starvation, load cycling, air starvation, dry con-
ditions, and freeze/thaw cycles. These operating conditions may lead to degradation of the catalyst
by platinum dissolution or particle growth on the platinum structures and by corrosion of the carbon
structures [9]. Platinum dissolution may cause ion contamination in the membrane, decreasing con-
ductivity [49]. Platinum dissolution and particle agglomeration may also lead to a loss of platinum
surface area and thus a loss of electrochemical surface area [49]. Carbon corrosion, or carbon oxi-
dation, may enhance platinum dissolution and particle formation as this weakens the bond between
the platinum particles and the carbon support structure [55]. Carbon corrosion also leads to reduced
porosity of the electrode [56]. It may be prevented with a sufficient water management system unless
the current becomes too high [49]. The degradation of the electrode increases both the activation and
mass transport losses due to decreased ECSA and porosity, respectively. Additionally, water man-
agement becomes increasingly more complex as the catalyst layer becomes hydrophilic due to carbon
corrosion [56]. Electrode degradation may be worsened by high voltage operation, fuel starvation dur-
ing start-stop operations, or oxygen crossover [54]. Besides, it is noted that potential cycling has a
larger effect on ECSA losses compared to time at a high potential [54].

The gas diffusion layer is in contact with the electrode. Its functions are conducting current, trans-
porting reactants and draining water from catalyst layers [57]. The layer consists of carbon fibres, and
sometimes a hydrophobic coating [9], [57]. Carbon corrosion of the GDL may occur to a lesser ex-
tent compared to carbon corrosion of the electrodes, as electrochemical corrosion does not occur [9].
Decomposition of the coating may also occur [49]. This may lead to reduced hydrophobicity and differ-
ent pore structures, leading to increased water content in pores that were previously available for gas
transport, and thus leads to increased mass transport losses [9].

Bipolar plates are used to separate cells with various functions: they separate the gases inside the
fuel cell, conduct current and distribute reactant and coolant flows. Degradation of the plates may lead
to poisoning of the membrane and catalysts caused by the corrosion of metal particles [9], [49]. The
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formation of oxide layers on the plate may lead to losses due to increased electrical resistance between
the plate and the gas diffusion layer [49].

Seals are used to prevent gas leakage and electrical shorting. According to de Bruijn et al., ”degra-
dation phenomena on seals are in general poorly understood” [9]. Only a small selection of authors
have published papers on seal degradation. Wu et al. [49] report one possible degradation mechanism
that is proposed by an author but also show that their conclusions are in conflict with other findings.
Seal degradation may cause increased gas crossover and electrical shorting as well as compression
loss and coolant leaks [49]. Seal degradation may accelerate performance degradation of the fuel cell
as a whole [49]. It may be prevented by appropriate material selection [9], [49].

3.3. Quantifying degradation
Fuel cell degradation can be tested in twoways: by doing long-term observation of fuel cell performance,
or by applying accelerated stress test [9], [49]. The tests can be performed in steady-state operating
conditions or by applying load cycling. Tests can be done in situ, or ex situ. Yuan et al. [58] give
an overview of testing protocols for both testing of single components and testing of fuel cell stacks.
While long-term steady-state testing may be representative of stationary applications, different testing
methods are applied for transportation applications. In addition to steady-state tests, several other tests
can be run to simulate the dynamic load of automotive applications, such as potential cycling tests or
startup/shutdown tests [58].

Various definitions of operating conditions can be used to determine condition-dependent degrada-
tion rates. In the paper from Ren et al. [10], the differences between operating conditions between
fuel cell buses and lightweight vehicles are discussed. Pei et al. [51] defined four different operating
conditions for a fuel cell bus, namely start-stop cycling, idling, load changing, dynamic loading and high
power operation. They found that there were, on average, 56 load-changing cycles, 0.99 start-stop
procedures, 13 minutes of idling and 14 minutes of high power per hour of operation, representing
respectively 56.5%, 33.0%, 4.7%, and 5.8% of the performance degradation. In the same paper by
Ren et al. [10], the paper from Jouin et al. [59] is discussed, where the operating conditions for a light
vehicle are defined the same, except for leaving out the high voltage operation. This was based on
the work of Shimoi et al. [60], where they predicted that the degradation due to start-stop cycling would
represent 44% of the degradation, while load cycling and idling would both represent 28% of the total
degradation of a light vehicle. Even though degradation rates in the proposed operating conditions
may be higher than the ones reported for the steady-state conditions, many ships sail for long times
at the same power. For this reason, it seems logical to add the constant load operation to the four
conditions proposed by Pei et al. [51]. Five operating conditions will be used to try to effectively predict
the degradation of the fuel cell during operation: startup/shutdown, open-circuit/idling, dynamic loading,
constant load conditions and high power operation.

3.3.1. Startup/shutdown degradation
Pei et al. [51] defined the stop/start cycle as one minute running in idle conditions, stop and purge
with nitrogen and wait until stack voltage is back to 0 V. Idle conditions are defined as a cell voltage no
higher than 0.9 V and a current density of 10 mA/cm2. The degradation rate was found to be 0.00196%
per cycle. If an initial stack voltage of 0.7 V is used, which is reported in the study, the degradation rate
can be calculated to be 13.72 μV/cycle. The authors report that the voltage remains in OCV conditions
after shutdown (5 minutes above 0.8 V, 25 minutes until 0 V), and postulate that the degradation in
start-stop cycling is caused by this lingering effects: by directly reducing the voltage after shutdown the
degradation rate can be reduced by approximately a factor 100. It is unclear if this effect is actually
realised by the authors and what the effect of this after-treatment process is on the auxiliary power
requirements.

Chen et al. [53] used the same data from the fuel cell bus research of Pei et al. [51] to determine the
economic lifetime of a fuel cell. Contrary to the report by Pei et al., Chen et al. give more information
about the fuel cell system: the rated power was 10 kW, with a rated current of 100 A [53]. The fuel
cell stack consists of 100 cells with an effective area of 274 cm2 per cell. The start/stop condition is
described with a degradation of 13.79 μV/cycle, similar to what was inferred from the study by Pei et al.

Gas purging is confirmed tomitigate degradation during start/stop procedures [61]. Another possible
mitigation strategy could be the addition of an auxiliary load to consume residual oxygen and hydrogen
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from the cathode and anode respectively [61]. Yang et al. [62] report that the generation of reverse
current, which usually occurs during start/stop procedures, is prevented when applying an auxiliary
load. They reported a reduction in degradation from 1882 μV/cycle to 119 μV/cycle after applying an
auxiliary load but noted that the effect of the load on a single cell may not accurately reflect the possible
impact on a fuel cell stack [62]. The start-stop procedure defined by Yang et al. includes the vehicle
starting process with 20 seconds at OCV, 10 seconds of increasing the current to 5 A, 100 seconds at
5 A, and 10 seconds of decreasing current followed by the shutdown process.

Fletcher et al. [36] determined degradation rates based on literature and manufacturer informa-
tion and found a start/stop degradation rate of 23.91 μV/cycle. They acknowledge the relatively high
degradation rate for this operating condition in comparison with the findings reported by Chen et al.
and suggest this difference may be explained by the fact that the fuel cell used by Chen et al is more
recent. However, they may not have realised that the paper from Chen et al. from 2015 is based on
the study from Pei et al. from 2008, preceding the study from Fletcher et al., so this may not be the
reason for the deviating values.

Takei et al. [63] performed research on fuel cell degradation in various load cycling conditions with
OCV conditions. Each load cycle has been performed 10,000 times. The results show that long-term
idling (10,000 times 60s OCV) leads to very limited ECSA reduction (12-13%) and no clear performance
reduction. The ’normal’ operating conditions, at a high current density load of 3s OCV/3s load and 3s
idling/60s load, led to a decrease in ECSA of 20% and no noticeable performance loss. In contrast,
the load cycle of 60s OCV/3s load led to the most ECSA loss (60%) and significant voltage reduction.
Long idling with load cycling in between leads to high voltage reduction. The voltage reduction is a
function of current density, but the average reduction can be estimated to be 0.1 V, which relates to
about 10 μV/cycle. The conclusions of the study at this point are that long-term idling, short-term idling
between longer load times and frequent OCV/load changes lead to way smaller losses than long idling
with infrequent loads in between.

The degradation has been reduced by first testing with 60s OCV/3s low current load, and next by
lowering the relative humidity in this condition. These steps significantly reduced the ECSA loss and
related performance loss, especially in high-current density operation. Again, the voltage reduction is
current-dependent, but it can be estimated to be, on average, about 0.4 V, or 4 μV/cycle. The authors
conclude that the high degradation for 60s OCV/3s high load is not caused by either the high load time
period or the long OCV duration but rather the combination of high load and long OCV duration, which
leads to short load cycles between long-term OCV. The degradation can be suppressed by switch-
ing to a lower load and reducing relative humidity. The conclusions of this study are important to take
into consideration when looking at degradation rates from the automotive industry. Generally speaking,
start/stop procedures in cars must be achieved quicker than in maritime applications. By slowly increas-
ing load from OCV conditions under optimal relative humidity, degradation during start/stop procedures
may be suppressed.

3.3.2. Idling
When operating in idling conditions, the fuel cell system must deliver power to keep some compo-
nents running [10]. Pei et al. [51] defined the idling condition as running at 10 mA/cm2, and got a
voltage reduction rate of 0.00126% per hour, which can be calculated to be 8.82 μV/hr. The study
by Chen et al. [53] gives the actual degradation rate as 8.662 μV/hr. Fletcher et al. [36] reported a
degradation rate of 10.17 μV/hr in low-power operation but did not define this condition.

An accelerated stress test in near OCV conditions by Wu et al. [64] resulted in an average degrada-
tion rate of 128 μV/hr over a duration of 1200 hours. The fuel cell was operated at a constant current
of 0.5 A (10 mA/cm2), with some unexpected interruptions in the testing due to problems in the lab.
The average hydrogen crossover current density Jcross increased from 1.84 mA/cm2 at the beginning,
to 2.15 mA/cm2 after 800 hours, to 9.54 mA/cm2 at 1000 hours and 20.71 mA/cm2 after 1200 hours.
The resistance of the cell Rohm slightly increased from 31.3 to 35.5 mΩ in 1200 hours.

Franck-Lacaze et al. [65] investigated PEM fuel cell degradation at low current densities. Operation
cycles between low (20 or 120 mA/cm2 and nominal (540 mA/cm2) current densities were repeated.
The degradation rate of the load cycle with 20 and 540mA/cm2 was compared to the cycle with 120 and
540 mA/cm2. The degradation rate at nominal conditions was eight times larger for the 20 mA/cm2 low-
current condition (400 μV/hr) than for the 120 mA/cm2 low-current condition (50 μV/hr) [65]. This large
difference in degradation rates indicates the relevance of degradation during low-current operation.
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3.3.3. Transient loading
Pei et al. [51] tested load changing by varying between idling and rated power conditions. The results
were edited to isolate the effects of the loading cycle and showed a voltage reduction of 0.0000593%
per cycle, or 0.415 μV/cycle. It is unclear what the characteristics of the rated power conditions are,
as neither the current density nor the voltage are reported for this condition. The idling condition is
running at 10 mA/cm2, as discussed above. Again, Chen et al. [53] report the degradation rate as
0.419 μV/cycle, and from their paper, the rated power condition of 10 kW with 100 cells at 100 A can
be found.

The degradation rate due to transient loading was given as a function of the change in generated
power in the paper by Fletcher et al., with a value of 0.0441 μV/ΔkW [36]. Interestingly, this value gives
the degradation per power load change, not per cycle of load change. However, it is not explained how
this value was found.

Pivetta et al. [13] use the value of Fletcher et al. [36] while citing both Fletcher et al. and Chen et al.,
even though the two papers report different values and ways of reporting those values: a voltage drop
per power change by [36] versus a voltage drop per cycle in [53].

Lin et al. [66] determined the degradation rate of dynamic loading using a comprehensive 20-minute
load cycle, which includes several start/stop procedures and idle running, full power running and over-
load running, simulating real engine running for an automotive vehicle. The degradation rates were
rather constant for the first 280 hours, after which the rates sharply increased for the next 70 hours.
The degradation rates were found for 0, 200, 500 and 700 mA/cm2 current densities, and it was found
that the effect of voltage reduction was significantly worse at higher current densities. The degradation
rates for the first 280 hours are 104, 188, 270 and 276 μV/hour respectively, while for the 70 hours
after that, the rates of 1100, 1300, 1500 and 2300 μV/hour were found. Because of the inclusion of
start/stop conditions and several up and down ramps in the load cycle, it is hard to isolate the effect of
transient loading.

3.3.4. Constant load degradation
Both Wu et al. [49] and de Bruijn et al. [9] wrote a review paper on degradation mechanisms in 2008.
Of the eleven long-term steady-state lifetime tests that were cited by Wu et al., only four sources were
also cited by de Bruijn et al., and together, they reviewed seventeen unique long-term steady-state
lifetime tests. An analysis of the results from the two studies shows that the fuel cells that were tested
at high relative humidity and temperatures around 75 ◦C showed a degradation rate between 1 and 6
μV/hr.

The manufacturer of the fuel cell used by Fletcher et al. [36] reportedly expects essentially no degra-
dation at constant load degradation below 80% of full load, excluding the low-load regions.

While the conditions of constant load were not included by the two important papers on fuel cell
degradation from the automotive industry [51], [53], it seems important to consider this for maritime
purposes, as long operation at constant load may be applicable.

3.3.5. High power operation
Pei et al. [51] reported the degradation rate of high power operation as 0.00147% per hour, which can
be calculated to be 10.29 μV/hr. They report that the condition was set with the limited voltage of
0.7 V, but it is unclear at what current (density) the fuel cell is initially operated. From the study by
Chen et al. [53] it becomes clear that the fuel cell stack consisting of 100 cells is operated at a current
of 100 A in rated condition of 10 kW power. A degradation rate of 10 μV/hr was given [53].

Fletcher et al. [36] determined a degradation rate of 11.74 μV/hr at full load, but it is unclear what
the exact specifications of the fuel cell are. The manufacturer reportedly expected a degradation rate
of 11.6 μV/hr at full load conditions [36].

3.4. Discussion
In the first section, the various definitions of fuel cell lifetime have been discussed. There are several
options, and for durability purposes, it would make sense to consider the 10% voltage reduction as a
guideline, as increased degradation may eventually lead to unexpected critical failure of the fuel cell.
No end-of-life definition was found that was suggested specifically for maritime purposes.

Several components have been discussed that can experience degradation. Membrane degrada-
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tion may lead to pinholes, cracks and membrane thinning, resulting in increased fuel crossover and
voltage losses related to it [9]. Electrode degradation has one of the largest impacts on a PEM fuel
cell’s lifetime, according to Shao et al. [54], and degradation may occur due to, among others, OCV
conditions, start/stop operations and load cycling [9]. Platinum dissolution may lead to membrane con-
tamination and corresponding conductivity loss of the membrane (increased ηohm), while the ECSA is
also reduced due to both platinum dissolution and particle agglomeration [49] (increased ηact). Carbon
corrosion leads to increased platinum dissolution [55] and reduced porosity of the electrode. The poros-
ity reduction leads to increased transport losses (ηcon) as the diffusivity decreases [18]. Degradation of
the GDL may lead to reduced hydrophobicity and different pore structures, and the related increase in
mass transport losses (ηcon) [9]. Degradation of bipolar plates may lead to increased resistance caused
by the formation of oxygen layers, while poisoning of the membrane and catalysts may also occur [49].
Seal degradation may lead to gas leakage and electrical shorting [9].

To determine condition-dependent degradation rates, the steady-state operating condition has been
added to the four operating conditions recognised for a fuel cell bus by Pei et al. [51]. Limited information
can be found on in-situ experiments that lead to condition-dependent degradation rates: the research
of a fuel cell bus by Pei et al. [51] and Chen et al. [53] form the basis of the results as they report
a complete analysis of condition-dependent degradation rates during the operation of a fuel cell bus.
In general, the comparison of the degradation rates in the various studies is complicated by both the
variations in fuel cell characteristics and the absence of clear definitions of testing conditions.

The degradation rates found in the fuel cell bus studies [51], [53] are based on the principle of
applying complex load cycles and adjusting for occurrences of other conditions in this load cycle. First,
the degradation rate of the start-stop procedure is found by cycling between startup, one minute at
idling conditions and shutdown. The results are then used to compensate for start/stop conditions
that occur in the following load cycles. The value for idling conditions is then found by applying one
start/stop procedure per 5 hours, and having the fuel cell at idling conditions for 15 minutes. After
every 15 minutes, the fuel cell performance is recorded at nominal voltage and thus the voltage of
the fuel cell has to increase, however the value for idling conditions is only compensated for the start-
stop procedure. The degradation rates for load changing and high power operation are found in a
similar manner. This method leads to isolated values for degradation per condition, but it is unclear
how accurate this method is, as idling occurs during the start-stop procedure yet it is not compensated
for. One of the strengths of this study is the fact that is entirely based on actual data of the fuel cell
applied in the fuel cell bus.

The degradation rates found by Fletcher et al. [36] are reportedly based on a combination of liter-
ature by Chen et al. [53] and information supplied by the manufacturer of the fuel cell applied in their
case study. It is unclear how the information from Chen et al. and the data from the manufacturer are
combined to find the degradation rates, and to what extent which source is used.

In general, several authors agree on the effects of the start-stop procedure and possible mitigation
strategies. Pei et al. [51] suggest that the degradation is caused by lingering OCV conditions, and the
degradation can be reduced by approximately a factor of 100 by applying an after-treatment process
that directly reduces the voltage. It is unclear if this procedure is realistic and what the consequences
would be. Besides that, the authors also report that a nitrogen purge is already applied, seemingly
contrasting their conclusion that the degradation rate they reported can further be reduced by after-
treatment processes. Zhao et al. [61] confirm that both gas purging and applying an auxiliary load are
possible mitigation strategies. Yang et al. [62] reported a degradation reduction of approximately 93%
by applying an auxiliary load for a single cell. It is unclear how this would translate to a fuel cell stack.
For start/stop testing in automotive applications, fuel cell power may be required faster after starting
compared to maritime applications. Takei et al. [63] found that the degradation of long-term idling
cycled with short times at nominal load leads to way higher degradation than frequent cycling between
OCV and high load or even short idling and long times at high load. Start/stop procedures may be
optimised to reduce degradation, by initially increasing to low-load and applying the correct relative
humidity [63]. Complex control mechanisms may be more suitable for maritime applications than for
automotive applications, so these mitigation measures may be highly suitable for ship applications.

Increased degradation at low-current density (OCV/idling) is confirmed by the fuel cell bus studies by
Pei et al. [51] and Chen et al. [53] with a degradation rate of 8.662 μV/hr, as well as by the accelerated
stress test at OCV conditions of Wu et al. [64] with an average degradation rate of 128 μV/hr. The effect
of idling conditions was also confirmed by Franck-Lacaze et al. [65], who found degradation rates to be
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eight times higher for the 20/540 mA/cm2 cycle compared to the 120/540 mA/cm2 cycle. Even though
the authors all conclude that degradation at idling conditions is an important aspect of total fuel cell
degradation, the reported degradation rates vary. The rate found by Pei et al. [51] is compensated for
the degradation due to the start-stop cycle. The rate found by Wu et al. [49] is a rate for an accelerated
stress test with variations in the testing conditions due to testing problems in the lab, while the findings
from Franck-Lacaze et al. [65] merely indicate the difference between the two cycles and represent the
degradation of the complete cycle, not the isolated effect of just the idling aspect.

The degradation due to dynamic loading in the fuel cell bus studies [51], [53] was found by applying
a complex loading cycle and compensating for the start-stop procedure and idling time in the loading
cycle, and the degradation is given as a voltage reduction per cycle between idling and rated power. In
contrast, Fletcher et al. [36] report a degradation rate per unit of power change, but it is unclear how
this value was calculated.

The values found for constant load operation differ between 1 and 6 μV/hr in the reviews by [9], [49]
when the fuel cell is operated under the right conditions, whereas the manufacturer of the fuel cell
used by Fletcher et al. [36] expects practically no degradation at constant load below 80% of full load,
excluding the low-load regions. This expectation may be due to the way the fuel cell is operated. If
the vehicle used by Fletcher et al. is operated in the same way as the bus used by Pei et al. and
Chen et al., then it may be logical that there is no degradation expected in this condition: the vehicles
simply do not operate in this way.

To conclude, it is suggested that the values of the study from Chen et al. [53], combined with a
value for constant-load operation from [9], [49], will be considered for implementation in the modelling
of the fuel cell hybrid system. The values are shown in table 3.1. The values reported by Pei et al. [51]
are percentages, from which a voltage decrease can be inferred, whereas Chen et al. [53] report the
actual values. These values are considered to be better than the calculated values, even though the
differences are small. The values used by Fletcher et al. [36] can also be considered. However, due
to the fact that the degradation rates are a combination of literature by Chen et al., and information
supplied by the manufacturer, the logic behind the derived values is less clear. For some conditions,
no definition is given altogether, reducing the credibility of these values.

In order to implement the values of table 3.1, the exact definitions of the various conditions will need
to be coupled to the fuel cell system applied in the case study. This will be done in a later stage of this
research.

Table 3.1: Suggested cell-level degradation rates to apply in fuel cell model

Condition Definition Degradation rate Source

Start-stop From offline to idling
to offline again 13.79 μV/cycle [53]

Idling Constant operation in
the low-current region 8.662 μV/hour [53]

Dynamic loading From idling to maximum power 0.419 μV/cycle [53]

High power Operating at limited voltage 10 μV/hour [53]

Constant load Operating between idling
and high power region 1-6 μV/hour [9], [49]



4
Problem formulation

A literature gap has been found and described in chapter 2. No applications of mixed-integer quadrati-
cally constrained programming (MIQCP) were found that model the performance of a fuel cell on board
a ship. A fuel cell model based on its polarisation curve (I−V curve) is proposed. An approach to mod-
elling fuel cell degradation can be developed using the information gathered in chapter 3. Condition-
dependent fuel cell degradation will be modelled. The polarisation curve is continuously influenced
by the fuel cell’s degradation status. As the fuel cell degrades, the voltage and power will decrease.
Using an MIQCP to model the effect of the fuel cell’s degradation on its performance in an energy
management system is regarded as the main contribution of this thesis.

A general description of the proposed model is discussed first and is followed by a description of
the mathematical model in section 4.2. The calculation of battery degradation, taking place outside of
the optimisation, is discussed in section 4.3.

4.1. Problem description
The proposed model incorporates three main factors. First, the fuel cell’s linearised polarisation curve
is used to relate the fuel cell’s operating current (I) to its voltage (V ). The polarisation curve of a fuel
cell can, in many cases, be linearised when looking at part of the operating region [7]. The beginning-
of-life (BoL) current-voltage relation can be described using the open-circuit voltage V OC and the ohmic
resistance Rohm:

V = V OC − I ·Rohm (4.1)

This relation will be used to describe the fuel cell at beginning-of-life (BoL) conditions when no degra-
dation has taken place.

Next, the fuel cell power (P ) can be calculated as the product of voltage and current. As the volt-
age is linearly dependent on the current, modelling the fuel cell power as a function of voltage and
current leads to a quadratic model. The relation between fuel cell power and current is then given by
equation 4.2.

P = V OC · I − I2 ·Rohm (4.2)

Finally, the polarisation curve is continuously influenced by the fuel cell’s degradation status deg. The
degradation status represents the fuel cell’s voltage loss and is a measure of its state-of-health (SoH).
In the proposed model, the fuel cell’s voltage loss is implemented as a voltage drop over the complete
polarisation curve as follows:

V = V OC − I ·Rohm − deg (4.3)

A graphical overview of the degradation modelling proposed in this thesis is given in figure 4.1. The
various operating regions of the fuel cell are coupled to a value for degradation. The two light-grey areas
in figure 4.1a indicate the regions with enhanced degradation, while the dark-grey areas represent the
areas in which the fuel cell cannot operate. The ’base region’ indicates the operating region of the
fuel cell where fuel cell degradation is low. Besides the three operating conditions given in figure 4.1a,
starting procedures and load change will also contribute to the degradation of the fuel cell.

20
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(a) Operating regions defined by I lb, I low, Ihigh and Iub (b) Effect of degradation on polarisation curve

Figure 4.1: Approach to modelling degradation, starts and load change excluded from overview

This approach allows us to model the fuel cell’s power output using its polarisation curve, while
continuously taking the influence of degradation on its performance into account.

An additional operational characteristic of the fuel cell model needs to be included. Not only is the
fuel cell’s operating range limited by an upper bound to its current (Iub), there is also a lower bound
for the operating current (I lb). If the fuel cell turns on it will operate with at least this minimum fuel cell
current, and the model should incorporate this.

Finally, by modelling the fuel cell using its current, voltage, and power, the hydrogen consumption
can be determined. The operating current of a fuel cell is assumed to be proportional to its fuel flow
ṁH2 [18]. This allows us to calculate the fuel consumption for any simulated trip.

The fuel cell model will be implemented in the MIQCP model. Multiple fuel cells are modelled, and
are described by the set of fuel cells. The proposed energy management system will also include a
linear battery model, capable of describing the battery power and the battery’s energy content. This
type of model is widely used to model power system operation [67] and is regarded as suitable for
this thesis. Together, all components of the hybrid model need to supply the required power. They do
this at each time step for which the optimisation is run: the set of time steps includes all time steps
considered during the optimisation. The energy management system then has the freedom to choose
the distribution of power generation between these components, at each time step within the set. The
resulting power distribution influences the battery’s energy content, fuel consumption during the time
step, and fuel cell degradation.

Two separate goals are defined: on the one hand, the model can be used to minimise the total fuel
consumption, and on the other hand the total fuel cell degradation can be minimised. These goals are
also combined by translating the two goals into one, by representing the fuel consumption and fuel cell
degradation as costs and minimising the total costs.

4.2. Mathematical model
The mathematical model consists of sets, parameters, variables and constraints, and aims to minimise
the objective function. The application of the big M method is explained in the first subsection, as this
is used frequently throughout this model. This is followed by three subsections discussing the sets,
parameters and variables which are used to define the mathematical model. The objective functions
defined for this thesis, which themodel aims tominimise, are discussed in section 4.2.5. The constraints
are discussed in section 4.2.6. The constraints define the interaction between variables and ensure
that the mathematical model describes the operation of the hybrid system. Finally, section 4.2.7 is used
to describe the implementation process.

The mathematical model described by Dall’Armi et al. [17] formed the inspiration for this thesis.
While the approach is different, as their problem is linear while the method proposed here is quadratic,
it is important to stress that certain parts of the model are used from Dall’Armi’s study. For example,
the objective functions defined in section 4.2.5 were inspired by [17]. The modelling of the fuel cell
degradation due to start cycles and load changes is also similar to the method by Dall’Armi et al. [17].
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The approach to modelling the degradation due to the operating regions, as seen in figure 4.1a, is
seen as a contribution to the literature. Continuously incorporating fuel cell degradation in the perfor-
mance of the fuel cell by modelling it as a vertical shift in the polarisation curve (figure 4.1b) is seen as
the main contribution to the literature.

4.2.1. Explanation of big M method
The big M method is applied several times throughout this thesis. It is used to model several on/off
mechanisms, such as the status of the fuel cell, the (dis)charging of the battery and the starting proce-
dures of the fuel cell. Additionally, the bigM method is applied to describe if the fuel cell operates below
or above a certain current. The method is explained extensively in this section to help understand the
concept.

The bigM method can be applied in different scenarios, but throughout this thesis, the bigM method
will be used to model the following logical statement: If a > b ↔ δ = 1, and if a ≤ b ↔ δ = 0. Here δ
is a binary variable. Either a or b can be a continuous variable, while the other is a constant parameter.
This logical statement can be transformed into a formulation suitable for linear programming by using
the following equation, where ϵ relates to a very small number and M relates to a large number.

b+ ϵ−M(1− δ) ≤ a ≤ b+Mδ (4.4)

The logical statement can be explained by analysing the following scenarios: If a > b then δ must be
1 to satisfy the upper bound of a. Conversely, if δ is 1 then a must be larger than or equal to b + ϵ to
satisfy its lower bound.

Similarly, if a < b+ ϵ then δ must be 0 to satisfy the lower bound of a. If δ is 0 then amust be smaller
than or equal to b to stay within its upper bound.

When ϵ = 0, this statement is related to a ≥ b, and if ϵ has a small value (say 0.001), it is related
to a > b. Both versions of the statement will be used. The value of M has to be large enough. If the
variable’s upper bound is known, the value for M can be chosen to be slightly larger than this upper
bound. If M is too small, it may lead to unwanted constraints on the variable.

4.2.2. Sets
The model consists of two sets, containing a number of elements. The first set contains all fuel cell
systems and represents the collection of all fuel cell systems. Each fuel cell system can be described
as element f in set F , which can be written as f ∈ F . If the system configuration consists of k fuel cell
systems, then the set can be described as:

F = {1, 2, ..., k} (4.5)

The second set contains all the time steps for the optimisation: this is determined by the length of the
load profile and the time step applied. All time steps are included in set T , this can be written as t ∈ T .
If there are p time steps in the total range considered during the optimisation, then the set can similarly
be described as:

T = {1, 2, ..., p} (4.6)

Note that the numbering does not represent the time itself, the indices are unitless and merely relate
to the element of the set.

4.2.3. Parameters
The parameters are constant values used in the formulation of the mathematical model. Most param-
eters can be split into three categories: parameters required for the formulation of the fuel cell model,
fuel cell degradation, and the battery model. They are discussed in this order.

The origin of some parameters remains unclear in this section but this is explained in more detail in
section 5.3. The values of all parameters are given in the same section.

There are also some parameters which are unrelated to any of the categories. P dem is the power
demand at each time step. dt is the length of the time steps. tend represents the final time step of
the considered load profile: it relates to the last element of set T . Finally, M represents a very large
number and ϵ represents a very small number; they are both used to model if-else statements in the
mathematical model using the big-M method discussed in section 4.2.1.
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Fuel cell
The fuel cell’s voltage is modelled using two parameters, the open-circuit voltage V OC and the ohmic
resistanceRohm. A fuel cell’s current during a time step of length dt is translated to hydrogen consumed
during the time step (in grams) using the constant c. The auxiliary losses of the fuel cell are implemented
using the auxiliary efficiency ηaux. The parameters Iub and I lb are used to limit the operating region of
the fuel cell when it is on.

Fuel cell degradation
Five parameters for fuel cell degradation are used to relate all the defined operating conditions to a
value for degradation. The parameters used to describe degradation due to the fuel cell’s operating
regions are ∆V low, ∆V base and ∆V high. They represent an hourly voltage loss. ∆V start is used to
describe the voltage loss per starting procedure. ∆V dP represents the voltage loss associated with a
load change cycle. The fuel cell’s load change is modelled as a fraction of its rated power, and so the
model uses the parameter P rated.

Besides the constants relating the operating conditions to a voltage loss, some parameters are
required to model the operating conditions themselves. The parameter I low describes the upper bound
of the low-current region, while Ihigh describes the lower bound of the high-current region. Both regions
can be seen in figure 4.1a. Together with the fuel cell’s minimum (I lb) and maximum (Iub) operating
current, they define the operating regions of the fuel cell.

The degradation status, or voltage loss, of the fuel cell may not exceed the value for the parameter
V loss,ub. Each optimisation starts with a certain initial degradation status deg0, which for the beginning-
of-life (BoL) optimisations is equal to 0V.

Battery
Ebat is the total energy content of the battery. The available energy content is limited by the lower and
upper bounds for its state-of-energy (SoE), represented by SoE lb and SoEub: these are fractions of the
total energy content, between 0 and 1. The battery has an initial state-of-energy SoE0. Its maximum
power is Pmax. The battery has separate charge and discharge efficiencies, ηc and ηd respectively.
Finally, the battery’s degradation is evaluated outside of the optimisation using its maximum energy
throughput Etp,max.

4.2.4. Variables
The variables of a mathematical model can also be described as decision variables. Its values are
adjusted based on the goals of the optimisation: this is described by the objective function of the math-
ematical model. To what extent the value of the variables can be adjusted is based on the constraints
imposed on them. The constraints imposed on only the variables themselves are discussed in this
section: these are the lower and upper bounds of the variables. The interplay between the various
variables is described using more complex constraints in the next section.

The variables of the mathematical model are defined in this subsection. In a similar style to the
previous section, the variables can be split into three categories: variables used to model the fuel cell,
degradation, and battery respectively.

Fuel cell
The fuel cell’s current, voltage and power can be described using continuous variables. Variables If (t)
represent the operating current of fuel cell f at time step t for each f ∈ F and for each t ∈ T . Similarly,
the variables Vf (t) and Pf (t) represent the voltage and power of fuel cell f at time step t for each f ∈ F
and for each t ∈ T , respectively. The variable for the fuel cell’s power includes the auxiliary losses: the
delivered power is less. All three variables are non-negative, as defined by constraint 4.7. The variable
for the fuel cell current is constrained to have an upper bound of Iub via constraint 4.8. Please note
that the fuel cell voltage and power are constrained as a result of the fuel cell current’s limit.

Additionally, a binary variable is used to represent the on-off status of the fuel cell. The variable
δf (t) is equal to 1 if fuel cell f generates power at time step t, and is 0 if it does not.

If (t), Vf (t), Pf (t) ∈ R≥0 ∀t ∈ T, f ∈ F (4.7)
If (t) ≤ Iub ∀t ∈ T, f ∈ F (4.8)
δf (t) ∈ (0, 1) ∀t ∈ T, f ∈ F (4.9)
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Fuel cell degradation
Additional variables are required to model fuel cell degradation. Three new binary variables are intro-
duced using constraint 4.10. zstartf (t) is 1 if fuel cell f starts at time step t and 0 if it does not. zlowf

(t)
and zhighf (t) are binary variables. zlowf

(t) is 1 if fuel cell f operates below I low at time step t, and 0 if it
does not. Similarly, zhighf (t) is 1 if fuel cell f operates above Ihigh if fuel cell f operates above Ihigh at
time step t.

An auxiliary variable difff (t) is introduced and represents the power change of fuel cell f from
time step t − 1 to time step t as a fraction of its rated power. This is a continuous variable which can
take non-negative values (constraint 4.11). This auxiliary variable is used to define the non-negative
continuous variable dPf (t), the absolute value of power change. dPf (t) can then be used to find the
degradation due to load change.

The increase in degradation due to all five conditions at time step t is captured by the variable
∆degf (t), which represents the additional voltage loss originating at time step t. It influences the actual
degradation status of the fuel cell at the next time step. The variable for degradation status is defined
as degf (t) and describes the total voltage loss of fuel cell f at time step t, influencing the fuel cell’s
performance. Both are continuous non-negative variables, just like dPf (t), as defined in constraint 4.12.
Finally, the fuel cell’s degradation is limited to the upper bound of its voltage loss, V loss,ub.

zlowf
(t), zhighf (t), zstartf (t) ∈ (0, 1) ∀t ∈ T, f ∈ F (4.10)

difff (t) ∈ R ∀t ∈ T, f ∈ F (4.11)
dPf (t),∆degf (t), degf (t) ∈ R≥0 ∀t ∈ T, f ∈ F (4.12)
degf (t) ≤ V loss,ub ∀t ∈ T, f ∈ F (4.13)

Battery
A single battery system is modelled using two non-negative continuous variables for charging and
discharging power, defined in constraint 4.14. Both variables are constrained to be lower than the
maximum battery power Pmax, using constraint 4.15. P c(t) represents the effective charging power of
the battery: this is related to the energy entering the battery. This is less than what is supplied to the
battery, with losses due to the charging efficiency. P d represents the discharge power and is related to
the energy leaving the battery. Due to losses, the effective delivered power is lower.

dE(t) is a continuous variable and represents the change in energy content due to the battery’s
power at time step t. It influences the battery’s energy content at the next time step. The variable can
be negative and is defined in constraint 4.16. The energy content is defined using the non-negative
continuous variable E(t), and is constrained using its lower and upper bounds for the state-of-energy,
SoE lb and SoEub.

Finally, the battery cannot charge and discharge simultaneously. Two binary variables are intro-
duced to prevent this. The variable δc(t) takes the value 1 if the battery is charging at time step t, and
0 if it is not. Likewise, δd(t) is 1 if the battery is delivering power at time step t, and 0 if it is not.

P c(t), P d(t), E(t) ∈ R≥0 ∀t ∈ T (4.14)
P c(t), P d(t) ≤ Pmax ∀t ∈ T (4.15)
dE(t) ∈ R ∀t ∈ T (4.16)
SoE lb · Ebat ≤ E(t) ≤ SoEub · Ebat ∀t ∈ T (4.17)
δc(t), δd(t) ∈ (0, 1) ∀t ∈ T (4.18)

4.2.5. Objective functions
The mathematical model can be used for several goals. Two possible objective functions are defined:
the minimisation of fuel consumption and the minimisation of fuel cell degradation. The comparison
between the results for the two objective functions can give insight into how much fuel cell degradation
can be prevented, and what this costs in terms of increased fuel consumption.

The two objective functions are also combined into a new objective function by translating fuel
consumption and degradation into costs. This combination of the two can be used to find an optimal
operating strategy when considering both aspects of fuel consumption and degradation, for various
cost scenarios.
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The fuel cell current during a time step of length dt is translated to hydrogen consumption using the
constant c. The minimisation of fuel consumption during the load profile can then be described as the
sum of the fuel consumption of all fuel cell systems f ∈ F during all time steps t ∈ T , and results in
a value for total hydrogen consumption (in grams). The minimisation of fuel consumption is described
by the following objective function:

min
∑
t∈T

∑
f∈F

c · If (t) (4.19)

An alternative objective function is defined to minimise the total voltage loss during the simulated load
profile. Minimising the total voltage loss generated during the load profile is achieved by applying
equation 4.20 as the objective function for the optimisation:

min
∑
t∈T

∑
f∈F

∆degf (t) (4.20)

Finally, a weighted-sum approach to multi-objective optimisation is carried out. The two single-objective
optimisation problems are translated into a new single-objective optimisation problem by translating
hydrogen consumption and fuel cell degradation into costs, using constants c1 and c2 respectively. How
these constants are constructed is clarified in section 5.3. The relative importance of both objective
functions is influenced by the hydrogen and fuel cell costs. A minimisation of the total costs is carried
out using equation 4.21 as the objective function:

min
∑
t∈T

∑
f∈F

(c1 · If (t) + c2 ·∆degf (t)) (4.21)

4.2.6. Constraints
The constraints form the foundation of the mathematical model. They are used to ensure that the
mathematical model accurately represents the components considered in the energy management
system. The constraints for the fuel cell, fuel cell degradation, and battery will be introduced in this order.
Please note that the general lower and upper bounds of the variables were introduced in section 4.2.4.
Constraint 4.22 is the only general constraint, used to regulate the power balance.∑

f∈F

Pf (t) · ηaux + P d(t) · ηd −
P c(t)

ηc
= P dem(t) ∀t ∈ T (4.22)

Fuel cell
Constraint 4.23 ensures that the fuel cell voltage follows the linear relation between current and voltage
while taking into account the fuel cell’s voltage loss degf (t). Constraint 4.24 is used to define the
generated power and transform it into kilowatts. As mentioned in the problem description in section 4.1,
the fuel cell needs to operate at a current higher than I lb if it is turned on. The fuel cell also needs to
be able to turn off, so a simple lower bound on the variable for the fuel cell current is not enough.

Constraints 4.25 and 4.26 are used to provide the possibility to turn the fuel cell off, while ensuring
a minimum operating current I lb. The first constraint is used to define the on/off status of the fuel cell,
following the logical statement: Pf (t) > 0 ↔ δf (t) = 1, and Pf (t) = 0 ↔ δf (t) = 0. This ensures
that the binary variable is equal to 1 if the fuel cell is on, and is 0 when it is off. The constraint is
used to set a lower bound to the operating current when it is turned on, following the logical statement:
δf (t) = 1 ↔ If (t) ≥ I lb, and δf (t) = 0 ↔ If (t) = 0. If the fuel cell is on the fuel cell current must be at
least equal to the lower bound, and the fuel cell is off when the current is equal to 0.

Vf (t) = V OC −Rohm · If (t)− degf (t) ∀t ∈ T, f ∈ F (4.23)

Pf (t) =
Vf (t) · If (t)

1000
∀t ∈ T, f ∈ F (4.24)

0 + ϵ−M(1− δf (t)) ≤ Pf (t) ≤ 0 +M · δf (t) ∀t ∈ T, f ∈ F (4.25)
I lb −M(1− δf (t)) ≤ If (t) ≤ 0 +M · δf (t) ∀t ∈ T, f ∈ F (4.26)
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Fuel cell degradation
Five fuel cell operating conditions and their related degradation rates (per cell) were discussed in the
literature review. The set of constraints below is used to model all operating conditions and relate them
to its condition-specific voltage loss ∆V . Three degradation mechanisms are related to the region in
which the fuel cell is operated: the low, medium, and high-current regions. The degradation due to the
fuel cell’s operating region is constructed as follows: when the fuel cell is on, it will always experience
a base degradation of 2µV/h per cell. Additionally, when the fuel cell is operating in the low- or high-
current region, the difference between the base degradation and the region-specific degradation is
added, so 6.7µV/h and 8µV/h per cell respectively. An overview of this modelling method can be
seen in figure 4.2.

Figure 4.2: Modelling method of fuel cell degradation in three operating regions

Two new binary variables are introduced to indicate if a fuel cell system is operating in the low-
current or high-current region, zlowf (t) and zhighf (t) respectively. They are implemented using the big
M method in constraints 4.27 and 4.28. They have a value of 1 if the fuel cell is operating in the relevant
region, and are equal to 0 if it is not operating in that region. The first constraint is used to implement the
logical statement: If (t) ≤ I low ↔ zlowf (t) = 1, and If (t) ≥ I low ↔ zlowf (t) = 0. The following constraint
is used to implement the statement: If (t) ≥ Ihigh ↔ zhighf (t) = 1, and If (t) ≤ Ihigh ↔ zhighf (t) = 0.

An additional binary variable zstartf (t) is used to indicate if fuel cell f initiates a starting procedure
during time step t. Constraint 4.30 is used to model δf (t) > δf (t − 1) ↔ zstartf (t) = 1, and δf (t) ≤
δf (t− 1) ↔ zhighf (t) = 0. This approach does not work for the first time step, so a separate constraint
is required. If the fuel cell delivers power at the first time step, it is assumed that the fuel cell starts at
that time step (constraint 4.29).

The continuous variable difff (t), which can be negative, is equal to the normalised power change
of system f from time step t− 1 to t. It is expressed as a fraction of rated power to prevent numerical
issues due to extremely small numbers. The continuous variable difff (t) is transformed into the non-
negative continuous variable dPf (t). difff (t) can be seen as an auxiliary variable required to take the
absolute value of the power change, as this cannot be done directly.

If (t)−M(1− zlowf (t)) ≤ I low ≤ If (t) +M · zlowf (t) ∀t ∈ T, f ∈ F (4.27)
Ihigh −M(1− zhighf (t)) ≤ If (t) ≤ Ihigh +M · zhighf (t) ∀t ∈ T, f ∈ F (4.28)

zstartf (1) = δf (1) ∀f ∈ F (4.29)
δf (t− 1) + ϵ−M(1− zstartf (t)) ≤ δf (t) ≤ δf (t− 1) +M · zstartf (t) ∀t ∈ T \ {1}, f ∈ F (4.30)

difff (1) =
1

P rated
Pf (1) ∀f ∈ F (4.31)

difff (t) =
1

P rated
(Pf (t)− Pf (t− 1)) ∀t ∈ T \ {1}, f ∈ F (4.32)

dPf (t) =| difff (t) | ∀t ∈ T, f ∈ F (4.33)

The five variables for the degradation mechanisms occurring during time step t are summed and trans-
lated to a voltage loss at time step t using the continuous variable ∆degf (t). The value of this variable
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is the additional voltage loss originating at time step t. It influences the actual degradation status of
the fuel cell at the next time step, degf (t). This variable can be interpreted as equal to the sum of all
∆degf (t) but is implemented slightly differently. The degradation status degf (t) influences the effec-
tively generated voltage Vf (t) through constraint 4.23.

∆degf (t) = ∆V base · δf (t) + ∆V low · zlowf (t) · δf (t) +
∆V high · zhighf (t) + ∆V start · zstartf (t) + ∆V dP · dPf (t) ∀t ∈ T, f ∈ F (4.34)

degf (t) = degf (t− 1) + ∆degf (t− 1) ∀t ∈ T \ {1}, f ∈ F (4.35)
degf (1) = deg0,f ∀f ∈ F (4.36)

Battery
Constraint 4.37 is used to define the charging status of the battery: if P c(t) > 0 then δc(t) = 1, and if
P c(t) = 0 then δc(t) = 0. The following constraint ensures the same for the discharging status of the
battery. Constraint 4.39 prevents simultaneous charging and discharging: at any time step, the battery
can be off completely, it can charge, or it can discharge, but it can’t both charge and discharge at the
same time.

Constraints 4.40 until 4.43 are used to define the energy content of the battery. Constraint 4.40
defines the battery’s initial energy content. Constraint 4.41 relates the battery power during time step
t with length dt to a change in energy during this time step, dE(t). The change in energy at time step t
affects the energy content of the battery at the next time step: this is implemented using constraint 4.42.
Constraint 4.43 is added to prevent the battery’s energy content from surpassing the lower or upper
bound due to the power at the final time step. The effect of the power output at the final time step was
not yet accounted for in constraint 4.17 for the energy content E(t).

0 + ϵ−M(1− δc(t)) ≤ P c(t) ≤ 0 +M · δc(t) ∀t ∈ T (4.37)
0 + ϵ−M(1− δd(t)) ≤ P d(t) ≤ 0 +M · δd(t) ∀t ∈ T (4.38)
δc(t) + δd(t) ≤ 1 ∀t ∈ T (4.39)
E(1) = SoE0 · Ebat (4.40)
dt · (P c(t)− P d(t)) = dE(t) ∀t ∈ T (4.41)
E(t) = E(t− 1) + dE(t− 1) ∀t ∈ T \ {1} (4.42)
SoE lb · Ebat ≤ E(tend) + dE(tend) ≤ SoEub · Ebat (4.43)

4.2.7. Implementation of the model
The mathematical model is transformed into Python code, using Spyder software. The model is solved
using Gurobi, a suitable solver for mixed-integer quadratically constrained programming. Four of the
five papers which used MIQP, cited in the literature review, used Gurobi to solve their quadratic mod-
els [44]-[47]. An HP ZBook Power G7 Mobile Workstation with an Intel(R) Core(TM) i7-10750H CPU
@ 2.60GHz and 16 GB of RAM is used as hardware to run the model.

4.3. Battery degradation
To keep the computational complexity of the model limited, battery degradation is not incorporated in
the optimisation. Instead, battery degradation is evaluated after the optimisation, using the total amount
of energy spent on battery charging. The method applied by Pivetta et al. [13], which in turn is based
on the research by Terlouw and Bauer [68], is used to determine the battery’s degradation.

An energy capacity loss of 20% is used as the EoL definition [13]. In this approach, we assume that
the battery degrades linearly over its lifetime, and the average battery energy capacity Eav during its
lifetime is then 90% of its initial energy capacity Ebat. A limited depth-of-discharge (DoD) is used for
the battery to limit degradation effects [24], from SoE = 0.2 until SoE = 0.8: the resulting DoD is 60%.
Toshiba’s data sheet states that the number of lifecycles N cycles is more than 20000 [69]. The maximum
energy throughput can then be calculated using:

Etp,max = N cycles · Eav ·DoD (4.44)

This value is used to evaluate the state-of-health of the battery by looking at the total energy spent on
battery charging during any simulated load profile.



5
Case study

The case study used for this thesis is an existing general cargo vessel, the MV Ankie. Measurements
of the engine’s power output have been made available for the purpose of this thesis and are used as
the power demand of the ship. The power requirement of the vessel is used to choose a commercially
available fuel cell system to model.

The vessel’s characteristics are given in section 5.1. Two figures are included that show the ship’s
power demand during a trip, one for a long operational profile and one for a shorter but more power-
intensive operational profile. This is followed by a section describing the process of selecting and
modelling a fuel cell system. Lastly, an overview and explanation of all input to the mathematical model
is given in section 5.3.

5.1. The vessel used in the case study
The MV Ankie, a general cargo vessel, is selected as a case study for the purpose of this thesis. The
ship is currently in operation and it has one main diesel engine and a controllable pitch propeller. Some
of the ship’s specifications are given in table 5.1.

Table 5.1: Case vessel specifications, from [70]

Characteristic Value
Length 88.9m
Width 12.5m
DWT 3638 t

Year built 2007
Engine Wärtsilä 9L20

Measurements taken on board the general cargo vessel MV Ankie have been used before in re-
search from the SH2IPDRIVE project. Some of these measurements were made available for the
purpose of this thesis. Mylonopoulos et al. [70] used the measured diesel engine’s power output as
the load requirement of the vessel. The ship does not have a fixed route, and thus the power measure-
ments do not show a single clearly defined operational profile. The maximum recorded power output
of the diesel engine is just above 1200 kW.

Mylonopoulos et al. [70] developed several possible system configurations for a conceptual retrofit of
this cargo vessel to a fuel cell/battery hybrid vessel. They state that the fuel cells must be able to supply
the maximum power demand of 1200 kW. In collaboration with the vessel’s operators and industry
experts, Mylonopoulos et al. [70] determined that the battery packs should have a total energy capacity
of 550 kWh and a total power of 800 kW. These requirements will be used in this thesis. Specifically, the
required installed fuel cell power of 1200 kW is used to select a fuel cell system in the coming section.

Two different load profiles were defined using the available measurement data and can be seen in
figure 5.1. The long load profile, seen in figure 5.1a, includes both a long time at constant operation as
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well as a period of load fluctuations. From now on, this load profile is referred to as the ’energy-intensive
profile’ or ’E-intensive profile’.

The shorter profile, seen in figure 5.1b, has a sustained high-power operation with two peaks near
the maximum power demand of the vessel. This load profile is from now on referred to as the ’power-
intensive profile’, or ’P-intensive profile’. These load profiles will be used separately as input to the
model.

(a) Energy-intensive load profile (b) Power-intensive load profile

Figure 5.1: Two different operational profiles applied in this thesis

The measurements were taken at a fixed interval of five minutes. While fuel cell voltage is important
for the management of the DC grid at very small time scales, the energy balance in a hybrid system
has a long timescale [71]. For the purpose of this study, a longer timescale is regarded as suitable
while acknowledging that the short-term effects of voltage fluctuations are not represented.

5.2. Fuel cell selection and modelling
The fuel cell selection and subsequent modelling are discussed in this section. First, a commercially
available fuel cell system suitable for maritime application is chosen based on the available data. The
Nedstack maritime systems are chosen and the following sections are used to describe the process of
modelling the chosen fuel cell system. First, the stack performance is described in section 5.2.2. The
stack performance is translated to the system performance using auxiliary losses, and this process is
described in section 5.2.3. Finally, the final models describing the performance of the two maritime fuel
cell systems are presented in section 5.2.4.

5.2.1. Selecting a fuel cell system
Commercially available fuel cell systems which are marketed as suitable for maritime purposes are
assessed in this section. Two maritime fuel cell systems from Nedstack are analysed, as well as all the
fuel cell systems covered by Mylonopoulos et al. [70]. Factors such as weight, volume and costs were
important considerations for selecting the fuel cell system in the research by Mylonopoulos et al. [70].
For the purpose of this thesis, the available data on the fuel cell’s operational characteristics has a large
impact on the possibility of modelling the system. An overview of the relevant fuel cell systems is given
in table 5.2. The table includes the systems’ rated power as well as some remarks on the available
data.

The large amount of data supplied in Nedstack’s data sheet [72], including a polarisation curve
which extends past the nominal operating point, is seen as a large advantage. The extension of the
polarisation curve past its rated operating point at beginning-of-life conditions allows us to model the
system until end-of-life conditions using the extensive polarisation curve. The stack specifications and
operating conditions are described in great detail in the data sheet, and multiple operating points are
described for both the 13 kW fuel cell stack and the maritime fuel cell systems. Besides that, the
availability of the 600 kW system provides the possibility of modelling only two separate systems. For
these reasons, the Nedstack systems are selected for further analysis.
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Table 5.2: Review of commercial maritime fuel cell systems

Fuel cell system Power [kW] Remarks

zepp.Y50 [73]
by zepp.solutions 50

Efficiency and fuel consumption as function of
output power, no polarisation curve

HyPM HD90 [74]
by Hydrogenics 90

Production halted,
extensive polarisation curve

MT-FCPI-120 [75]
by Nedstack 120

Extensive polarisation curve stack
and fuel consumption data

zepp.X150-M [73]
by zepp.solutions 150

Marinised version is mentioned,
no information found

HyPM HD180 [76]
by Hydrogenics 180

Production halted,
extensive polarisation curve

Marine System 200 [77]
by Powercell Group 200

Limited data available,
no polarisation curve

FCWave [78]
by Ballard 200

Limited data available,
no polarisation curve

MT-FCPI-600 [79]
by Nedstack 600

Extensive polarisation curve for stack,
two systems can provide required power

5.2.2. Fuel cell stack model
Nedstack’s fuel cell stack is first modelled as it forms the basis of both maritime fuel cell systems.
The rated power of 13.6 kW is delivered at 230A [72]. An open-source web-based tool developed by
Rohatgi [80] is used to extract data points from the polarisation curve and power curve supplied in the
data sheet [72]. The two separate data sets are used to construct a linear current-voltage relation and a
quadratic current-power relation, as suggested in the problem description in section 4.1. The constants
V OC and Rohm, used in equations 4.1 and 4.2, must be equal in both relations. Trend line equations
have been constructed by minimising the mean absolute percentage error (MAPE) between the points
generated by the trend line and the points extracted from the data. This is achieved by using the Excel
solver add-in to vary the constant values V OC and Rohm to minimise the MAPE. The final values for
V OC and Rohm were found by minimising the average MAPE of the voltage trend and the power trend,
while only looking at the data for I > 30 A. This value for the fuel cell’s minimum operating current I lb
was confirmed in a meeting with Wouter Balk, test engineer at Nedstack (private communication, Oct.
25, 2023). V OC = 80.64V and Rohm = 0.0939Ω were found to best describe the stack’s performance
curves for I > 30 A.

The resulting trend lines, as well as the data points extracted from the polarisation curve, can be
seen in figure 5.2. The voltage trend line has a visible variation in the region below 30A, underestimating
its voltage. However, the trend lines are considered suitable for the purpose of this thesis, as the fuel
cell won’t be operated in the region below 30A, indicated by the dark grey region in the figure.

Besides the trend lines for voltage and power, the stack’s fuel consumption is included in the figure
as a second horizontal axis. The fuel consumption is found as follows. For a single cell running at sto-
ichiometric operation, the relation between its current and its hydrogen consumption can be described
by equation 5.1 [18]:

I = zFν (5.1)

Here z is the number of electrons transferred per hydrogen molecule (2), F is the Faraday constant
in C/mol and ν is the hydrogen consumption in mol/s. The cell’s molar flow can be translated into a
mass flow by using the molar mass of hydrogen, MH2 (in g/mol). The stack’s mass flow is found by
multiplying the cell’s hydrogen consumption with the number of cells in the stack n. The equation is
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Figure 5.2: Fuel cell stack trend lines through data points from [72] for I >30A

further refined by dividing by the hydrogen utilisation factor ηfuel, which compensates for the fact that
part of the hydrogen is not used to generate current [18]. The stack’s hydrogen consumption, in grams
per second, can then be found using equation 5.2

ṁH2,stack =
MH2 · I · n
zF · ηfuel

(5.2)

The hydrogen utilisation factor is ”commonly set at 99%-100%” [81]. This matches with the estimate
of 1% hydrogen loss due to anode purging in the Nedstack system which was mentioned by Wouter
Balk (private communication, Oct. 25, 2023).

The stack’s maximum hydrogen consumption was given as 154 normal litres per minute [72]. The
definition of the normal flow used by Nedstack was confirmed to be at conditions of 0°C and atmospheric
pressure by Wouter Balk (private communication, Oct. 25, 2023). Using the density of hydrogen at
these conditions the maximum hydrogen consumption can be calculated to be 0.228g/s. The hydro-
gen consumption at 230A, calculated with equation 5.2, results in a 2% overestimation at 0.233g/s,
corresponding well to the reported value.

Finally, the fuel cell efficiency can be described by equation 5.3, with the fuel cell power in kW and
the lower heating value (LHV ) in kJ/g [18].

ηfc =
P fc

ṁH2 · LHV
(5.3)

The stack’s efficiency is given in the appendix in figure A.2. The figure also includes the linear
relation between fuel cell current and fuel consumption.

5.2.3. Determining auxiliary losses in the maritime fuel cell systems
Auxiliary losses occur when scaling from one stack to the larger systems. The available data on fuel
consumption and power output of the 600 kW system are exactly five times larger than for the 120 kW
system, so the 120 kW system is used to determine the losses, and specifically the version consisting of
twelve stacks connected in series (N s = 12). Its current is limited to 200A, and its reported performance
is summarised in table 5.3. For convenience, the fuel consumption is calculated to grams per second
as well.

When a graph is constructed by simply multiplying the stack’s trend lines by the number of series-
connected stacks (N s = 12), the nominal power of 120 kW is produced near 150A and the peak power
of 148 kW is produced near 200A. These points are represented by points 1 and 2 respectively in
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Table 5.3: Overview of 120 kW system conditions reported in Nedstack’s data sheet [75]

Power
Reported

hydrogen consumption
Rewritten

hydrogen consumption Current

Nominal 120 kW 59 kg/MWh 1.966g/s Undefined

Rated/max 148 kW 8 kg/h 2.22g/s 200A

figure 5.3. While this does seem like the perfect definition of nominal and rated conditions, this would
suggest no additional losses are generated in the twelve-stack system. Furthermore, it does not match
the available data on hydrogen consumption.

The nominal hydrogen consumption, given as a specific consumption, can be translated into grams
per second by using its nominal power. At 120 kW the system produces one MWh in eight hours and
twenty minutes, so the nominal hydrogen consumption refers to a mass flow of 1.966g/s. The reported
maximum hydrogen consumption is equal to 2.22g/s. After dividing the hydrogen consumption by
the number of stacks, equation 5.2 can be used to determine the operating current based on the fuel
consumption. The nominal consumption would be related to a current of 162A and the maximum hy-
drogen consumption would be related to a current of only 183A. This would suggest that the reported
maximum consumption is recorded below the maximum operating current, which does not seem real-
istic. Besides, the nominal current based on hydrogen consumption is higher than expected based on
the simple relation between stack power and system power. This deviation may be explained by the
presence of additional auxiliary losses in the fuel cell system.

An auxiliary loss is added to the trend line for twelve stacks to match the system’s reported nominal
fuel consumption to its nominal power. A linear profile of the system’s losses was suggested by Wouter
Balk (private communication, Oct. 25, 2023). The losses mainly consist of the air blower in the system
and were suggested to be around 5 − 7% of the total generated power. A linear power loss is added
with the intent of shifting point 1 in figure 5.3, the nominal power (120 kW), from 150A to 162A. This
is achieved by applying a 5.57% power loss to the system, in line with the suggested power loss. The
reported nominal fuel consumption is now matched with the nominal power using the relation between
current and fuel consumption. The results are given in figure 5.3.

Figure 5.3: A 5.57% loss shifts the nominal operating point from 1 to 3, matching the reported consumption to power

In the figure, points 1 and 2 are the nominal and peak power on the simple system power curve.
Point 3 represents the nominal operating point of the fuel cell after compensating for auxiliary losses,
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with a 120 kW production at 162A. At this point, the fuel cell operates at its nominal operating power
and fuel consumption as reported in table 5.3. The addition of losses led to a reduction of the system’s
peak power from 148 kW near 200A (point 3) to 140 kW at 200A (point 4). The maximum hydrogen
consumption is now higher than the reported maximum consumption rate of 8 kg/h. Interestingly, a
power of 140 kW on the simple power curve relates to the maximum hydrogen consumption reported
on the data sheet, which might explain the discrepancy (point 5).

To conclude, there are some discrepancies in the data sheet, which hinder the reproducibility of
the model developed in this thesis. From now on, it is assumed that 5.57% of the stack power is lost
to auxiliary components in the system (ηaux = 1 − 0.0557). The peak power is reduced to 140 kW at
200A while the nominal power is produced at 162A. The maximum hydrogen consumption reported in
the data sheet is an underestimation based on the peak power of 140 kW applied to the curve without
losses.

5.2.4. Fuel cell systems with parallel connections
While the 120 kW system could be modelled using only series connections between stacks, a config-
uration with parallel connections is also described in the data sheet. Besides that, the 600 kW only
has a configuration with parallel connections. The 600 kW system consists of sixty stacks. The system
generates a voltage in the range of 500-1000V and operates with a current of 0-1200A. This is achieved
by six parallel lines (Np = 6) of ten stacks connected in series (N s = 10). The fuel cell system voltage
V sys can be described by equation 5.4 for any combination of N s and Np:

V sys = N s(V OC,stack −
1

Np
Rohm,stack · I) (5.4)

Here I relates to the system’s total current, the sum of all current through parallel lines. Applying
equation 5.4 to the 120 kW and 600 kW configurations leads to the operating characteristics in figure 5.4.
Note that auxiliary power losses are applied to find the power curve. The minimum operating current
of the system I lb is represented in the figure using the dark grey region, and is found by multiplying
the stacks’s minimum operating current I lb by N s. The total fuel consumption of the system ṁH2,sys is
found by multiplying the stack’s fuel consumption (equation 5.2) with the number of series-connected
stacks N s:

ṁH2,sys = N s ·
MH2 · I · n
zF · ηfuel

(5.5)

(a) 120 kW system, parallel layout (b) 600 kW system

Figure 5.4: System characteristics for Nedstack’s maritime systems, based on the stack trend lines

5.3. Input to the model
An overview of all fixed input parameters of the mathematical model is given below in table 5.4. To
simplify, all parameters are given for the 600 kW system. The values which differ, such as the currents
defining the operating regions, degradation rates, and rated power can be translated into values for the
120 kW system by taking into account the number of stacks, Np and N s.
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Pei et al. suggested an end-of-life (EoL) definition of a voltage loss equal to 10% of the cell’s
voltage [51], presumably 10% from a voltage of 0.7V. Dall’Armi et al. used an EoL definition of 20% of
the cell’s reference voltage [17] without specifying the value of the reference voltage. In this case, the
fuel cell’s EoL criteria is defined as a voltage loss of 0.1V per cell, which is approximately 10% of the
cell’s V OC. With n = 96 and NS = 10 this results in V loss,ub = 96V.

The fuel cell degradation rates for the five operation regions are based on the cell-level degradation
rates found during the literature review, described in section 3.4. All cell-level degradation rates in
table 3.1 are multiplied by the number of cells n and the number of series-connected stacks N s. The
degradation rates for the operating regions are hourly, while the voltage losses due to starts and load
change are per cycle. The value for∆V dP is multiplied by the normalised absolute power change dPf (t)
in the mathematical model, which represents load change as a fraction of the full cycle.

The charging and discharging efficiency of the battery are assumed based on a review of the lit-
erature. This led to the conclusion that the efficiencies used in similar studies were mostly based on
assumptions as well. Some authors report values as low as 0.88 for both efficiencies [25], while others
use values of 0.98 and 1 for charging and discharging respectively [82]. The values used in this thesis
represent a middle ground between these reported values and consciously show a difference between
the charging and discharging efficiency. This last aspect is incorporated in multiple papers modelling
energy management systems and can be supported by an experimental battery study that shows a
difference between charging and discharging efficiency [83].

The values for M and ϵ had to be chosen such that the big-M method works as expected: a small
value for ϵ is required and is chosen rather arbitrarily. The value for M is chosen based on the upper
bound of all variables in the applications of the big M method. It has to be larger than the fuel cell
power due to constraint 4.25, larger than the fuel cell current due to constraint 4.26, and larger than
the battery power due to constraint 4.37. The maximum value of these three variables is 1200 for the
fuel cell current, so M = 2000 is large enough.

There are also input parameters that vary per optimisation run. The length of the time step dt is
varied for both load profiles. The constant c, is used to determine the fuel consumption during a time
step with length dt due to an operating current I. Its value can be calculated as follows:

c =
MH2 · n ·Ns

zF · ηfuel
· dt (5.6)

Additionally, the hydrogen and fuel cell costs are varied to carry out the minimisation of total costs for
different price scenarios. The two coefficients in the minimisation of total costs, c1 and c2, are calculated
as follows:

c1 = c · cH2 (5.7)

c2 =
cPEM · P rated

V loss,ub
(5.8)

At the time of writing, the cost of hydrogen (cH2 ) at fuel stations ranges between 18 to 25 e /kg in the
Netherlands, while prices as low as 10 e /kg are reported at German fuel stations [86].

The costs of state-of-the-art maritime fuel cell systems cPEM have been reported to be around 1000
to 2500 e /kW [87], with the Clean Hydrogen Joint Undertaking reporting a specific fuel cell cost of
2000 e /kW [88]. If the production of PEM fuel cell systems increases, a price of around 600 e /kW is
projected near the end of this decade, with a long-term objective for heavy-duty systems of 80 e /kW
in 2050 [87].
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Table 5.4: Input parameters of the mathematical model, for the 600 kW system

Parameters Value Unit Source
Ebat 550 kWh Chosen based on [70]

Etp,max 7.28 GWh Based on [13], described in section 4.3
F 96485 C/mol [18]
I lb 180 A Assumed
I low 600 A Assumed
Ihigh 1020 A Assumed
Iub 1200 A [75]

LHV 120 kJ/g [84]
M 2000 - Chosen
MH2 2.01568 g/mol [85]
n 96 - [72]

N cycle,max 20000 - [69]
Np 6 - Deduced from [79]
N s 10 - Deduced from [79]

P rated 600 kW [79]
Rohm 0.0939 Ω Determined in section 5.2
SoE0 0.8 - Chosen
SoE lb 0.2 - [17], [24]
SoEub 0.8 - [24]
V loss,ub 96 V [51]
V OC,stack 80.64 V Determined in section 5.2

z 2 - [18]
∆V base 0.00192 V/h Assumed based on [9], [49]
∆V dP 0.000216 V [53]
∆V high 0.00768 V/h [53]
∆V low 0.006432 V/h [53]
∆V start 0.013248 V [53]

ϵ 0.01 - Chosen
ηaux 0.9443 - Determined in section 5.2
ηc 0.95 - Assumed
ηd 0.98 - Assumed
ηfuel 0.99 - [81]
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Verification of the model

The implementation of the mathematical model is executed in steps. The model is verified by using
various tests. For each test, a hypothesis is defined that should describe the expectation of how the
model should behave. If the results do not match the hypothesis, first the hypothesis is checked to see
if the assumptions were correct. If the assumptions look correct, the model is checked for any errors in
the formulation. If no errors are found in the formulation, the implementation of the model in the code
is checked to see if there are any programming errors. If any changes are made after failing a check,
the verification is restarted from scratch.

Verification tests are carried out by changing parameters in three categories. The objective function
can be changed by varying parameters in the existing objective function, which adjusts the goal of the
optimisation. Changing functional parameters impacts the model by changing the ’external’ charac-
teristics imposed on the mathematical model, such as the power demand or the efficiencies. Finally,
right-hand side (RHS) parameters are related to the constant value in a constraint and change the lower
or upper bounds of a variable.

The verification process is carried out as the model is developed. The verification of the fuel cell
model (without degradation) is described in section 6.1. This is followed by the verification of a stand-
alone battery model. The verification of the hybrid model is described in section 6.3. The model for fuel
cell degradation is verified by only looking at the fuel cell, and this process is described in section 6.4.
Ultimately, verification tests are carried out on the hybrid model which includes fuel cell degradation.

The step size used during the verification process increases as the model becomes more complex,
as is described in the sections on the verification process. Separate from the model verification, the
time step selection and its implications are discussed in section 6.6.

6.1. Verification of the fuel cell model
The fuel cell model, without degradation, is tested using the 102-hour-long operational profile. This
immediately leads to the conclusion that applying ten separate fuel cell systems is not realistic with
respect to computational complexity. Iterating between the numbers of fuel cells which can provide the
required 1200 kW by simply varying the number of series-connected stacks in a system, leads to the
following run times for imaginary systems: 7 seconds for two 600 kW systems, 163 seconds for three
400 kW systems, 265 seconds for four 300 kW systems, and 408 seconds for six 200 kW systems. It was
not possible to find an accurate (below 2.5% gap) solution within one hour for the ten 120 kW systems.
As the model will only increase in complexity, the two 600 kW systems are used to model the hybrid
propulsion system. This choice will lead to a decrease in operational flexibility and may result in higher
fuel consumption and/or fuel cell degradation when compared to the optimal power allocation using ten
systems.

The fuel cell model is verified using the energy-intensive operational profile with time steps of 5
minutes. While testing only the fuel cell systems, I lb is set to 0 to ensure that low power demand can
be provided by the fuel cell system as well. The model is solved while minimising total fuel consumption,
which led to a total fuel consumption of 4.56 t. This is the optimal solution of the objective function and
will be represented by the symbol Z in this verification process. The power supplied by the two fuel cell

36
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systems is practically identical at each time step, and the same goes for the systems’ fuel consumption.
This can be explained by the simple fact that the system’s efficiency decreases as the current increases;
the most beneficial strategy is to run both systems at equal, low power. The total energy generated by
the fuel cell, dt ·

∑
t∈T Pf (t), is equal to 43.3MWh for both systems. This value is used in the verification

process, as it indicates the share of energy delivered by both fuel cell systems. For the purpose of the
verification process, E1 represents the energy delivered by system 1, and E2 the energy delivered by
system 2.

Table 6.1: Verification tests for fuel cell model

Type of test Description Expected Result OK?
Objective
function

Change to max-
imisation

Z > 4.56, If maximised
for one system while min-
imised for other

Z = 4.94, difference be-
tween operating current is
maximised at each time
step

OK

Objective
function

Decrease ηfuel
from 0.99 to 0.95
for system 1

Z > 4.56,
E1 < 43.3, E2 > 43.3

Z = 4.65,
E1 = 41.4, E2 = 46.5

OK

Functional Decrease ηaux
to 0.9

Z > 4.56 Z = 4.83 OK

Functional Reduce P dem(t)
to zero for all
time steps

Z = 0,
E1 = E2 = 0

Z = 0,
E1 = E2 = 0

OK

Right-hand
side

Increase V OC to
90

Z < 4.56 Z = 3.95 OK

Right-hand
side

Decrease Iub to
500A for system
1

Z > 4.56,
E1 < 43295, E2 > 43295

Z = 4.62,
E1 = 34.1, E1 = 53.8

OK

6.2. Verification of the battery model
The battery model is tested to ensure that the model works as expected. As none of the objective
functions suggested in section 4.2.5 can be applied to the battery-only model, the following objective
function is used to verify the battery model:

min
∑
t∈T

(P c(t) + P d(t)) (6.1)

In contrast to the fuel cell model, the battery model consists of only one system. The optimisation
consists of following the power demand only, and there are no ways in which the model can find an
optimum strategy, it merely has to follow the power demand. Even though the results are not interesting,
the process allows us to verify the battery model. Several tests are carried out, among which:

• Using a power demand that ensures the battery is empty at the time step before the final time
step: if the power at the final time step is too high, the model is infeasible, which shows that
constraint 4.43 works.

• Using a power demand consisting of negative values (power supply): the battery model works
fine and shows the charging of the battery.

• Decreasing the efficiencies ηc and ηd results in reduced effective charging power P c and in-
creased required discharging power P d for a constant power demand.

• A power demand of 0 results in both δc and δd being 0 as well.
• Reducing ϵ to 0 with a power demand of 0’s and changing the objective function to the maximiza-
tion of

∑
t∈T (δc(t) + δd(t)) leads to both δ’s being 1 at all time steps, even though P c and P d are

0. This should not be allowed and does not occur when ϵ = 0.001, highlighting the importance of
including ϵ in constraints 4.37 and 4.38.

• Reducing M to 400 leads to an infeasible model, showing the importance of choosing the right
value for M .
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6.3. Verification of the hybrid model
The hybrid model is verified using a reduced load profile to limit the computational time. The objec-
tive function is the minimisation of fuel consumption. The model is tested by using hourly data for
power demand to limit the number of time steps from 1225 to 103. The optimisation led to a hydrogen
consumption of 4.58 t, which will be the objective value to which the results of the verification will be
compared. Besides that, the value for the total energy discharged by and supplied to the battery re-
lates to the extent of the battery usage. These can be expressed as dt ·

∑
t∈T (P d(t)) = 0.96MWh and

dt ·
∑

t∈T (P c(t)) = 0.55MWh, and are represented by E1 and E2 in the table, respectively.

Table 6.2: Verification tests for the hybrid model

Type of test Description Expected Result OK?
Objective
function

Change to max-
imisation

Z > 4.58,
E1 > 0.96

Z = 5.20,
E1 = 12

OK

Objective
function

Change to min∑
t∈T P c(t)

Z > 4.58,
E1 < 0.96, E2 = 0

Z = 4.88,
E1 = 0.40, E2 = 0

OK

Functional Increase battery
efficiencies to 1

Z < 4.58,
E1 > 0.96, E2 > 0.55

Z = 4.57,
E1 = 1.34, E2 = 0.92

OK

RHS Reduce SoEub
and SoE0 to 0.5

Z > 4.58,
E1 < 0.96, E2 < 0.55

Z = 4.59,
E1 = 0.54, E2 = 0.33

OK

6.4. Verification of model for fuel cell degradation
The fuel cell degradation model is carefully verified by checking if the output values of the newly intro-
duced variables match the expectation based on the operating current. This has been done for a very
simplified demand profile and showed that the constraints work as expected. In addition, the fuel cell
model with the included degradation has been run for the hourly load profile, and some generic tests
have been carried out. Minimising fuel consumption leads to a fuel consumption of Z = 4.61 t, and a
voltage loss of 311 and 285mV for system 1 and 2 respectively (combined 0.60V). For easy compari-
son, the total fuel consumption is referred to as Z1 = 4.61 while the combined voltage loss of the two
systems is referred to as Z2 = 0.60 in the table describing the verification tests, table 6.3.

Table 6.3: Verification tests for fuel cell degradation

Type of test Description Expected Result OK?
Objective
function

Change to min
deg (4.20)

Z1 > 4608.15,
Z2 < 596.6

Z1 = 4635.65,
Z2 = 466.96

OK

Functional Reduce I low
from 600 to
400A

Z2 < 596.6, less time
spent operating in low-
current region

Z2 = 544, yes OK

Functional Double ∆V base Z1 > 4608.15,
Z2 > 596.6

Z1 > 4608.83,
Z2 > 969.32

OK

Functional Remove degf (t)
from the voltage
relation (4.23)

Z1 < 4608.15 Z1 = 4607.18 OK

Functional Increase power
demand by
400 kW

Z1 > 4608.15,
Z2 > 596.6

Z1 = 7510.44,
Z2 = 1777.80, mostly due
to deg at high current

OK

RHS Set starting deg
to
degf (1) = 20 V
for both sys-
tems

Z1 > 4608.15 Z1 = 4768.66 OK
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6.5. Verification of final model with degradation
Due to the model’s increasing complexity, the verification of the complete model is executed using the
hourly data for the power-intensive load profile. The benchmark result during the verification process
is determined for the minimisation of hydrogen consumption. This resulted in a total fuel consumption
of 1.54 t, with a total combined voltage loss of 0.18V. These will be represented as Z1 = 1540.2 and
Z2 = 177.5 respectively in table 6.4.

Table 6.4: Verification of the complete model

Type of test Description Expected Result OK?
Objective
function

Change to min
deg (4.20)

Z1 > 1540.2,
Z2 < 177.5

Z1 = 1577.8,
Z2 = 131.1

OK

Objective
function

Change ηfuel to
0.8 only for
system 2

Z1 > 1540.2,
system 1 is used more
than system 2

Z1 = 1698, system 1
supplies 61% of total
fuel cell power

OK

Functional Reduce Ihigh
from 1020 to
800A

Z1 > 1540.2,
Z2 > 177.5

Z1 = 1540.3,
Z2 = 269.7

OK

Functional Reduce SoE0 to
0.2

Z1 > 1540.2,
Z2 > 177.5

Z1 = 1562.3,
Z2 = 194.2

OK

RHS Increase deg0 to
48V, which is a
starting SoH of
50%

Z1 > 1540.2,
Z2 > 177.5

Z1 = 1686.2,
Z2 = 192.9

OK

RHS Increase
P dem(t) by
200 kW

Z1 > 1540.2,
Z2 > 177.5

Z1 = 1972.2,
Z2 = 288.9

OK

In the first functional test, the reduction of the lower-bound for the high-current region was expected
to lead to an increase in fuel cell degradation, as more time would be spent operating in the high-current
region. This was clearly the case, with an increase in degradation of around 50%. The increase in
degradation led to a limited increase in fuel consumption.

In the first RHS test, the increase in degradation is due to the occurrence of operating in the high-
current region. Due to the starting degradation of deg0 = 48V, the highest output power recorded
during the load profile now relates to a fuel cell current in the high-current region, which did not occur
for deg0 = 0V.

6.6. Time step selection
Increasingly large time steps were used during the verification tests as the model became more com-
plex. While choosing the time step size dt to use for generating the final results, a trade-off between
accuracy and computational complexity has to be carried out. The power-intensive load profile is used
to investigate the sensitivity of the model results to the time step size. The energy-intensive load profile
is approximately four times longer, and a time step of four times longer will be chosen as well.

Time step sizes of one hour, thirty minutes, fifteen minutes and five minutes have been used to carry
out the optimisation. This required 3 seconds, 71 seconds, and almost one hour to reach the standard
solution gap of 0.01% for the first three time-step sizes. The solution gap was stranded at 0.012% for
the final run, which took 8 hours. The resulting voltage losses, for minimisation of fuel consumption
and minimisation of degradation, are included in figure 6.1.

While the degradation is significantly higher for small step sizes while minimising hydrogen con-
sumption, the voltage loss when minimising degradation is quite constant. The degradation actually
increases as the step size gets larger, as there are fewer options to minimise the degradation.

Assuming the fuel consumption resulting from the smallest time step is most accurate, the fuel
consumption is consistently overestimated when using the larger time step. In ascending length of dt
the fuel consumption is overestimated by 0.6, 0.2 and 0.6%, respectively, for both objective functions
applied. The battery usage is underestimated by 6% for the 15 minute time step but overestimated
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by 5% for dt = 30m, while minimising degradation. The battery usage is consistently underestimated
when minimising fuel consumption.

A time step of 15 minutes is chosen to apply to the power-intensive load profile. It is deemed as the
best trade-off between computational complexity and accuracy. The total degradation can be accurately
determined while including degradation in theminimisation problem. The quality of the solution is higher
compared to the time step of five minutes; it takes less time to find, and an initial near-optimal solution
is found faster. At the same time, the suggested time step size for the extensive load profile is 1 hour.

(a) Results degradation for min(mH2 ) (b) Results degradation for min(deg)

Figure 6.1: Comparison of voltage loss during the power-intensive load profile, for various time step sizes

The choice of a larger time step size can be explained with the assumption that the battery will
compensate for all the intermediate load changes. While the comparison between the results of the
power-intensive load profile did not lead to a clear reduction in battery usage for the various dt while
minimising degradation, the effects were clearer when minimising fuel consumption. This led to an
underestimation of battery usage by 15% for the two intermediate step sizes, and by 45% for the largest
step size of one hour.

Additional measurements are available at an interval of 200ms. These are used to compare battery
usage and fuel cell degradation by looking at various increases in dt. A fuel cell operating at constant
power is compared with a fuel cell operating by load-following. If the fuel cell is operating at constant
power, then the battery is absorbing all fluctuations. With a large time step size, this is not included
in the model. The increase in dt from one second to ten seconds was the most impactful on battery
usage, with a 30% reduction due to the large step size. This can be seen in figure 6.2. The results for
the increases in dt from 200ms to 1 s, from 10 s to 1m and from 1m to 5m are given in the appendix in
figure B.1. The underestimation of battery usage compounds as the time steps get larger, and results
in an underestimation of battery usage by about 30%, with a related increase in fuel consumption of
only 0.6%.

(a) 100 seconds at dt = 1 s (b) 100 seconds at dt = 10 s

Figure 6.2: Reduction in power fluctuations by changing dt from 1 s to 10 s
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Besides the underestimation of battery usage, the comparison of results between minimising fuel
consumption and minimising degradation will show a smaller effect. For time step sizes of 200ms and
one second, the degradation is portrayed accurately by the larger step size. A larger difference in
degradation is found when comparing dt = 1 to dt = 10 seconds. For dt = 1s, load-following leads to
an increase in degradation by 500% compared to the degradation when operating at a constant load,
while the degradation is only doubled for the larger time step size. This effect diminishes again for
larger time step sizes, but this may lead to a significant underestimation of the fuel cell degradation
when minimising fuel consumption.

Table 6.5: Degradation for constant fuel cell power and for fuel cell load-following for different dt

Profile
Degradation at

constant power [mV]
Degradation for

load-following [mV]

Small dt Large dt

Twenty seconds
at 200ms & 1 s 10.7 60.8 60.1

Hundred seconds
at 1 s & 10 s 53.3 320 110

Fifteen minutes
at 10 s & 1m 480 837 582

One hour
at 1m & 5m 1920 2240 1979
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Results

The two load profiles introduced in section 5.1 are used in the proposed model. Due to the model’s
complexity, a time step size of dt = 1 hour is used for the 102-hour-long energy-extensive load profile,
and the power profile is simulated with time steps of dt = 15 minutes. As a result of these large
step sizes, the battery usage will be underestimated. This also leads to an underestimation of fuel
consumption.

The results of the two single-objective optimisations are discussed in section 7.1. The weighted-
sum approach is used to minimise the total costs, and results of the sensitivity analysis are given in 7.2.
The results of the long-term simulation of the vessel are discussed in the final paragraph.

Figures for the power balance are given throughout this chapter. The curves describing the battery
and fuel cell power are compensated for the losses. The charging power of the battery (negative
values) represents the power supplied to the battery, i.e. the surplus in the power balance, not what is
effectively charging the battery, which is less. Similarly, the battery discharge power and fuel cell power
represent the power delivered to the grid, excluding losses.

7.1. Comparing single objective optimisation runs
The energy-intensive and the power-intensive load profiles are used to run the model. Both objective
functions are used: the minimisation of fuel consumption (min(mH2 )) and degradation (min(deg)). The
resulting power balance and battery energy content are given below, in addition to some key results
such as fuel consumption, degradation and battery usage. The degradation is further analysed by
looking at the degradation per operating condition.

7.1.1. Single-objective optimisations using the energy-intensive load profile
The two single-objective optimisations, defined in section 4.2.5, are applied to the 102 hour load profile.
Some of the key results are summarised in table 7.1. The total degradation can be reduced by 35% by
minimising degradation only. The battery usage increases by a factor 3.5, resulting in a limited increase
in hydrogen consumption by only 2%.

Table 7.1: Key results of the single-objective optimisations using the energy-intensive profile

Objective Fuel consumption [kg]
Total fuel cell

degradation [mV]
Energy spent on

battery charging [kWh]

Minimising
fuel consumption 4576 613.3 566.9

Minimising
degradation 4659 396.9 2034

An overview of the degradation per operating condition is given in figure 7.1. Operating in the
low-current region can be effectively reduced using the minimisation of degradation.

42
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Figure 7.1: Degradation per operating condition during the energy-extensive load profile for both objectives

Finally, the resulting power balance and battery state of energy are given in figure 7.2.

(a) Power balance for min(mH2 ) (b) Battery state of energy for min(mH2 )

(c) Power balance for min(deg) (d) Battery state of energy for min(deg)

Figure 7.2: Results for the single-objective optimisations using the E-intensive profile

A clear difference can be seen between the top figures and the bottom figures, which, among others,
indicates the role of the battery in the operational strategy. For the minimisation of fuel consumption,
the battery is used to keep the fuel cell systems at efficient operating conditions: in the first sixty hours,
the fuel cell systems provide power at a near-constant output just below the power demand. When
the power drops the battery is recharged. This happens while operating at lower loads, and thus at
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relatively efficient operating conditions.
When minimising degradation, the battery is used to keep the fuel cell power nearly constant for the

first sixty hours. One system is kept offline for the first hour while the battery supplies the remainder of
the required power. Most of the decrease in degradation is due to a different strategy between the two
fuel cell systems themselves: by turning off one fuel cell system when it is possible, the system which
is turned off experiences less degradation. When minimising hydrogen consumption, the two systems
are operating at low power with high efficiencies. Both systems are experiencing degradation due to
the fact that they are turned on, as well as the fact that they are operating in the low-current region. In
the second strategy, only one system is on, and this system does not operate in the low-current region
but in the base region, which means that the system experiences significantly less degradation. The
other system is turned off and thus does not experience degradation at all.

7.1.2. Single-objective optimisations using the power-intensive load profile
The difference between the two optimal operational strategies for the minimisation of fuel consumption
and degradation, respectively, can be seen in figure 7.3.

(a) Power balance for min(mH2 ) (b) Battery state of energy for min(mH2 )

(c) Power balance for min(deg) (d) Battery state of energy for min(deg)

Figure 7.3: Overview of the results for the single-objective optimisation of the power profile at BoL

Again, the resulting strategy is shown using the power balance and the battery’s energy content to
support the understanding of the operational strategy. In the broad sense, the different optimisations
show similar behaviour as discussed in the previous section. Minimisation of fuel consumption results
in the battery being used for peak-shaving, while the fuel cell systems mostly operate at similar output
levels. Minimisation of degradation results in less operating time in the low-current region and a fuel
cell system is turned off if it is possible.

In the final time steps of the minimisation of fuel consumption, in the bottom-right corner of fig-
ure 7.3a, various start-stop cycles can be seen which could easily be prevented. This shows the
downside of the optimisation model as it is: when minimising fuel consumption there is very limited
reason to take degradation into account.
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An overview of some key results is given in table 7.2. Minimisation of degradation leads to 40% less
degradation compared to the voltage loss occurring while minimising fuel consumption.

Table 7.2: Key results of the single-objective optimisations for the power-intensive load profile

Objective Fuel consumption [kg]
Total fuel cell

degradation [mV]
Energy spent on

battery charging [kWh]

Minimising
fuel consumption 1539 214.6 236.1

Minimising
degradation 1569 129.2 788

Finally, the degradation per origin is given for both objectives. Even for the power-intensive opera-
tional profile, the fuel cell is not operated in the high-current region.

Figure 7.4: Degradation per operating condition during the power profile for both objectives

7.2. Sensitivity analysis using price scenarios
A weighted-sum approach to multi-objective optimisation is carried out using a combination of the two
previously used objectives, transforming both the fuel consumption and fuel cell degradation into cost,
as described in section 4.2.5.

A sensitivity analysis of the multi-objective optimisation model is carried out on the two previously
introduced load profiles. This is done by running the model for various combinations of fuel cell system
costs cPEM and hydrogen costs cH2 . Projections for the fuel cell costs, as well as a discussion of the
current hydrogen costs, can be found in section 5.3.

The sensitivity analysis is carried out by varying the hydrogen costs (in e /kg) between 1 and 20
with steps of 1, and between 20 and 200 with steps of 10, with an additional test at 0.1 e /kg. This is
done for three scenarios of fuel cell costs: the costs at the time of writing of around 2000 e /kW, the
mid-term projected costs of 600 e /kW and a long-term goal of 200 e /kW. For each optimisation, the
model takes into account the hydrogen and fuel cell costs while trying to find the optimal operational
strategy, in terms of costs. This will lead to different considerations between hydrogen consumption,
fuel cell degradation and the extent to which the battery is used.

The effect of the varying costs on the resulting performance of the system is analysed using three
main performance indicators: the resulting hydrogen consumption, fuel cell degradation and battery
usage throughout each optimisation. The sensitivity analysis is performed on both load profiles, for
realistic costs of hydrogen and for the extended price range. In each part of the sensitivity analysis, the
results from the single-objective optimisations are included for comparison’s sake. The results of the
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sensitivity analysis using the energy-intensive load profile are given below and are accompanied by an
extensive analysis of the resulting changes in the power balance. The results of the extended price
range, as well as the results for the power-intensive load profile, can be seen in the appendix. They
are given in figures C.1, C.2 and C.3 respectively.

An overview of the results for the realistic hydrogen price range is given in figure 7.5.

(a) Hydrogen consumption (b) Combined system degradation

(c) Battery usage

Figure 7.5: Model sensitivity to various PEM system and H2 costs for the energy-intensive load profile

The resulting hydrogen consumption for the various combinations of hydrogen and fuel cell costs
can be seen in figure 7.5a. For each of the results, the fuel consumption is well below the result for the
single-objective optimisation of minimising degradation. As can be expected, hydrogen consumption
is higher when the fuel cell system costs are higher, and vice versa. The 200 and 600 e /kW scenarios
show similar results for the low hydrogen cost region, where a steep decline in hydrogen consumption
can be seen and only a slight increase in fuel cell degradation occurs. For the high fuel cell cost
scenario, the decline in hydrogen consumption occurs more slowly and the voltage degradation stays
near the lower limit for the most part.

At higher hydrogen costs, the current and mid-term fuel cell costs scenarios now lead to the same
operational strategy, as seen by the flat lines in all three figures, indicating that it is not worth it to
decrease fuel consumption as the resulting increase in degradation is more costly. Conversely, the
results for the low fuel cell cost scenario show a deviation from this strategy at 6 e /kg, when the costs
associated with hydrogen consumption start to outweigh the costs associated with fuel cell degradation.
A large increase in fuel cell degradation can be seen in figure 7.5b while the fuel consumption reaches
similar values as the single-objective fuel consumption minimisation run.

The results for the extended price range, seen in the appendix in figure C.1, show that the hydrogen
consumption converges to the consumption found in the single object optimisation as the hydrogen cost
increases. On the other hand, the inclusion of degradation in the multi-objective optimisation leads to
slightly lower degradation than what results from the single-objective optimisation of fuel consumption,
even if the hydrogen consumption is very similar to the result for the single-objective optimisation.
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Finally, there are some cases for which it may be interesting to compare the operational strategy by
looking at the power output of all components in the hybrid energy system. For each of the considered
cases, the strategy at the first 60 hours is fairly similar, and the battery is empty at t = 60 for all scenarios
as well. Most of the difference in strategy is observed after the first sixty hours, so the following plots
will start there.

For low fuel cell costs and high hydrogen costs, it can be seen that the battery is used even less when
including degradation, compared to the single-objective optimisation of minimising fuel consumption
(bottom-right corner of figure 7.5c). The results for the minimisation of fuel consumption can be seen in
figure 7.6, for the final 42 hours of operation, and the results for low fuel cell costs are given in figure 7.7.

Figure 7.6: Power balance while minimising fuel consumption for t > 60h

Figure 7.7: Power balance for low FC costs (200 e /kW) and high H2 costs (15 e /kg), t > 60h

In the single-objective optimisation, the battery is used for peak-shaving and is charged when the
power demand is low. Additionally, the single-objective optimisation leads to mostly identical fuel cell
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power output, even when the demand is low, resulting in degradation in the low-power region. This
occurs between t = 64 and t = 76, as well as t = 99 and t = 100, as seen in figure 7.6.

In the multi-objective optimisation with low fuel cell costs (200 e /kW) and high hydrogen costs
(15 e /kg), seen in figure 7.7, the operational strategy is almost completely similar to the strategy for
minimising fuel consumption. The fuel consumption is practically equal as well, yet the degradation is
still a bit lower, as can be seen in figure 7.5b. This decrease in degradation is only related to preventing
operating in the low-current region, which occurs at t = 70 and t = 76. At these points, one of both
systems are operated just above the cut-off for the low-current region, which relates to a power output
of about 400 kW at BoL. Additionally, the two fuel cell systems deliver the total requested power at
t = 100 and stay inside the low-degradation zone. This leads to reduced use of the battery (the battery
is used for peak-shaving at t = 100 in figure 7.6) and only a slight increase in fuel consumption.

Figure 7.8: Power balance for medium FC costs (600 e /kW) and high H2 costs (15 e /kg)

A larger difference can be noted when comparing to the results for the mid-term fuel cell cost sce-
nario of 600 e /kW, as seen in figure 7.8.

For this scenario, the degradation remains very low, see figure 7.5b. Until t = 60h the power balance
is again similar, but a fuel cell system is turned off as soon as it is possible. At this point, the remaining
fuel cell operates just above the lower bound of the low-degradation region while charging the battery
(t = 64, 65). This extra battery power is then used to keep the fuel cell in efficient operating conditions
until t = 75. When the second fuel cell system starts to operate again, the battery is recharged and
is finally used to keep the fuel cells at near-constant power at high efficiencies. Finally, the last point
where the degradation is reduced compared to the previous figures is the fact that the fuel cells are
both turned off for the final hour of operating, while the battery supplies all the required power at the
final hour. This scenario uses the battery more and has a higher hydrogen consumption compared to
the low-cost fuel cell/high-cost hydrogen scenario.

7.3. Long-term simulation of the system's performance
A long-term simulation of the operation of the vessel is carried out using the method proposed by
Dall’Armi et al. [17]. The long-term operation of the hybrid system is simulated by linearly extrapolating
the degradation during the operational profile to a value for degradation during the complete month.
The resulting voltage loss is used to update the starting degradation for the next month. This method
can be described as a set of sequential optimisations of the load profile. It is performed using the
minimisation of costs with a hydrogen price of 8 e /kg and a fuel cell price of 600 e /kW.

The long load profile and power profile are analysed separately. For each of the load profiles, it is
assumed that this load profile is representative of the ship’s load profile for the entire duration of the fuel
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cell’s life. The model is run starting with BoL conditions, and the fuel cells’ degradation during the first
run is linearly extrapolated to a single month of operation. An updated degradation status is used as a
starting value for the next month of operation. The effect of degradation on the long-term operation of
the system is quantified by looking at KPIs such as the evolution of fuel consumption, degradation and
operating costs over time.

The difference in results of the long-term simulation when using the two load profiles is given in
section 7.3.1. The change in optimal operation during the system’s lifetime is analysed in section 7.3.2
for the energy-intensive load profile, and in section 7.3.3 for the power-intensive load profile. Finally,
an overview of the results for both load profiles is given in section 7.3.4, where the results for the
weighted-sum approach are compared to results for the two single-objective optimisation strategies.

7.3.1. Comparing load profiles for minimising costs
An overview of the development of the state-of-health for the hybrid system, found separately for both
load profiles, is given in figure 7.9. For the energy-intensive (E-intensive) load profile, the fuel cell
systems need replacement during the 67th month of operation. The extrapolation of degradation during
the 102 hour load profile to the monthly degradation leads to a negative starting SoH for month 68, and
the following optimisation does not lead to any solution. Similarly, the fuel cell systems need to be
replaced during the 54th month of operation for the power-intensive load profile, a lifetime decrease of
almost 20% compared to the energy-intensive load profile.

Figure 7.9: Lifetime estimation for both load profiles while minimising total costs

As expected, the power profile leads to faster degradation and increased battery usage compared
to the longer load profile. Additionally, the curve describing the fuel cell’s SoH is not linear in time for
the power profile: the fuel cell system degrades faster near the end of its lifetime. The cause of this
phenomenon is explained in more detail in section 7.3.3.

The evolution of the daily operating costs for both load profiles is given in figure 7.10, as well as
how the costs are built up. The power profile leads to higher costs, mainly due to higher daily fuel
consumption. However, even though the power profile leads to a similar daily degradation as the long
load profile at the beginning of life, the fuel cell systems start to degrade faster for the power profile,
leading to a fast increase in fuel costs during its shorter lifetime.

The energy-intensive load profile has a daily hydrogen consumption of 1083 kg per day at BoL
and 1294 kg per day during its final month of operation, an increase of almost 20%. The consumption
increases from 1235 kg per day to 1498 kg per day during its final month for the power-intensive profile,
an increase of 21%.
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Figure 7.10: Daily costs for both load profiles until fuel cells’ EoL

7.3.2. Optimal operation during lifetime for the energy-intensive profile
The degradation of the fuel cells leads to an increasing daily fuel consumption during the system’s
lifetime, as seen in figure 7.10. As the system gets older, a higher operating current is required for the
same power output. The power output of both fuel cell systems, as well as the average current of the
systems, are given for BoL, halfway and near EoL conditions. This can be seen in figure 7.11.

Figure 7.11: Evolution of average fuel cell current and total fuel cell power over time for the E-intensive load profile

The operational strategy remains very similar during the system’s lifetime, except for the large peak
at the EoL conditions during the hours t = 72 and t = 73. Investigation of individual power outputs
of the fuel cell systems shows that similar to the power balance in figure 7.8, one of the two fuel cell
systems is turned off for a long period between t = 64 and t = 75. As the fuel cell system ages, the
upper bound of the low-current region (600A) is related to an increasingly lower fuel cell power. The
observable power peak starts to occur when both systems have a total voltage loss of around 75V. At
this point, the boundary of the low-current region has changed from just above 400 kW to 360 kW. The
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second fuel cell is turned on during these two hours to fill up the battery, after which it is turned off
again. Besides this, the pattern for delivered power remains mostly the same, with a steady increase
in current and fuel consumption.

7.3.3. Optimal operation during lifetime for power-intensive load profile
The long-term consecutive optimisation using the power profile leads to a system lifetime of 54months,
experiencing higher degradation compared to the long profile. An overview of the average fuel cell
current and total fuel cell power is given in figure 7.12 for the first month, the 30th month and the final
month of operating.

Similar to the long load profile, an increase in fuel consumption can be noted during the system’s
lifetime, as seen in figure 7.10. In contrast to the results for the energy-intensive load profile, the
increase in fuel consumption is not linear for the power-intensive load profile, caused by the high power
demand. The increased voltage loss of the fuel cells leads to unavoidable hours spent operating in
the high-current region for this load profile, starting from the 27th month. The systems experience a
combined voltage loss per trip of 134mV until the 27th month, whereas this increases to 200mV for
the final months. The combined degradation per operating condition can be seen in figure 7.13, which
shows that the increase in degradation over time is practically only due to the increased amount of time
spent in the high-current region.

Figure 7.12: Evolution of average fuel cell current and total power over time for the P-intensive profile

7.3.4. Comparing results for all objective functions
Table 7.3 provides an overview of all results of the long-term simulations, quantifying the influence of
the various objective functions. The results for the minimisation of fuel consumption only (min(mH2 ))
and degradation only (min(deg)) are included in the table for both load profiles. Additionally, the results
for the minimisation of total costs are given in the table. A fuel cell price of 600 e /kW and hydrogen
costs of 8 e /kg are used.

When comparing the effect of minimising total costs to only minimising fuel consumption, a large
(50 and 43%) increase in fuel cell lifetime can be observed as a result of a significant (33 and 31%)
reduction in degradation (for the respective operating profiles). This is achieved with a limited (< 0.5%)
increase in hydrogen consumption, but it does lead to a significant (~160%) decrease in final battery
SoH for both load profiles. Even though the fuel consumption is higher when minimising total costs,
the large decrease in fuel cell degradation leads to lower operating costs. The fuel cell’s lifetime and
the average operating costs are both positively influenced by including the costs related to fuel cell
degradation in the objective function.
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Figure 7.13: Combined degradation effects per operating condition during the lifetime of the system

The comparison between only minimising fuel cell degradation and minimising total costs shows
that there is not much left to gain in terms of fuel cell degradation. Minimising only fuel cell degradation
leads to a limited increase (2 months) in fuel cell lifetime, compared to minimising total costs. The
battery is used substantially more when only minimising degradation, with an 84% and 59% increase in
battery degradation for the respective load profiles. An increase in fuel consumption of around ~1.6%
can be observed when only minimising degradation. This is partly related to the increase in battery
usage and partly related to less efficient fuel cell usage. Besides fuel cell degradation, there is no
reason to use the fuel cells in an efficient operating point. Minimisation of degradation leads to similar
average operating costs as the minimisation of fuel consumption.

To conclude, the fuel cell lifetime can be significantly increased by including degradation in the min-
imisation of total operating costs, and the resulting operating strategy performs well in both objectives.

Table 7.3: Results of long-term simulation using various objectives and load profiles

Energy-intensive
operating profile

Power-intensive
operating profile

min(mH2 ) min(deg) min(costs) min(mH2 ) min(deg) min(costs)

Fuel cell
lifetime (months) 44 68 66 37 55 53

Battery SoH in
final month (%) 97.6 88.2 93.6 96.3 85.5 90.9

Average hydrogen
consumption (kg/day) 1175 1201 1181 1344 1368 1348

Average fuel cell
degradation (mV/day) 72.4 46.9 48.5 86.0 58.0 59.7

Average operating
costs (e /day) 9941 9957 9811 11397 11376 11229
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Discussion

The goal of this thesis was to investigate the effect of incorporating fuel cell degradation in an energy
management system for a fuel cell/battery hybrid ship. This was achieved by using quadratic program-
ming to model the fuel cell’s performance based on its polarisation curve. The fuel cell’s degradation
is incorporated in the model as a downward shift of the polarisation curve.

For the case study applied in this thesis, the results for the single-objective optimisations show that
fuel cell degradation can be limited by approximately 35% when minimising degradation, compared to
minimising fuel consumption. The decrease in degradation is of similar size for both load profiles which
were assessed. The weighted-sum approach, which is used to incorporate fuel consumption and fuel
cell degradation in the objective function, leads to values for fuel consumption and degradation close
to the results of their respective single-objective optimisations. The sensitivity analysis shows that
decreasing fuel cell degradation at the cost of slightly increased fuel consumption is a cost-efficient
choice, for a large range of hydrogen and fuel cell costs. Besides that, the minimisation of total costs
results in decreased fuel cell degradation for all hydrogen costs. Finally, the long-term simulation of the
vessel’s performance shows that the lifetime can be extended by approximately 50% with the weighted-
sum approach. The average degradation can be reduced by up to 33%, compared to the average
degradation when only minimising fuel consumption. The average daily operating costs are reduced
compared to either single-objective optimisation.

The reduction in degradation identified in this case study appears to fall somewhere between the re-
sults reported in various reviewed literature. It can be observed that the decrease in degradation found
for this case study is somewhat in the middle of some of the reviewed literature. Dall’Armi et al. [17] and
Fletcher et al. [36] both compare their results for minimising total costs (including fuel cell degradation)
to their results for minimising fuel consumption only. The research by Dall’Armi et al. [17] shows a
lifetime increase of 185%, related to a reduction of fuel cell degradation by 65%. The large degradation
reduction is likely related to the highly fluctuating power demand. The fuel cell power heavily fluctuates
when only minimising fuel consumption, resulting in large gains when minimising degradation. Con-
versely, the results of Fletcher et al. [36] show a decrease in degradation of only 15% for the operation
of a hybrid car. The drive cycle was 37 minutes and the degradation due to the single start-stop cycle
represented most of the degradation (75% and 89% in both optimisation methods). Degradation due to
load changes has been reduced by 97% while the degradation due to low-current operation is reduced
by 21%, but these operating conditions do not represent much of the total degradation. Their assessed
load cycle does not allow a lot of improvement with regard to degradation.

Besides the relative reduction in degradation due to the new operating strategies, the resulting
estimated lifetime of the hybrid systems is interesting as well. Dall’Armi et al. [17] extended the system
lifetime to 22 months by including degradation, if the battery is replaced on time. This is significantly
less than the estimated lifetime presented in this thesis. This may be partly explained by the large
difference in load profile, but may also be caused by a different implementation of fuel cell degradation.
While the degradation due to load transients and start cycles are modelled in a similar way, fuel cell
degradation due to the operating regions is defined differently by Dall’Armi et al. [17]. They use a
linear relation between fuel cell degradation and operating current. The related coefficients are not
given, which makes the analysis of the fuel cell degradation quite hard. The lifetime estimation in the
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research by Fletcher et al. [36] amounts to only 702 hours, approximately one month of continuous
operation. With an average drive cycle of only 37 minutes and a higher voltage loss due to start-stop
cycles (24µV), the start-stop cycles alone result in a voltage loss of almost 40µV per hour per cell. This
is in sharp contrast to the fuel cell degradation experienced in this thesis. Operating in the base region
results in a voltage loss of only 2µV per hour per cell. Combined with extended operation at constant
loads, this provides an opportunity to run the fuel cell in very favourable operating conditions. The
degradation rates used in this thesis, combined with the long time steps and relatively constant power
output, may explain the large discrepancy in the lifetime estimates.

The results in this thesis give insight into the expected fuel cell lifetime for applications at long, con-
stant loads, but the lifetime may be sensitive to the model’s input. It is unclear if the degradation rates
used in this thesis can be considered representative of a fuel cell operating onboard a ship. The applied
degradation rates can easily be adjusted if more accurate fuel cell degradation rates are available, and
may have a large influence on the estimated lifetime. Besides the (perhaps too) favourable definition of
fuel cell degradation used in this thesis, there are some additional limitations of the developed model.
For example, the value for the battery efficiency used in this thesis is based on a rough estimation using
relevant literature. A difference in operating strategy is expected when less favourable battery efficien-
cies are applied in the minimisation of total operating costs. Decreasing fuel cell degradation requires
more battery usage, leading to more fuel consumption. If the battery efficiency is lower, the increase
in fuel consumption is larger, so the model may be quite sensitive to the battery efficiency. Finally, the
application of mixed-integer quadratically constrained programming allows us to accurately model the
fuel cell’s performance using an important characteristic of the fuel cell but the approach strongly limits
the number of time steps that can be simulated. Applying the load profiles and time step sizes used
by Dall’Armi et al. and Fletcher et al. would likely be impossible without simplifying the model in some
way.

Opportunities for further research include new thorough research in condition-dependent degrada-
tion rates, to increase the robustness of the input data. The fuel cell bus studies by Pei et al. [51] and
Chen et al. [53] are often used to incorporate fuel cell degradation in energy management strategies,
but this highlights the dependence on one main set of results. Besides that, the operating conditions
of the fuel cell inside the bus are undoubtedly different than those in a ship. Furthermore, the op-
erating regions defined to model fuel cell degradation can be refined by reviewing the literature and
using commonly applied definitions of idling and high-current operation to determine the operating re-
gions. Additionally, while the degradation in the operating region is now visualised as a step function
(figure 4.1), a more gradual relation between degradation and operating current may be more realistic.
This could be implemented by applying piecewise linear constraints for the fuel cell degradation. The
effects of fuel cell degradation are now incorporated as a vertical shift of the polarisation curve, but the
slope of the polarisation curve may also be affected by fuel cell degradation, as suggested by the find-
ings in [89]. In other words, not only is the open-circuit voltage affected by increased activation losses,
but the fuel cell’s resistance also increases as the fuel cell degrades. These are some starting points
for future research that would strengthen the developed model and expand on the idea of modelling
the fuel cell’s performance using the interplay between its polarisation curve and its degradation.
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Conclusion

The goal of this thesis was to investigate the impact of incorporating fuel cell degradation in an energy
management system while minimising total costs. Applications of linear programming as an energy
management systemwere found in the literature, but these required a linearisation of the fuel cell model.
The application of quadratic programming to model the fuel cell and its degradation was identified as a
literature gap.

Themodel developed in this thesis consists of a fuel cell model using a linear current-voltage relation
and resulting quadratic current-power relation. Five operating conditions of the fuel cell are linked to fuel
cell degradation using the literature. The fuel cell’s I−V curve is continuously influenced by the voltage
loss incurred due to its various operating conditions. A simple battery model was used to complete the
model of the hybrid system. Themodel was used to simulate the performance of an ocean-going vessel.
Two distinct operational profiles of the vessel were determined and used to determine the performance
of a theoretical retrofit of the vessel. Two separate objective functions were defined: the minimisation of
fuel consumption and the minimisation of fuel cell degradation. These objectives were also combined
in a weighted-sum approach using the costs of hydrogen and the fuel cell system.

The results for minimising degradation show an average decrease in fuel cell degradation of about
37%, compared to the voltage loss when only minimising fuel consumption. These results were found
for beginning-of-life conditions, and are an average for both operational profiles.

The sensitivity analysis showed that a small increase in fuel consumption (0.5%) to significantly
reduce (35%) fuel cell degradation is cost-optimal for current (2000 e /kW) and mid-term (600 e /kW)
fuel cell cost scenarios.

A long-term simulation of the vessel’s performance was executed using sequential optimisation
of the load profile at the start of each month. The voltage loss resulting from the load profile was
extrapolated to one month of operation and added to the starting degradation of the following month.
The results show that the fuel cell system’s lifetime can be extended by up to 50% by incorporating fuel
cell degradation in the objective function. The fuel cell’s lifetime estimates are 53 months for the power-
intensive profile and 66 months for the energy-intensive profile, indicating the influence of the power
demand. The ageing of the fuel cell systems occurs linearly for the energy-intensive but non-linearly
for the power-intensive load profile. The difference is mainly caused by the increase in time spent in
the high-current region as the system ages, due to the high power demand of the load profile.

Finally, the fuel consumption increases from 1083 kg per day to 1294 kg per day for the energy-
intensive load profile, and from 1235 kg per day to 1498 kg per day for the power-intensive load profile.
The degradation is relatively constant over time for the energy-intensive profile but increases for the
power-intensive profile. The total costs, consisting of both fuel consumption and degradation, mainly
increase due to the increase in fuel consumption.

To conclude, this thesis provides a possibility to model the operational characteristics of a fuel
cell/battery hybrid vessel, while taking into account degradation. Themodel can be applied to a different
use case by changing themodel input and can be refined to include new insights on fuel cell degradation.
With the increasingly stringent emission regulations, this thesis is highly relevant. It provides a clear
and intuitive method of fuel cell modelling for its readers, providing a small step towards more fuel
cell-friendly operating of hybrid systems.
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A
Fuel cell stack plots

Figure A.1: Nedstack’s 13-XXL stack performance, from [72]

62



63

Figure A.2: Trend lines for stack efficiency and hydrogen consumption, using datapoints from [72]



B
Effect of increasing time step size dt

(a) Twenty seconds at 200ms (b) Twenty seconds at 1s time step

(c) 15 minutes at 10 s (d) 15 minutes at 1 min

(e) 1 hour at 1 min (f) 1 hour at 5 min

Figure B.1: Effect of increasing time step size on power fluctuations
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C
Plots sensitivity analysis

(a) Hydrogen consumption (b) Combined system degradation

(c) Battery usage

Figure C.1: Model sensitivity to various PEM system and H2 costs in extended price range for the E-intensive load profile
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(a) Hydrogen consumption (b) Combined system degradation

(c) Battery usage

Figure C.2: Model sensitivity to various PEM system and H2 costs in realistic price range for the P-intensive load profile
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(a) Hydrogen consumption (b) Combined system degradation

(c) Battery usage

Figure C.3: Model sensitivity to various PEM system and H2 costs in extended price range for the P-intensive load profile
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