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Preface

This thesis is submitted in partial fulfillment of the requirements for the degree
of Philosophiae Doctor (Ph.D.) at the Norwegian University of Science and Tech-
nology. The thesis contains work carried out from August 2019 to July 2022.
The research was headed by the Institute for Energy Technology (IFE - Institutt
for Energiteknikk) based in Kjeller, Norway, and funded by the Norwegian Re-
search Council trough project number 90436501. The research project, named
KPN H2Maritime, includes three work packages with different topics and scopes
developed both at IFE and at the Norwegian University of Science and Technology
NTNU. The research presented in this thesis was carried out at NTNU under the
principal supervision of Professor Ingrid Schjglberg, the co-supervision of Pro-
fessor Ingrid Utne and Dr. @ystein Ulleberg.

The target audience for this thesis encompasses multiple professions across
different sectors. In the marine technology sector the target audience includes ship
designers, system engineers and also ship owners. The knowledge gained and the
software tools developed can be applied both in academia and industry to promote
the transition to zero-emission energy generation onboard ships of different class
and sizes. The results obtained in this thesis can also be used in other sectors such
as heavy duty road transport or rail transport when considering the similarities
between vehicle powerplants that include hydrogen fuel cells and energy storage
solutions.

At present, the transition to zero-emission vehicles has mainly consisted of
a shift towards battery powered electric cars. The automotive sector has managed
to take the lead among other transport industries, and produce many different pro-
duction models that have been successful on the market. Meanwhile, the limited
energy density of the battery packs has also highlighted various challenges en-
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countered when the energy storage requirements are increased to allow for high
power output or long range operations. In applications such as maritime vessels,
trains or transport trucks, the weight and volume of the battery pack needed to en-
sure a satisfactory power delivery may become excessive.

New energy storage techniques are being researched all over the globe, but it is
non trivial to find a solution that combines high energy and power density, and
that is also portable enough for transport applications. The use of clean hydro-
gen for onboard energy storage can be the solution to the limitations of batteries
for vehicles that have to operate for long periods of time and are not able to rely
on grid connection for charging. Vehicles powered by hybrid powertrains utiliz-
ing proton exchange membrane fuel cells and batteries are able to use the hydro-
gen stored onboard to produce electrical power with zero-emission. This type of
powertrain can be applied to maritime, rail and road transport to reduce emissions
of pollutants and greenhouse gasses.
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Abstract

The work described in this thesis encompasses multiple aspects related to the de-
velopment of hybrid marine power systems utilizing proton exchange membrane
fuel cells and batteries. The focus is placed on the definition of methodologies that
can help define the composition of the powerplant and its control. The developed
methodologies are based upon a series of models that can simulate the powerplant,
allowing the observation of the component’s behavior during operation. The ana-
lysis of the results obtained from simulations is used to evaluate the technical and
economic feasibility of a specific powerplant configuration, and allows to set a
benchmark for operation optimization.

The first two Chapter of the thesis introduce the KPN H2Maritime project,
and important aspects of hydrogen production, storage and distribution. The know-
ledge of these topics is fundamental in understanding the challenges encountered
in relation to the adoption of hydrogen systems for transportation purposes. Such
challenges are not limited to the technical limitations of fuel cells, batteries and
power electronic components, but include a series of factors that are independent
from the powerplant. Some of these factors are hydrogen safety, hydrogen storage
and hydrogen production. Chapter three is dedicated to an overview of conven-
tional maritime powerplants, hybrid electric powerplants and possible conversions
into fuel cell/battery powerplants. The study of the conventional system, mainly
the ones utilizing internal combustion engines, is fundamental as it sets a stand-
ard for performances and operational flexibility that has to be met by the newly
designed hybrid systems. The definition of design criteria for hybrid powerplants
utilizing proton exchange membrane fuel cells and batteries starts in Chapter four
with the description of a quasi-static model to study the onboard power generation,
storage and distribution during a vessel’s operations. The model is developed as
a simulation tool and is used to define possible powerplant configurations based
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on the energy management strategy selected. The model is used as the base for
the development of a software application developed in Matlab. Results obtained
using the model can be used to study the technical and economic feasibility of the
calculated configurations for the specific use case, or used as an input for valida-
tion into a dynamic model of the system. Two types of dynamic models have been
developed and are described in Chapter five and six. These models allow to sim-
ulate the dynamic behavior of the powerplant’s components, and relative power
electronics, replicating the operations of the system with a adequate degree of ac-
curacy. Simulations carried out with the dynamic models allow a more in-depth
observation of the component’s behavior during the vessel’s operations compared
to the results obtained with the quasi-static model. Different powerplant layouts
are tested, configuring the models of the components in different ways, and mul-
tiple energy management strategies are tested. The results obtained from these
simulations can be used to compare different approaches to the powerplants con-
figuration and control. Such results can also be utilized as a benchmark for further
optimization or used as a starting point for laboratory simulations using hardware
in the loop.

The software and models developed for the H2Maritime project aim to fill
a gap found in relation to the use high power hybrid system using fuel cells in
the maritime transport industry. The development of design criteria and models to
optimize operations for this type of hybrid system is key to make them an econom-
ically viable solution for ship owners. The identification of technical economic vi-
ability, even in a limited number of application, can spark the interest of many ship
owners willing to innovate and to abandon polluting internal combustion engines.
A transition to green hydrogen for a selected number of vessel would still imply a
large reduction in the emission of pollutants and greenhouse gasses, reducing the
environmental impact of maritime vessels, mitigating the effects of climate change
and safeguarding marine and coastal environments.
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Chapter 1

Introduction

1.1 Emissions and regulations

Maritime transport today still heavily relies on fossil fuels such as heavy fuel
oil (HFO), marine gas oil (MGO), marine diesel oil (MDO), and other types of
bunker fuel. These fuels contain high levels of asphalt, carbon residues, sulfur
(which may amount to as high as 5 %) and metallic compounds [1]. The combus-
tion of these fuels, in internal combustion engines, produces air pollutants that get
released into the atmosphere and also large quantities of carbon dioxide, the most
significant long-lived greenhouse gas (GHG) in Earth’s atmosphere. The emission
of these pollutants and climate-altering agents has a negative impact on climate,
globally, and on air quality, locally, with the potential of harming both the human
population aswell as animals.

A joint effort of 174 nations to limit the air pollution generated by maritime
engines and the preservation of the marine environment has led to the ratification of
numerous protocols by the International Maritime Organization (IMO). Annex VI
of MARPOL (International Convention for the Prevention of Pollution from Ships)
specifically addresses the need to reduce volatile organic compounds, particulate
matter and hazardous air pollutants (NOx and SOy). This annex is relatively recent
and entered into force the 19 of May 2005. The United Nations (UN) with sus-
tainability goal n.14 highlights the importance of conservation and sustainable use
the oceans, seas and marine resources. This sustainability goal is mainly directed
towards the conservation of marine diversity fighting unreported and unregulated
fishing, but also includes the importance of reduction of CO, and pollutants emis-
sions to fight the increase of ocean acidity produced by acid rains. It is reported
that, if the situation is not changed, a 100 to 150 % increase in acidity will affect
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half of marine lifeforms.

These international resolutions are implemented alongside specific national
environmental policies. In Norway, studies have been conducted to evaluate the
level of emissions along the coast by the Ministry of Climate and Environment and
the Norwegian Maritime Authority (NMA) [2]. Particular focus has been placed on
world heritage fjords [3], where cruise ships currently moor during tourist season.
Based on the scientific assessments and surveys made, it emerges that the level of
nitrogen oxides (NOy) in Geiranger and Flam, at times, exceed values that could
have a negative impact on health. NOy together with soot/smoke particles and
water vapour also contribute to the formation of smoke clouds in the fjords. In
periods, the combination of older ship machinery, emissions, the number of ships
and meteorological conditions leads to high formation of smoke. The proposed
solution is to cap the NOy from ships to the values set out in MARPOL Annex
VI, regulation 13.4 (Tier II) by 2018 and regulation 13.5 (Tier III) by 2020. This
is done by only allowing the use of fuel with a low sulphur content, regardless
of whether the ship has air pollution control devices (scrubbers) installed. The
visible emissions of smoke from ships should also have a density that reduces
transparency by not more than 50% during cold start or 10% when underway. The
speed in defined zones of the fjords is also limited to reduce fuel consumption and
emissions to a minimum.

National and international regulations are a step in the right direction, limit-
ing the effects of global warming and reducing the health risk for populations liv-
ing in proximity of busy coastal routes. In the automotive industry, regulations on
emissions have been in place since 1963 with the goal to reduce tail-pipe emissions
and control the amount of smog measured in cities. The Clean Air Act passed by
the U.S. Congress in 1970 has lead to the national effort to reduce the emissions
of road transport and the creation of increasingly stringent standards with time.
Similar emission control regulation are also adopted in Europe and identified with
the "Euro" denomination. These emission standards have pushed producers to in-
novate and research ways to improve the efficiency of the vehicle, reducing fuel
consumption and emissions. The effect of such regulation was successful as new
passenger vehicles are 98-99% cleaner for most tailpipe pollutants compared to
the 1960s. Similarly to road transport, it is important to limit the emissions of ves-
sels through regulations and limitations, but it is also necessary to provide feasible
alternatives for propulsion systems that do not use fossil fuels. Proposing tech-
nically and economically feasible alternatives using zero or low emission energy
carries gives a choice to the ship owners when ordering a new vessel or upgrading
an older vessel. The adoption of carbon-free systems can put them at an advantage
in the long term with restrictions becoming more and more stringent, while also



1.2. H2 Maritime project overview 3

cutting their carbon footprint to zero during operations. It is for this reason that
this thesis takes into consideration hybrid systems including hydrogen fuel cells.

1.2 H2 Maritime project overview

This thesis, and enclosed publications, describe work carried out for the KPN
H2Maritime project. The project is supported by the Norwegian Research Coun-
cil through project number 90436501, with many major industrial partners such
as ABB and Equinor providing the funding. The project is headed by the Insti-
tute for Energy Technology (IFE) in Kjeller, Norway. The H2Maritime project
is divided into 3 work packages (WP): WP1 researching hydrogen bunkering and
storage solutions, WP2 researching hydrogen safety, and WP3 researching the in-
tegration of fuel-cells and hydrogen systems in maritime powertrains (see Fig.
1.1). The PhD research focuses objectives defined in WP3, aiming to define design
guidelines and energy management strategies for maritime powertrains using fuel
cells powered by hydrogen, and batteries.

Energy Management | o a Hydrogen Safety
Systems (EMS) = T — Systems

L m H2-delivery

|
/

4 Hydrogen Bunkering
G Systems

Sea

T4 F
Lt‘-‘ﬁ@*\ Land

Fuel Cell

Systems Hydrogen Storage

Systems

Figure 1.1: Visual representation of the H2Maritime project, showing the focus area for
each work package, from hydrogen delivery (right), to onboard hydrogen storage (center),
and finally to hydrogen usage (left). Each focus area is labeled with its respective work
package at the top of the figure.

The defined objectives are achieved through the creation of software and di-
gital tools based on mathematical models replicating the operational behavior of a
hybrid maritime powertrain utilizing hydrogen fuel-cells and battery technologies.
The work focuses on vessels in the 1 to 10 MW range. The goal of the developed
models is to provide a way to analyze and optimize such powertains, calculate key
parameters, and evaluate the technical and economic feasibility of these system in
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specific use-cases.

1.3 Research objectives

The main question posed at the beginning of the research was: "How can
the design of the powerplant and energy management system for hybrid fuel cell
vessels be optimized with respect to overall efficient operation and lifetime of the
batteries and fuel cells?" This question was investigated by developing a series of
tasks, as listed below, defined in the research plan.

1. Introduction to fuel cells and hydrogen systems. Differences between con-
ventional and hybrid powertrains in the maritime industry, positive and neg-
ative aspects of each technology. A general introduction to the safety chal-
lenges of hydrogen systems, maintanence, and degradation of the compon-
ents.

2. Development of a software based model (in MATLAB) to investigate and
optimize design criteria for the operation of fuel cell and battery hybrid sys-
tems for maritime vessels.

3. Review of existing methodologies for the energy management of hybrid sys-
tems utilizing fuel cells and batteries. Study of methodologies across differ-
ent industries, including the automotive and heavy duty industry. Evaluation
of existing methods aimed at the optimization of the power generation and
distribution within the vessel’s electrical grid.

4. Development of a detailed digital model of a hybrid maritime powerplant
utilizing hydrogen fuel cells and batteries. This model is developed in Sim-
ulink and is the platform for testing different configurations of component
sizing and energy management strategies for the optimization of the sys-
tem’s operations. The focus is also on key parameters such as hydrogen
consumption, fuel cell degradation and operational life.

5. Test of the powerplant dynamic model including different energy manage-
ment strategies. Testing is conducted using real-world data relative to mari-
time vessels in the power range of interest. Publication of the test results for
peer-review.

1.4 Scientific background in the literature

The work described in this thesis and enclosed articles is built upon know-
ledge gained from a literature review which includes scientific publications de-
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scribing hybrid powertrains in the transport industry, hydrogen systems for the pro-
duction of onboard electric power, and energy storage solutions for power delivery
optimization. The review is not limited to applications in the maritime sector, but
includes the automotive, and heavy duty road transport aswell. A secondary aim
of the literature review is to identify gaps in the current research that can be filled
with novel solutions. The main focus is both on the composition of the powerplant,
defined as component sizing (CS), and its control through an energy management
strategy (EMS). As the main research question targets operation optimization, it is
only possible to fully optimize the system when CS and EMS are considered in a
combined package, as the definition of one impacts the other and vice versa.

The component sizing of hybrid systems is non-trivial, since the operational
profile of the vessel is not always known, and because operations are usually af-
fected by the EMS. To perform an accurate component sizing it is necessary to
know the powertrain system in details. The review carried out by Jayasinghe et al.
[4] provides basic scientific background necessary to familiarize with operations in
an isolated electrical grid for both AC and DC systems. The review from Geertsma
et al. [5] also provides a comprehensive overview on recent developments in the
maritime industry. These articles are used in the development of the models that
describe the electrical power generation and distribution in both Article 2 and 5.

The importance of the operational profile when estimating the power require-
ments of a system are illustrated in the study performed by Baldi et al. [6]. In this
article it is observed of how much power is allocated to the different systems on a
vessel equipped with a multi-megawatt powerplant with an known operational pro-
file. Several articles present approaches to perform component sizing for hybrid
vehicles across different industries. The article from Feroldi et al. [7] describes a
sizing method for a fuel cell car used for road transport; the article from Cai et al.
[8] considers an unmanned underwater vehicle; and the study from Ravey et al. [9]
focuses on a collection truck. These component sizing methodologies provided a
base for the development of the model based softwares presented in Article 1 and
5.

The development of an energy management strategy for the optimization of
operations has been analysed in multiple articles. A comprehensive review and
classification of EMSs for hybrid vehicles is presented by Huang et al. [10]. The
article from Carignano et al. [11], Bassam et al. [12, 13] both present possible
approaches to the optimization process through the development of smart EMSs.
Other articles on this topic considered for this thesis include th work from from
Amin et al. [14], Yuan et al. [15], and Kim et al. [16]. The considered work is
used for the development of the study presented in Article 4.
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As defined at the start of this section, the selection made during CS affects
the design of the EMS, and vice-versa. To achieve the best possible optimization
in the hybrid fuel cell system is therefore necessary to consider component siz-
ing and energy management concurrently. Some articles describe methodologies
that can be used for the concurrent optimization of CS and EMS, but few of these
articles consider the maritime sector. The study from Pivetta et al. [17, 18] con-
siders the optimization of both designs and operations for a small size passenger
ferry. The study from Murgowski et al. [19] focuses on a generic plug-in hybrid
electric powertrain applicable to maritime applications. Also the study from Ji-
ang et al. proposes a methodology to perform the sizing and energy management
concurrently [20].

The methodologies presented in this section provide an overview on pos-
sible approaches that can be used to solve the optimization problem of CS and
EMS. Such methodologies are adapted to consider maritime applications, with
large power requirements and long range capabilities, and used to create the mod-
els presented in this thesis.

1.5 Hydrogen powered vessels and future applications

In this section, a list of vessels utilizing powertrains powered by hydrogen
fuel cells is presented. Using these vessels as reference, two vessels are selected
for the studies carried out in this thesis. These vessels are a harbor tugboat and a
double-ended ferry. These vessels are both in the 1 to 10 MW power output range
defined as a boundary condition in the research plan.

1.5.1 Industrial projects for hydrogen powered hybrid vessels

In the maritime sector, starting in the 2000s, a series of projects have demon-
strated the feasibility of operating fuel cell powered vessels. These vessels benefit
greatly from a reduction in the size and weight of the battery required to ensure
a satisfactory power demand. The first vessels developed were characterized by a
relatively small size. The FCS Alsterwasser, operational in Hamburg as a passen-
ger ferry is equipped with two 48 kW (140 V DC) fuel cells and a set of lead-gel
battery of 360 Ah (560V). The vessel has a capacity of 100 passengers, with a
length of 25.56 m and a width of 5.2 m [21]. A similar project involved the Nemo
H2 passenger ship. This ship has a capacity of 88 passengers and operates in Ams-
terdam. The vessel is equipped with 70 kW PEM fuel cell and an integrated 30-50
kW battery. The dimensions are 21.95 m in length, and 4.25 m width with a depth
of 1 meter [22].

Further advances in fuel cell technology have allowed the development of
different project both in the European Union and in the United States. The avail-
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ability of fuel cell stacks with a power output between 100 kW and 400 kW has
opened the possibility for a multi-megawatt application. An example is the de-
velopment of the MF hydra, a double-ended ferry operating in Norway’s national
waters. The vessel’s powerplant is configured to use two 200 kW proton exchange
membrane fuel cells stacks and a 1.36 MWh battery pack [23]. Diesel generators
are included for passive redundancy. Another recent maritime application is in the
golden gate zero emission marine project. This project has led to the development
of the Sea Change high speed ferry. The powerplant of this vessel is comprised of
360 kW of PEM fuel cells and hydrogen storage tanks with a capacity of 246 kg.
This system is integrated with 100 kWh of lithium-ion batteries [24].

Numerous other projects are currently in the early stage of development and
are set to be finalized by 2024. This shows how the maritime industry is willing to
innovate and adopt new cleaner energy carriers when possible [25].

1.5.2 Maritime and road vehicles considered in the study

The thesis focuses on maritime vessels that require the installation of a power-
plant with a power output between 1 and 10 MW. In this range, the use of hydro-
gen as an energy carrier allows increased operational flexibility and ensures longer
range when compared to solutions of equal volume and weight using exclusively
batteries. Considering the technology that is currently available, battery powered
vessels in the multi-megawatt range are only suitable for short range operations,
and applicable in cases where it is possible to frequently recharge from the land
based electrical grid. Vessels above 10 MW, usually operating over long range,
such as oil carriers or container carriers, are excluded from the study. Propelling
these vessels with currently available fuel cells requires incredibly large volumes
of hydrogen stored onboard to ensure the same operational flexibility over long
range. In addition, on this type of vessel are usually installed internal combustion
engines operating using a two stroke cycle that can achieved a high thermal effi-
ciency, similar to the one of fuel cells operating at rated values. Within the power
range considered, the fuel cells can provide either the base-load, defined as the
minimum level of demand on an electrical grid over a span of time, or act as a
range extender, allowing in both cases to operate with zero-emission.

While not focusing on the economic aspect of the hybrid powertrain, it is
believed that through careful optimization of the powerplant’s composition and
energy management strategy it is possible to design a system that combines good
performances in terms of power delivery, and also is comparable to a traditional
diesel electric installation in terms of initial costs. The use of hydrogen fuel cells
is, however, not the best solution for all vessels in the considered power range
and needs to be carefully evaluated considering the vessels operational profile and
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conditions. More cost efficient solutions, both in terms of initial investment and
running costs, can be applied in particular cases. The use of hybrid systems using
hydrogen is to be taken into consideration if one or more of the conditions listed
below is met:

* The maximum range requirements calculated for the vessel when consid-
ering the operated route are not compatible with a powertrain using only
battery power, but the vessel is limited to zero-emission solutions.

* It is not possible, or economically viable, to create a high voltage recharging
infrastructure on the departure or arrival dock of the vessel. Limitations of
the land based electrical grid in remote areas have to be considered.

* Renewable energy sources installed at or in proximity of the harbor where
the vessel stops can be used to produce green hydrogen. The economic
feasibility is increased if the green hydrogen produced is used not only for
maritime vessels, but also for road transport vehicles operating in the harbor,
such as forklifts or harbor based trucks.

In light of previously listed conditions, data was obtained from a series of
vessels within the specified power range. The data obtained from these vessels
is used in different case studies using the models and software’s developed in the
thesis. The scope is to evaluate operations using the zero-emission hybrid power-
plant.

Figure 1.2: Langeland double-ended ferry operated by Langelandslinjen in Danemark

The first vessel taken into consideration is a double ended ferry. Data for
this vessels were made available by the ship owner for research purposes as they
were used for previous studies relative to the optimization of the route [26]. The
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ferry is 100 meters of length and 18.2 m of beam (Fig.1.2). The ferry can transport
600 passengers and 122 cars and operates a 45 minute crossing in Danish national
waters. The crossing is 7.7 nautical miles and is operated 18 times in a normal day.
The vessel is equipped with 5 diesel generators powering 4 Azimuth thrusters and
auxiliary loads. This type of vessel is similar to the double ended ferries operat-
ing on many routes along the Norwegian coastline, with a powerplant producing
4 MW within the range considered in the project. It was decided that this vessel
could be taken as a reference to study possible hybrid configurations and evalu-
ate the feasibility and requirements of a hydrogen solution. The large amount of
data released for research purposes has allowed for extensive testing of the model
and allowed for a comparison with the diesel electric solution currently installed
aboard.

The second vessel taken into consideration is a harbor tug. Data for this
ferry was obtained under a non disclosure agreement and therefore the name of
the vessel or the company operating it is not reported here. The vessel is a harbor
tugboat powered by 2 diesel engines, each rated 1500kW at 750rpm and 1 diesel
gen-set rated at 100kW. The vessel has a gross tonnage of 179 tons and an overall
length of 33.2 m. A vessel belonging to the same class of the one considered in
the study can be observed in Figure 1.3.

Figure 1.3: Harbor tugboat used for towing large vessels during maneuvering operations

The tugboat provides an interesting case study with a highly irregular operational
profile characterized by many high frequency transients during service. This con-
dition differs substantially from the operations of the double ended ferry where
the high frequency transients are limited and found only during the docking phase.
Operations including high frequency transients are non trivial cases for the optim-
ization problem as the fuel cells have relatively long response time determined by
the auxiliary components and the electrochemical reactions. A careful optimiz-
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ation of the EMS and the powerplant components is required to make a hybrid
system utilizing fuel cells and batteries suitable on this type of vessel.

To test the flexibility of the models described in this thesis, the last vehicle
considered is not a maritime vessel, but a city bus (see Fig. 1.4). The decision
to include a different vehicle, not belonging to the power range considered or to
the type of vehicles specified, has been made to prove that the software tools de-
veloped can be used outside the boundary condition of the study, with limited
reconfiguration. The bus, in its current configuration, is equipped with an inline
6 cylinder diesel engine of 7700 cm?®. The maximum output is equal to 220 kW
at 2200 rpm and the maximum torque is 1200 Nm at 1200 rpm. The data used
for the driving cycle of the bus are derived from driving cycles obtained using the
U.S. Environmental Protection Agency (EPA) public database. All the vehicles
presented in this section represents an interesting case study for the evaluation of
a hybrid retrofit including hydrogen fuel cells.

Figure 1.4: Mercedes Citaro city bus 4 wheel chassis variant

1.6 Overview of contributions

The main focus of this work has been put on providing theoretical validation
of models and software developed using real world data from maritime and road
vehicles. This section chronologically summarizes the key academic and industrial
contributions made through the articles attached to this thesis. The contributions
from all the the co-authors are dually disclosed and satisfy the co-authorship re-
quirements laid down by The Vancouver Group in 1985(The Vancouver Conven-
tion, 2016).

The categorization of the enclosed articles, considered as their placement
in the presented framework, can be observed in Figure 1.5. In this framework,
Articles 2 and 4 contribute to development and testing of Energy Management
System, Articles 3 and 6 focus on Hydrogen Safety systems, and Articles 1 and 5
to powerplant design definition. The contributions of each article is described in
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detail in the following.
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Figure 1.5: Topics targeted in the enclosed articles, and their location within the project
visual representation

Article 1 - Conference paper

Balestra, Lorenzo; Schjglberg, Ingrid. (2020) Study on the Architecture
of a Zero Emission Hydrogen Fuel Cell Vessel Power Generating Unit. ASME
2020 39th International Conference on Ocean, Offshore and Arctic Engineering -
Volume 6A: Ocean Engineering.

* Contribution 1: Presents a software application for the sizing of a hybrid
powerplant utilizing proton exchange membrane fuel cells and batteries.

* Contribution 2: Automates the process of powerplant sizing, providing con-
figuration of components and energy management strategies to be validated
on a dynamic model.

The article presents a preliminary approach to solve the challenges described
in research objective 2 from Section 1.3.

Article 2 - Journal paper

Balestra, Lorenzo; Schjglberg, Ingrid. (2021) Modelling and simulation of
a zero-emission hybrid power plant for a domestic ferry. International Journal of
Hydrogen Energy. vol. 46 (18).
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* Contribution 3: Presents a dynamic model representing the operation of the
hybrid powerplant of a maritime vessel utilizing proton exchange membrane
fuel cells and batteries.

* Contribution 4: Provides a platform for the validation of results obtained
with quasi static models of the powerplant.

* Contribution 5: Test of the dynamic model using real world data collected
from a maritime vessel.

The article is used to address research objective 4 from Section 1.3. The case
study developed in the article, considering a rule-based EMS, is carried out as a
part of objective 5.

Article 3 - Conference paper

Balestra, Lorenzo; Yang, Ruochen; Schjglberg, Ingrid; Utne, Ingrid Bouwer;
Ulleberg, @ystein. (2021) Towards Safety Barrier Analysis of Hydrogen Powered
Maritime Vessels. ASME 2021 40th International Conference on Ocean, Offshore
and Arctic Engineering Volume 6: Ocean Engineering.

* Contribution 6: Adapts the Barrier Operational Risk Analysis method, com-
mon for the oil and gas industry, to a scenario involving a hydrogen vessel.

* Contribution 7: Presents the qualitative risk analysis of a vessel equipped
with cryogenic hydrogen storage considering the scenario of a leak below
deck.

The article analyzes safety challenges related to hydrogen usage onboard a
maritime vessel with a qualitative analysis. These challenges were identified dur-
ing the development of objective 1 in Section 1.3.

Article 4 - Journal paper

Balestra, Lorenzo; Schjglberg, Ingrid. (2021) Energy management strategies
for a zero-emission hybrid domestic ferry. International Journal of Hydrogen En-
ergy. vol. 46 (77).

* Contribution 8: Using the dynamic model described in Article 2, performs a
comparative analysis of different rule-based energy management strategies.

* Contribution 9: Compares the effectiveness of the presented energy man-
agement strategies using real-world data collected from a maritime vessel.
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The article is used to expand on the work carried out in article 2, with the
main focus directed at testing different EMSs, as specified in objective 5 from
Section 1.3.

Article 5 - Journal paper

Balestra, Lorenzo; Schjglberg, Ingrid. (2022) Hybrid powerplant configur-
ation model for marine vessel equipped with hydrogen fuel-cells Submitted to:
International Journal of Hydrogen Energy.

* Contribution 10: Improves upon work carried out in Article 1, presenting a
new quasi-static model for the evaluation of the power generation, storage
and distribution in the vessel’s electrical grid.

* Contribution 11: Present the new software based application that is built on
the model, to automate the hybrid powerplant sizing process.

The article expands on the concept presented in article 1, where the first
version of a model based application is introduced. The article’s aim is to provide
a comprehensive presentation of the new version of the model based application
used for component sizing. This work is carried out according to research objective
2 from Section 1.3.

Article 6 - Conference paper

Balestra, Lorenzo; Schjglberg, Ingrid; Lenti, Manuel. (2022) Bayesian net-
works approach for safety barriers analysis: A case study on cryogenic hydrogen
leakage. ASME 2022 41th International Conference on Ocean, Offshore and Arc-
tic Engineering Volume 6: Ocean Engineering.

* Contribution 12: Performs the quantitative risk analysis of a scenario consid-
ering a leak onboard a hydrogen vessel with a cryogenic hydrogen storage.
The analysis is performed using Bayesian networks and is a continuation of
the work carried out in Article 3.

The article analyzes safety challenges relative to hydrogen usage onboard
a maritime vessel with a quantitative analysis. This analysis is the continuation
of the work carried out in article 3. These challenges were identified during the
development of objective 1 in Section 1.3.
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Chapter 2

Hydrogen in the transport
industry

This thesis aim is to build in-depth knowledge about power generation and dis-
tribution onboard maritime vessels using proton exchange membrane fuel cells
as energy source. This chapter provides scientific background informations that
can be considered an introduction to hydrogen systems. Topics include hydrogen
production, consumption, storage, and also related safety challenges. This brief
overview is considered necessary to be able to evaluate the results obtained in this
thesis and enclosed articles.

2.1 Hydrogen usage

In the transport sector, hydrogen can be used as a form of chemical energy
storage onboard the vehicle. The key difference with fossil fuels is that hydro-
carbons are harvested and split during their combustion phase (simplified example
in Equation 2.1), releasing thermal energy through an irreversible reaction, and
cannot be recombined to reform a hydrocarbon molecule unless a disproportionate
amount of energy is used. On the contrary, hydrogen can be isolated from different
sources, such as water, at the expense of energy, and is infinitely renewable.

2C3H 18 + 250, — 16C 0O, + 18H,0 (2.1)

Hydrogen can be burned in internal combustion engines [27, 28] producing
heat and mechanical power, or used in a chemical reactor, called fuel cell, where
it is combined with oxygen producing electricity and water. The energy released
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by the fuel cell is created by a flow of electrons through the reactor between anode
and cathode. In this thesis, ICEs are not considered, and only the use of hydrogen
inside a fuel cell is studied.

There are various types of fuel cells available on the market with different
characteristics: alkaline fuel cells (AFC), proton exchange membrane fuel cells
(PEMFC), direct methanol fuel cells (DMFC), phosphoric acid fuel cells (PAFC),
molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC) (see Table
2.1). These fuel cells operate using different electrolytes, temperatures, efficien-
cies, fuel mixtures and can output power within different ranges. The perform-
ances of the fuel cell depend on the type of technology used, with most of them
having an efficiency equal to around 55%, while AFC can reach up to 70% and
DMEFC are limited to 30%. The selection of a fuel cell for a specific application
depends on performances, electrical efficiency, and operating temperature. Fuel
cells requiring high operating temperature, such as SOFCs, are normally preferred
in stationary applications where it is possible to take advantage of large sources of
heat from industrial production or powerplants. The fuel cells with a low operating
temperature are suitable for transport application.

Table 2.1: Different fuel cell types characterization [29]. The power range indicated in
column 5 is not relative to the single fuel cell unit but to the total power of the application
in which such type of fuel cell is used.

Operating
Fuel Cell Electrolyte Temperature Fuel Mix Power Range
Potassium hydroxide
AFC (KOH) solution 20-90 C Hy-O2 100W-100kW
Proton exchange
PEMEC 20-80 C H>-0, 10W-10MW
membrane
DMFC Proton exchange 20-130 C CH,-OH-O, 1-100W
membrane
PAFC Phosphoric acid 160-220C | Nab (ﬁ‘s’glo'gas 100kW-100MW
2-O2
MCEC M(?Iten Mixture of 620-660 C Nat. Gas, Bio-gas 100KW-100MW
alkali metal carbonates H,-O,
SOFC Oxide lon 800-1000 C | Nat- Gas. Bio-gas |y gonpwy
conducting ceramic H,-0,
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The proton exchange membrane fuel cell (PEMFC), also referred to as poly-
mer electrolyte membrane fuel cell, is the type of fuel cell that has seen the widest
adoption in vehicles and transport applications. This type of fuel cells has a low
operating temperature and pressure, and a good electrical efficiency with units
reaching 60% peak efficiency. PEMFCs are built using a membrane electrode
assembly which includes the electrodes, electrolyte, catalyst, and gas diffusion
layers. More information on this type of fuel cell are presented in the dedicated
section 5.1, where technical characteristics are discussed to lay the base for the
PEMFC modelling. The H2maritime project focuses on the use of PEMFC for the
transformation of hydrogen in electrical power onboard the considered maritime
vessels. This type of fuel cell was considered the most suitable not only because
of the performances, bus also due to the numerous commercial units available that
have obtained certification to be used in maritime powerplants.

2.2 Hydrogen production

Hydrogen is referred to as energy carrier and not an energy source. This
means that hydrogen cannot be harvested in its pure form, but to use its energy
potential it is necessary to isolate it from other elements available on our planet.
The production techniques are currently classified using colors defining the process
used to isolate this energy carrier from other elements available in nature. The
commonly used classification consists of:

* Green: Hydrogen produced by electrolysis of water, using electricity from
renewable sources like hydro-power, wind and solar. Zero carbon emissions
are produced.

* Turquoise: Hydrogen is produces by thermally splitting methane (methane
pyrolysis). Instead of CO,, solid carbon is produced.

* Yellow: Hydrogen is produced by electrolysis using grid electricity.

* Blue: Grey or brown hydrogen with CO, sequestration.

* Red: Hydrogen produced by electrolysis using nuclear power.

* Grey: Hydrogen extracted by natural gas using steam methane reforming.
* White: Hydrogen produced as a byproduct of industrial processes.

* Brown: Hydrogen extracted from fossil fuels using gassification.

In 2015, it was reported that 95% of the hydrogen produced was "grey" hy-
drogen [30], and in 2019 the situation was basically unchanged with only 4% of
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the total hydrogen production being Green [31]. The production of Green hydro-
gen is expensive with current technology, hard to scale and is encountering the
same challenges that other carbon-free technologies, like solar, have encountered
and overcame in the past. The success of hydrogen heavily relies on the creation
of an infrastructure that produces the majority of its hydrogen cheaply and using
carbon-free methods, but currently only a few commercial companies are investing
in this type of production. Grey hydrogen is currently obtained from hydrocarbon
molecules, such as methane (CHy), with the energy necessary for this process also
obtained from fossil fuels. The process is called steam-methane reforming reac-
tion. The reaction is conducted in a reformer vessel where a high pressure mixture
of steam and methane are put into contact with a nickel catalyst. Catalysts with
high surface-area-to-volume ratio are preferred because of diffusion limitations
due to high operating temperature [32]. The reaction is represented by this equi-
librium:

CHy4 + Hy0O + Heat —— CO + 3 Hy 2.2)

The capital cost of steam reforming plants is considered prohibitive for small
to medium size applications and can be considered as one temporary solution to
supply hydrogen while new carbon free technologies are developed. Building a
hydrogen infrastructure mainly based on steam reforming is not sustainable for
the future and is counterproductive in terms of efficiency, when the natural gas can
be used directly in solid oxide fuel cells with fewer losses in the energy chain.

Currently the alternative to steam reforming is water electrolysis. The basic
process for electrolysis was developed at the beginning of the 17th century, and
has become a well matured technology for hydrogen production up to the mega-
watt range. Water electrolysis for the production of hydrogen constitutes the most
extended electrolytic technology at a commercial level worldwide [33]. In this
technology, a DC electrical power source is connected to two electrodes, typic-
ally made from some inert metal such as platinum or iridium, which are placed in
water. Hydrogen will appear at the cathode, where electrons enter the water, and
oxygen will appear at the anode. Assuming ideal faradaic efficiency, the amount
of hydrogen generated is twice the amount of oxygen, and both are proportional to
the total electrical charge conducted by the solution. In pure water at the cathode a
reduction reaction takes place, with electrons (e-) from the cathode being given to
hydrogen cations to form hydrogen gas. The half reaction, balanced with acid, is:

2H" +2e” — Hy (2.3)
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At the anode, an oxidation reaction occurs, generating oxygen gas and giving elec-
trons to the anode to complete the circuit:

2H,0(1) = Og(g) + 4H  (aq) + 4e” (2.4)

The same half-reactions can also be balanced with the base, at the cathode:

2H,0(1) +2e~ — Hy(g) + 20H (aq) (2.5)

And at the anode:

20H (aq) — % O2(g) + HaO(1) + 2e~ (2.6)

Not all half-reactions must be balanced with acid or base. Many do, like the ox-
idation or reduction of water listed here. To add half reactions they must both
be balanced with either acid or base. The acid-balanced reactions predominate in
acidic (low pH) solutions, while the base-balanced reactions predominate in basic
(high pH) solutions. Combining either half reaction pair yields the same overall
decomposition of water into oxygen and hydrogen:

2Hy0(1) — 2Hz(g) + O2(g) (2.7)

Conventional alkaline electrolysis has an efficiency of about 70% [34].

Electrolysis can be carried out using proton exchange membrane, also re-
ferred to as polymer electrolyte membrane. PEM electrolyzers can operate at much
higher current densities, capable of achieving values above 2A cm, this reduces
the operational costs and potentially the overall cost of electrolysis [35]. Account-
ing for the accepted use of the higher heat value, because inefficiency via heat can
be redirected back into the system to create the steam required by the catalyst,
average working efficiencies for PEM electrolysis are around 80% [36]. This is
expected to increase to between 82—-86% [37] before 2030.

From a logistical perspective, green hydrogen can be produced either in a
centralized plant or on-site, closer to the distribution point (see Fig. 2.1). A cent-
ralized electrolyzer plant offers numerous benefits with easier maintanence and
control of the electrolyzers. This solution can also process the hydrogen more
efficiently from its low pressure state to its final storage form (compressed or
cryogenic). The main drawback is that it introduces transportation costs to the
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distribution stations. Production of Green hydrogen directly at distribution station
eliminates transport costs but can be problematic from a maintanence, control and
safety perspective. Many projects are considering centralized distribution hubs
were it is possible to refuel city taxis, busses and ferries from a centralized plant
placed strategically in a urban area [38].

Figure 2.1: Hydrogen production and refueling station in the city of Aberdeen, Scotland

2.3 Balance of plant components

Auxiliary components are necessary to generate electrical power with a fuel
cell stack (see Fig. 2.2). These components make up a large portion of the system
in terms of footprint compared to the space occupied by the stack itself. A key
element to take into consideration with respect to auxiliary components is the reli-
ability and durability, as their malfunctioning compromises the ability of the fuel
cell to operate within operational parameters. In this section is presented a brief
overview on the auxiliary systems necessary to run a fuel cell system.

The goal for auxiliary components is to keep the FC stack within operational
parameters. The FC stack itself is a chemical reactor with no moving parts, so
it does not experience degradation related to the component’s friction. The de-
gradation the stack comes mainly in the form of mechanical degradation, thermal
degradation and electrochemical degradation of the polymer electrolyte membrane
[39]. In addition to membrane degradation, a deterioration in performances is ex-
perienced by the electrocatalyst and catalyst layer aswell, where Pt and binary,
ternary, or even quaternary Pt-transition metal degrading much faster under harsh
conditions.

The fuel cell system includes also a series of traditional components that
can be classified as high temperature components or low temperature components.
One high temperature components is, for example the heat exchanger included in
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the cooling system. Other high temperature components are the inter-cooler in
the air supply system and the gassifier connected to a cryogenic hydrogen tank.
Low temperature components include pumps blowers and compressors used to
supply fuel and oxidant to the fuel cell stack. Other low temperature components
include valves, system actuators, pressure regulators and fans. Many auxiliary
components, both classified as high or low temperature have a design similar to
the one included in traditional systems. The cooling system to and from the fuel
cell stack, for example, resembles the one installed with an internal combustion
engine and operates practically in the same temperature range. These components
shared with traditional systems have been studied for years in terms of reliability
and durability and are optimized to achieve the longest lifespan possible.

There are also components that are specific to the hydrogen system, such as
pumps able to recirculate hydrogen, and valves able to withstand low density and
high pressure hydrogen gas [40]. Many auxiliary components consume parasitic
power and the extra fuel consumption needs to be taken into account.
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Figure 2.2: Hydrogen powerplant system for automotive applications from the schematics
of the Toyota Mirai. The system includes the balance-of-plant components required for the
fuel cell

2.4 Hydrogen safety

In every sector of the transportation industry the safety aspect related to the
fuel storage plays a key role, especially when considering the transport of passen-
gers. The maritime industry currently uses LNG or other high-flammable com-
pressed or cryogenic gasses to power ships, but pure hydrogen poses additional
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challenges with its chemical and physical properties being different from conven-
tional fossil fuels.

Hydrogen can easily escape through joints and seals that would retain natural
gas. These joints and seals have to be therefore specially designed, maintained
on frequent schedule, and closely inspected at the beginning of every bunkering
operation. The thickness of insulation around the tank is also a key difference
when considering the cryogenic form. Normal 40cm LNG insulation is not enough
to maintain a stable temperature of -253°C and while a moderately large LNG tank
could lose 0.2% of its total volume a day if stored in the same kind of tank the LH2
actually lost would be around 5% [41].
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Figure 2.3: Minimum ignition energy curves for propane, ethylene and hydrogen com-
pared as a function of the concentration in atmospheric air [Source: JSS Technical service]

Hydrogen has a wide range of flammability in air compared to natural gas,
with concentrations ranging between 4% and 75%, compared to 2% to 10% of pro-
pane and 5% to 15% of methane. This, combined with the low minimum ignition
energy of 0.02 mJ, compared to the 0.25 mJ of propane in 5.2% O,, can create
serious safety hazards in uncontrolled releases (see Table 2.3). A consequence of
the wide flammability range and low ignition energy can be observed in Figure
2.3, where the ignition curve for hydrogen spans on a much wider range with re-
spect to both propane and ethylene, resulting in an increased likelihood of ignition
and explosion, if released. If ignited, hydrogen is odorless and burns with a color-
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less flame [42]. A hydrogen fire is recognisable from the distance only by using a
thermal camera. This difference between fossil fuels and hydrogen is highly rel-
evant during the design phase of the vessel when considering the placement of the
hydrogen tanks.
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Figure 2.4: The a,b,c graph compare the characteristics of hydrogen, natural gas, propane
and gasoline vapor.(a) Flammability range expressed as a function of the % of gas to
air volume ratio, (b) Density of the flammable sources relative to atmospheric air, (c)
minimum ignition energy expressed in mJ. (d) Laminar burning velocity in m/s comparison
between hydrogen and methane as a function of the concentration in atmospheric air

Some of the safety concerns when dealing with hydrogen are counterbal-
anced by some positive aspects. The low density of hydrogen allows for a much
faster dispersion rate compared to natural gas (table 2.2), provided that enough
ventilation is available. In addition, electric current carrying capacity is also smal-
ler than in natural gas with charge buildup not being a concern for flowing liquefied
H; [43].

Safety aspects related to the use of hydrogen onboard a maritime vessel were
studied in Article 3 and 6 (see Section 7). In these articles the Barrier and Opera-
tional Risk Analysis (BORA) method is applied [44, 45]. This method, used in the
Oil and Gas industry has been applied to a case considering the release of cryo-
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genic hydrogen onboard a vessel. The articles describe respectively a qualitative
and quantitative risk analysis analyzing the safety barriers identified. The work
highlights possible weaknesses in some technical and administrative aspects that
can be considered by the designers of the vessel or the crew operating it.

Table 2.2: Buoyancy behaviour of hydrogen at different temperatures [46]

Property Hydrogen
H2 at 20°C Very buoyant
H2 at -253°C Neutral
H2-Spray Dense gas behaviour

Table 2.3: Stoichiometry, detonation and explosion limits comparison for hydrogen and
methane

Property Hydrogen Methane
Explosion Limits 4% to 75% | 5% to 15%
Detonation Limits | 15% to 60% | 5% to 15%

Stoichiometry 29,6% 9,5%

2.5 Energy density and storage solutions

The energy density and storage problem is a key challenge in the transition
from fossil fuels to hydrogen for the production of electrical power onboard a
vehicle. While the gravimetric energy density of hydrogen is much higher than any
fossil fuel commonly used in the transport industry, its volumetric energy density
is low (see Fig. 2.5). This is one of the reasons why hydrogen is still not usable
as a direct replacement for fossil fuels, and it is relegated to specific zero-emission
applications. As a result, one of the most important factors for the adoption of
hydrogen systems is the creation of new storage solutions that can increase the
volumetric energy density and ensure that the hydrogen is stored safely.

The limitation regarding the volumetric energy density of hydrogen is one
of the factors that defined the power range for the maritime vessels considered in
this thesis. Long-range routes operated by cargo and container ships, equipped
with high efficiency 2 stroke engines, cannot be currently operated by hydrogen
powered ships unless a considerable portion of the cargo area is dedicated to hy-
drogen storage. At the same time, for systems below 1 MW, the initial investment
and running costs required for systems using hydrogen are high, and aren’t cur-
rently competitive solutions, while achieving a very small reduction in emissions.
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There are currently multiple hydrogen storage solutions on the market, both
for the storage of pure hydrogen and for the storage of hydrogen carriers, liquid
and solid. Each technology has its own advantages and disadvantages in terms of
energy density and safety (see Table 2.4).

Table 2.4: Energy density for hydrogen and considered energy carriers

Form of Storage En. den. by weight [kWh/kg] | En. den. by volume [kWh/I]
Gas (30 MPa) 333 0.75
Gas (70 MPa) 333 1.386
Liquid (-253°C) 333 2.36
Metal hydride 0.58 3.18
Ammonia (NH3) 2.44 3.6
Mg(NH;3)sCl, > 2.44 3.6
LOHC (Dybenzyltoluene) 1.9 1.9
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Figure 2.5: Volumetric and gravimetric energy density for commercial fossil fuels, alcohol
based fuels, and hydrogen
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Chapter 3

Maritime electrical installations
and hybrid systems for maritime
propulsion

Today electric propulsion is widely adopted in the maritime sector and found on
numerous vessels belonging to different types and classes. This type of propulsion
allows for higher efficiency and lower fuel consumption in specific applications,
such as during low load conditions or dynamic positioning operations (DP) [47].
This is possible by mechanically decoupling the source of power (prime mover,
usually an ICE) from the propeller. The connection that was previously realized
with a propeller shaft, is now substituted by an electrical grid that transfers elec-
trical power from the generators to the motors.

Further optimization of operations can be achieved by combining multiple
components able to produce, release or store electric power, realizing a hybrid
system [48]. Hybrid systems, in the maritime sector, have seen increasing adoption
as they are able to solve technical challenges, such as zero-emission navigation.
Hybrid systems increase complexity in a maritime powerplant and its initial cost,
but offer a reduced vulnerability to single failures of the components, a lower fuel
consumption through the use of smart load sharing strategies, and can improve
performances using each components in its best output range.

In this chapter are presented informations regarding the diesel-electric con-
figuration, and the hybrid configurations including batteries and hydrogen fuel
cells. The state-of-the-art for these two types of configuration is described, in-
cluding a characterization of the types of electrical grid and components required
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for efficient operations. The configurations presented provide a scientific back-
ground used for the development of the models described in the articles enclosed
in this thesis. The possibility to compare the older architecture, based on ICEs,
with the one utilizing hydrogen fuel cells and batteries helps to better understand
challenges and opportunities provided by this transition for the transport industry,
including, but not limited to zero-emission propulsion.

3.1 Conventional and diesel-electric propulsion

Conventional propulsion systems, in the majority of cases, include an internal
combustion engine that burns marine diesel or heavy fuel oil and is connected to
the propeller shaft directly, or through a gearbox with different reduction ratios.
In this configuration, the connection between the prime mover and the propeller is
mechanical and the rotational speed of the propeller is a function of the rotational
speed of the engine’s crankshaft. The electrical power needed for auxiliary and
hotel load is provided by generators, usually diesel engines of smaller size, con-
nected to the vessel’s electrical grid. This layout provides limited flexibility and
does not allow load sharing between the main diesel engine and the generators.

In diesel-electric propulsion one or more diesel generators are connected to a
central switchboard that distributes power to both propulsion motors and inboard
loads [47] (see Fig. 3.1). Diesel-electric powertrain configurations normally use
alternating current (AC) for power distribution within the vessel’s electrical grid.
The propellers are not driven by a shaft connected to the engine but by electric
motors. The propellers can be connected to the electric motors using a transmis-
sion, or directly, as it is done in azimuth thruster pods. The rotational speed of
the propeller, in this case, is not a function of the rotational speed of the engine
anymore, allowing for greater load regulation.

There are multiple advantages when adopting this configuration compared to
the conventional layout, both in terms of performances, footprint usage and reli-
ability. The first advantage is given by the connection of all the components to a
single controlled electrical grid, allowing more flexibility with respect to load de-
livery. With all the components connected, the propulsion system can be based
around high/medium speed diesel engines that create less vibrations and have
faster response time in load transients. No additional diesel generator is required
for the delivery of hotel loads. Another advantage is the improved maneuverabil-
ity and the possibility for efficient station-keeping when azimuth podded propellers
are used. This also create less propulsion noise and increases efficiency. From a
footprint perspective a diesel-electric drive occupies less space than the equivalent
conventional geared drive allowing the aft section to be slimmer and giving better
flow over the propeller. Not only is the diesel-electric drive train lighter than a
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large two-stroke engine, but also its weight can be distributed more evenly.
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Figure 3.1: Conventional configuration based on direct propulsion (top) and diesel-
electric propulsion system (bottom) [Source: yanmar.co.jp]

Diesel-electric layouts are the configuration of choice for ship with high in-
board loads, ships that spend extended amount of time in dynamic positioning
mode, ships with high load transients or that do a lot of maneuvering [49]. Vessels
like drill ships, where the main propulsion system is used only in transit, are one
ideal case for this configuration as they require large amounts of energy even when
stationary. Icebreakers are also a special case. Here diesel-electric propulsion is a
favourite configuration since it meets the requirements for maximum output at very
low speeds. For vessels such as floating production storage offloading (FPSO), the
choice of diesel-electric drive is almost automatic, since about 80 percent of time
is spent on production at low power while in station-keeping mode. The remaining
time is split between transit, offloading, standby and production at variable loads.
The last vessel type that uses almost exclusively diesel-electric layouts is the cruise
ship. In this type of ship there is a primary need of limiting the vibration for the
comfort of the passenger. It is also relevant that these ship hop from one port to
the other, with short periods at sea eliminating some of the advantages given by
the low speed 2 stroke diesel engines. This kind of vessel has also very high hotel
loads (inboard loads) compared to propulsion loads and having multiple efficient
motor both taking care of the propulsion motor and the inboard load is a more
efficient solution than separating the main engine from generator engines.

The transition from a conventional system to a diesel-electric system allows
the ship operator to deliver the load more efficiently by switching on/off generat-



30 Maritime electrical installations and hybrid systems for maritime propulsion

ors according to the load requirements, with the aim of remaining for the longest
amount of time possible within the zone of maximum efficiency (see Fig. 3.2).
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Figure 3.2: Efficiency map (hill diagram) of a generic mid-speed diesel engine as a func-
tion of rotational speed of the crankshaft and torque produced
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Figure 3.3: Single line diagram detailing the components of the diesel-electric system
equipped with a radial AC distribution system (M: motor, MSB: main switchboard, VSD:
variable speed drive) [50]

With this configuration it is possible to use fixed pitch propellers at a controlled
speed, independent from the engine, and avoid the used of controlled pitch pro-
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peller that experience much higher losses in low load conditions.

3.2 Diesel-electric propulsion with energy storage

The electrification of the powertrain using the diesel-electric configuration
opens the possibility to further improve the system’s efficiency with the installation
of one or more energy storage unit [51]. The most common energy storage solu-
tion is the battery (Li-Ion, Ni-Mh, AGM), but supercapacitors may also be used
in specific applications, when a very short response time to transient loading con-
ditions is needed (see Fig. 3.4). In this hybrid configuration, the electrical power
can be distributed using either an alternating current (AC) or a direct current (DC)
grid. With gains on the overall weight and complexity of the system, but draw-
backs with respect to additional safety equipment and challenges, the choice of
DC over AC ultimately comes down to the quantity of DC producers/users on the
grid. The choice is also influenced by the difference in initial investment between
the two solutions.
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Figure 3.4: Single line diagram of system including diesel engines, batteries and super-
capacitor [Source: ABB]

The grid of a maritime vessel is an isolated grid, where the energy has to be
balance at all times, with unused energy disposed off as heat. The introduction
of an energy storage solution can greatly reduce fuel consumption and emissions
by allowing the storage of the energy surplus, for it to be released during periods
of energy deficit [52]. With the system controlled by a smart energy manage-
ment strategy, high frequency transient loading conditions can be greatly reduced,
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maintaining the diesel generators, for as long as possible, within their output range
of peak efficiency, and without the need to switch them on and off [53]. High fre-
quency transients are compensated by the battery that has generally lower response
time and a faster dynamic response than a diesel engine. A secondary advantage
of adding battery to the system is the increased redundancy achieved in relation to
power generation. Even during a failure of the diesel engines, the battery is able
to provide electrical power to important systems making the ship more blackout-
proof.

The control of a hybrid diesel-electric system with energy storage is non-
trivial as the different components generating or storing power have different tech-
nical limitations and a different dynamic behavior. The control of a hybrid system
such as the one seen in Fig.3.4 needs careful analysis of the technical components,
the operational profile of the vehicle and the definition of the key factors for the
optimization of the powertrain design [50]. The challenges encountered in the for-
mulation of smart control strategies are a key topic of this thesis, together with the
problem of component sizing.

3.3 Hydrogen fuel cell and battery configurations

The hybrid configuration studied in this thesis consists of a combination of
proton exchange membrane fuel cells and batteries (see Fig. 3.5). In the considered
powertrain, fuel cells are tasked with the onboard power generation, replacing the
diesel generators entirely. The batteries included in the system are needed for the
start-up procedure of fuel cells and BOP components, and perform as an energy
storage during normal operation, similarly to what is described in the previous sec-
tion 3.2. This hybrid configuration ensures zero-emission navigation with medium
range capabilities thanks to the higher energy density of hydrogen when compared
to batteries.

Considering a series of technical and economic factors, the type of fuel cell
chosen for this powerplant is the proton exchange membrane fuel cell (PEMFC).
Section 5.1 provides more detail on the choice of this type of fuel cell. The battery
chosen for this application is of the Lithium-Ion type as described in section 5.2.
With both the PEMFCs and batteries having a direct current (DC) output, the type
of grid considered is using DC. The adoption of DC grids in the maritime industry
has increased thanks to the offered weight saving, increased efficiency thanks to
lower electrical conversions, and improved dynamic response. Drawbacks of this
type of grid include the technical difficulty of interrupting safely a DC current and
the need for a much faster fault detection system. More information on the grid
are provided in Chapter 5.
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While internal combustion engines have been used for decades in the mari-
time industry, allowing the refinement of the architecture for maritime use, PEM-
FCs are at a lower technology readiness level (TRL), with only a few installation
onboard vessels. The lower TRL and market adoption determines a general lack
of data for factors such as PEMFC degradation, to determine the real operational
life of the unit, as these studies require long-term testing or the monitoring of units
in commercial applications during, and at the end, of their life cycle. The install-
ation of PEMFCs in maritime vessels poses additional challenges when compared
to road or rail vehicles. Some of these challenges include the need to satisfy the
requirements of high power density related to weight and size, tolerance to salt air,
shock resistance, and load responding characteristics [54].
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Figure 3.5: Hybrid configurations with PEMFCs and batteries, simplified single line dia-
gram of DC grid

To target the power density problem, PEMFCs stacks or modules (defined as
connected stacks) of increasing size are being built by multiple companies around
the globe to satisfy the needs of the maritime industry. These modules normally
are considered as a complete solution and include the BOP components and offer
good power density and load responding characteristics similar to the ones of a
large diesel engine. Such systems can be scaled up to the megawatt scale to satisfy
the power requirement of larger vessels.
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Air filtration is another key factor in avoiding reduction in efficiency and life,
as a result of poisoning of platinum catalysts by airborne contaminants [55]. In
addition to the standard filtration of contaminants, the air filters installed in a mari-
time system have to take into consideration the presence of sea spray. Sea spray
are aerosol particles formed from the ocean, mostly by ejection into Earth’s atmo-
sphere by bursting bubbles at the air-sea interface [56]. Sea spray contains both
organic matter and inorganic salts that form sea salt aerosol (SSA) that needs to
be filtered out for the correct operation of the PEMFC. Shock and vibration resist-
ance and other reliability factors are extremely important for this new technology
as the grid of the ship is an isolated grid and the failure of multiple units could lead
to the ship blackout. Regulations for hydrogen systems onboard ships have been
formulated by maritime classification societies [57, 58] and are in constant evol-
ution to ensure that the designed systems have the appropriate active and passive
redundancy features for maritime operations.



Chapter 4

Onboard powerplant balancing
software

The design phase of a hybrid powerplant for a maritime vessel utilizing fuel cells
powered by hydrogen, and batteries, consists in defining the composition of such a
powerplant and how it is controlled. The composition of the powerplant is defined
by calculating the number of components required to satisfy the power demand
of the considered vessel, in addition to the definition of component’s technical
characteristics and performances. This activity is referred to as component sizing
(CS). The control of the powerplant is performed using an energy management
strategy (EMS). The EMS controls the power production and distribution within
the vessel’s electrical grid. The definition of CS and EMS needs to be performed
concurrently as the definition of one influences the other and vice-versa.

In this chapter, a software built as a Matlab application is presented. The
software based application is built using a quasi-static model of the hybrid power-
plant, focusing on power generation, storage, and distribution inside the vessel’s
electrical grid. The use of a quasi-static model allows for the observation of a sys-
tem with time dependent variables over an interval of time, while considering that
the system, in this case the electrical grid, operates in a state of equilibrium. The
model considers each instant as separate and the previous or following instants
do not influence the simulation. Calculations performed with this software named
ZEPCo for Zero Emission Powerplant Configurator, allow for the quick configura-
tion of the powerplant. The software calculates possible combinations of CS once
an EMS is selected by the user.

The work described in this chapter is reported in Article 5, with an earlier
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version of the application described in Article 1 (Chapter 7). The software is de-
veloped in Matlab and provides and efficient tool, with respect to computational
resources, to calculate CS configurations that comply with the requirements spe-
cified by the user during setup. The use of Matlab for this software makes the
integration with the Simulink dynamic models described in Chapter 6 easier. The
model of the hybrid system, used as a base for the software, is developed with
versatility in mind, and allows to perform the CS for maritime vessels, but also for
other types of vehicles such as road heavy duty transport. This versatility is made
possible by the nature of the hybrid powerplant, that consists of many individual
modules that can be connected in parallel to achieve the required power level.

4.1 Algorithm logic and boundary conditions

The configuration of the hybrid fuel cell and battery powerplant is carried out
through the definition of four factors:

* Energy management strategy (EMS): Set of rules or conditions that allow
to regulate the energy production, consumption, distribution and storage in a
vessel’s electrical grid. The EMS defines the load sharing strategy between
the fuel cells Py and battery Py,

* Fuel cells technical data: Data that allows the characterization of the com-
ponents considered. This type of data can usually be obtained from the
datasheet of the commercial model considered. These include the fuel cell
maximum power, rated power, efficiency variation.

* Battery technical data: Data that allows the characterization of the battery
module or battery cell depending on the case considered. These data include
battery capacity, rated discharge/recharge current, and C-Rate.

* Number of units: The number of fuel cells (ns) and batteries (n) required
to satisfy the power demand during operations.

To complitely define a hybrid powerplant, all four of the above mentioned
factors have to be determined during the design phase. Because the combination of
factors that satisfy a specific use case are mathematically infinite, some boundary
conditions need to be put into place to create an efficient algorithm for the software
based application, that is able to solve the design problem for efficient vessel’s
operations.

The design problem is a non-trivial problem as the number of units and their
technical data defines the EMS required to carry out efficient operations, while
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the definition of the EMS determines a the number of components and the re-
quired characteristics. Because of this reciprocal relationship, the configuration of
the powerplant carried out using the software based application described in this
chapter starts from the definition of the EMS and calculates the remaining factors.

The composition of the powerplant is defined based on the power demand
(Pop) during the operational interval considered. The power demand, also referred
to as operational profile (OP), is required as a model input at the beginning of
the calculations. The number of components, intended as the number of proton
exchange membrane fuel cells (ng) and the number of batteries (ny), required to
satisfy the OP is calculated as a function of the technical data provided for the
components. The total power rating of the vessel’s powerplant can be reached by
considering multiple fuel cell stacks and battery modules as connected in parallel.
In this case, all the fuel cell stacks are considered identical between each other
and are characterized using the technical data provided by the datasheet of the
unit. The same approach used for the fuel cell can be also considered applied
for the batteries, with modules installed in the system being identical between
each other and with the same technical characteristic. The technical data for the
fuel cell stacks and for the battery cells are obtained from commercially available
components.

The software execution steps for a case where the proton exchange fuel cell
(PEMFC) data are provided as input are represented in the flowchart in Figure 4.1.

4.2 Operational profile selection

To perform the calculations required to determine the composition of the
powerplant, the operational profile, representing the power demand during the in-
terval considered, needs to be known. The operational profile is provided as input
by the user as an array of power values with a known sampling rate.

The operational profile of the vessel can be obtained by sampling the power
produced by the vessels or estimated using data-mining. For a retrofit operation,
it is possible to sample the power output of the vessel operating under the con-
ventional propulsion system. The sampled values provide a target for the power
delivery of the fuel cell and battery system. The hybrid system has to replicate
the power delivery of the conventional propulsion system to ensure the same level
of performances. For a new ship design, the operational profile needs to be built,
prior to the software execution considering factors such as length of the route, hy-
drodynamic performances of the hull (or foils), typical meteorological conditions
on the route and many more. This case proves non-trivial as large databases needs
to be analyzed to have an accurate estimation of the power demand over time.
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Figure 4.1: Flowchart describing the algorithm of the MATLAB application ZEPCo

In this thesis all the vessels considered are currently operational and use a
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powerplant where the prime movers are internal combustion engines (see Section
1.5.2). The layout and type of powerplant installed on these vessels needs to be
taken into consideration when defining the approach used approach used for the
collection of the power output values. The double-ended ferry operates using a
diesel-electric configuration, and AC grid distribution, while the harbor tugboat
uses a conventional configuration with two diesel engines and a gen-set. Taking
these differences into consideration, the operational profiles used in this thesis and
enclosed articles are built by summation of the output of all the individual internal
combustion engines installed in the system. In the case of the double ended ferry
the power is considered to be the output of the AC generators coupled with the
diesel engines (see Fig. 4.2). In the case of the harbor tugboat the power output
is obtained by adding the output of the two main diesel engines and the one of
the generator, prior to the distribution into the grid to the propulsion or auxiliary
systems. This approach means that the operational profiles considered set a target
for the power delivery at the DC-bus level, where the load is directly simulated.
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Figure 4.2: Operational profile of the Langelandslinje ferry during one day of operation

4.3 Energy management strategy

The energy management strategy (EMS) is the first of the four factors iden-
tified in Section 4.1 that defines the powerplant configuration and operation. The
EMS defines how the power is generated within the vessel’s grid, and how the
energy storage capabilities are managed during operations. The EMS’s task is to
use the components of the powerplant, following a series of rules or parameters, to
satisfy the power demand determined by the operational profile.
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The category EMSs onto which focus was placed at this stage of development
was the one defining deterministic rule-based EMSs. This type of EMS operates
using a series of pre-determined rules and conditions that define the different state
of the systems during operations, and the output (or input) of each component at
every instant. Rule-based EMSs are considered robust and easy to implement. The
computational resources needed to run a rule-based EMS in a vessel’s control unit
are very low.

Two types of rule-based EMS are considered in this chapter: a load leveling
EMS, and a peak shaving EMS. Load leveling is an approach commonly found in
land-based grids or powerplants with large power ratings. When using this EMS,
the main energy source, in our case the PEMFCs, are set to a constant power level
(PL). A constant power output by the PEMFCs allows to complitely eliminate
transient loading conditions, eliminating problems related hydrogen or air starva-
tion, or conditions that cannot be realized due to the slowness of electrochemical
reactions inside the PEMFC. A constant output also reduces the degradation of the
PEMEFC. Load variations are compensated by storing power during periods of low
demand and delivering it during periods of high demand. This strategy therefore
requires large battery packs to operate efficiently.
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Figure 4.3: Filtered operational profile (red) and original profile (blue) for the Langeland
double ended ferry. The profile considers a full day of operations, with 18 crossings

The peak shaving strategy is a rule-based strategy that uses a low pass filter on
the operational profile, filtering-out high frequency load transients. The filtered
profile defines the output of the PEMFCs installed in the system, while the power
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surplus/deficit is managed by the battery. The filters considered in this thesis and
included in the software based application are Butterworth, Gaussian and Cheby-
shev. Each filter is defined by a series of parameters that are considered as vari-
ables:

* Butterworth filter: Order and Cut-Off frequency.
* Gaussian filter: Smoothing kernel and standard deviation (default is 0.5)

* Chebysheyv filter: Normalized pass-band edge frequency (Wp) and decibels
of peak-to-peak pass-band ripple (Rp).

Each filter provides a different frequency response (see Fig. 4.4) when the para-
meters that defined it are changed. This allows the user to define the smoothing
of the operational profile, and consequently the amount and intensity of transient
loading conditions for the PEMFC. Iterating through different parameters allows
the user to find a configuration that complies with the technical specifications of
the selected model of PEMFC.

12 Frequency response of the selected filter
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Figure 4.4: Example of frequency response of a Butterworth filter with order 5 and cut-off
frequency of 0.1. This filter is the one applied to the operational profile in Figure 4.3

4.4 Powerplant components model

The proton exchange membrane fuel cell is modelled as a serial circuit of an
ideal voltage source V¢, and a total internal resistance R¢.. The performance of the
fuel cell is characterized using the data of Table 4.1, in addition to the efficiency
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Nfe, and voltage Vg data provided as a function of the current output (see Fig.
4.5). The definition of the voltage curve allows the calculation of the PEMFC
power curve, determining the power output for every operational point, and the
definition of the efficiency curve allows the calculation of the hydrogen and oxygen
consumption.

Pfc(t) = Vfc(t) Ifc(t) = Vfc—ideal(t) Ifc—ideal(t) Nfc 4.1

The number of points provided in the form of tabulated data for the defini-
tion of the two curves Vg, and ng determines how accurate of a behavior char-
acterization it is possible to replicate. The data for both efficiency and voltage is
interpolated to perform the calculations.
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Figure 4.5: Curves representing 7z, V. and relative power curve Py,

Table 4.1: Parameters from a commercial PEMFC model used to define the operational
capabilities of the unit in the quasi-static model

Rated power (Prc-rated) 100kW
Gross output at rated power 320V /350 A
Peak power EOL,OCV @BOL 250,500 V

System efficiency (Peak, BOL) 62%
System efficiency (BOL) 50%
Response time (t.) 8s

The PEMFC (or stack) experiences a performance degradation that is influ-
enced by many internal and external factors, such as fuel cell design and assembly,
application of materials, operational conditions, and impurities or contaminants.
The degradation is measured by observing a reduction in the voltage per cell out-
put and current density of the cell. The estimation of the degradation experienced
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by the fuel cell during operations is necessary to determine the durability of the
component under specific conditions and its viability. The degradation of the fuel
cell is modelled using a set of numerical values that determine the reduction in
voltage with respect to time, transient loading conditions or number of cycles.
Choosing the correct set of values for the specific use case is challenging as there
are only a limited amount of studies defining these values, usually obtained in
laboratory conditions on models with low power output. This is mainly due to the
fact that PEMFC technology has not yet reached widespread adoption and data
from marine applications is very limited. The reviews from Wu et al. [39] and
Zhao et al. [59] present a series of values obtained in experiments carried out both
by academic and industry researchers. A set of presented values defines the de-
gradation obtained by measuring voltage in long duration static tests of different
fuel cells, while a second set describe the results obtained in accelerated durability
tests. Of the analyzed cases, articles [60, 61, 62, 63] focus on different cases where
dynamic loading conditions are applied to a PEMFC. All the experiments are car-
ried out with stacks of output far lower than the one considered in this case (see
Table 4.1). Fletcher et al. [64] presents a set of values used for the calculation of
the degradation of the single fuel cell. The stack considered has a 4.8 kW nominal
power output. The value of the start/stop cycle is obtained from the PEMFC man-
ufacturer datasheet, while other values are obtained from the literature (see Table
4.2).

Table 4.2: Degradation values from Fletcher et al. [64]

Operating Conditions Degradation Rate
Low power operation (80 < % Load) 10.17 pVh'!
High power operation (> 80 % Load) 11.74 pvh!
Transient loading 0.0441 uV/IAKW
Start/stop 23.91 pVlicycle

Values measured for a 10 kW PEMFC installed on a city bus, and tested in a lab,
are presented in Chen et al. [65]. In this article, values defining each operational
condition are presented. The transient loading degradation is identified using a
value that defines the degradation produced at each cycle when passing from idling
(10 < % Load) to high power load conditions ( ~ 100 % Load). Considering the
nominal power of the stack (10 kW) and the load variation it is possible to obtain
a value of 0.045 pV/Akw in this application.

Considering the studies and values reported in the scientific literature, the
values used to estimate the degradation of the fuel cell in the model presented
in this Chapter are reported in Table 4.3. The values are the one presented by
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Table 4.3: Degradation values used in the developed model for the 100 kW PEM fuel cell

Operating Conditions Degradation Rate
Low power operation (80 < % Load) 10.17 uvhT
High power operation (> 80 % Load) 11.74 pvh'!
Transient loading 0.0042 uV/IAKW
Start/stop 23.91 pVlicycle

Fletcher et al. with the exception of the one used to estimate the degradation of
the transient loading conditions. To evaluate the transient loading degradation it
is necessary to take into consideration the difference between the nominal power
output of the fuel cells used by Fletcher et al. (4.8 kW), Chen et al. (10 kW) and
the model considered here (100 kW). The value of degradation per cycle obtained
by Chen et al. [65] is considered as a starting point for the calculation of a new
value coherent with the 100 kW stack. It is observed that the loading cycle in Chen
et al. determines a change in PEMFC output from idling conditions to the nominal
rated output and vice versa. As it is possible to assume that the 100 kW stack
considered in this chapter is built combining multiple identical cells with the same
current density as the one utilized for the stack with a 10 kW output, the value
for transient loading degradation is recalculated. The new value has to take into
consideration that the nominal power output of the PEMFC considered in Table 4.1
is 10 times higher, modifying the AkW range. With this considered it is possible
to determine a value over the new range that is equal to 0.0042 pV/Akw.

The model for the battery, similarly to the one of the fuel cells, is a simplified
model. The model considers the battery as an ideal energy storage, capable of
storing and delivering power with an instant response time. This assumption is
motivated by the relatively low response time of the battery when compared to
the PEMFC. No serial resistance is considered in this case determining an Ohmic
efficiency of 100%. Coulombic efficiency, considered as the ratio of the current
entering the battery to the current that is possible to retrieve, is also considered
equal to 100%. No thermal effects are considered. The choice of assuming the
battery as an ideal energy storage was determined by the intention to not tie the
calculation to any specific battery technology, as each technology (e.g. Ni-Mh,
Li-Ion, AGM) has different internal characteristics and efficiency values.

The electrical grid of the vessel includes DC/DC converters, a switchboard,
DC/AC converters, and induction motors. It was defined in Section 4.2 that the op-
erational profiles taken into consideration in this thesis are considered as the power
demand at the DC-Bus level. For this reason the efficiency of components such as
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the switchboard, the DC/AC converters and induction motors can be disregarded
when formulating the equation representing the balance of power in the electrical
grid. The DC/DC converters that connect the PEMFC and battery to the grid are
instead considered in the overall power balance as they are placed between the DC-
Bus and the power generation/storage components. The values of efficiency used
for these components are considered constant during operations and are determ-
ined using the efficiency of components in the analyzed power range. The values
relative to the efficiency of the boost converter (7,.), connecting the PEMFC to
the grid, and relative to the bi-directional converter (1p;qir), are respectively 0.98
and 0.95. These values are obtained as and average between conditions at low
load, determining low efficiency, and conditions at high load, determining high
efficiency.

4.5 Powerplant configuration model

The model of the powerplant, considering energy generation, storage and
distribution is based on the assumption, represented by the system of equations
4.2, that the power demand imposed by the operational profile in each time-step
Pyp(t), is equal to the sum of the PEMFCs and batteries output. This assumption
is based on the consideration that the vessel’s electrical grid is isolated.

P0p<t) = Pretot(t) Mbe + Phetot(t) Mbi-dir
Pictor = Pienge = (P fc-ideal 77fc) Nfe
Prtot = Pony = (Preideal 1) Mo

0 < Pte < Prerated

4.2)

The EMS strategy selected by the user is used to calculate the value of Py .
The value of Py ¢ determines the share of load assigned to the fuel cell stacks
installed in the hybrid system. When considering the load-leveling strategy the
value of Pr.or can be either set by the user as a constant value Py or calculated
using Equation 4.3 to ensure a balanced load sharing between battery and PEMFC.
In the case of the peak-shaving strategy the value of Pg. 1S not constant, and is
determined by applying a low pass filter to the OP (see Equation 4.4).

1
Pretor = PL = T Z(Pop(t) ts) (43)
tot t=0

Pieor(t) = Pi(t) = filter(Pop(t)) (4.4)
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The definition of Py o allows the calculation of the number of PEMFCs required
to satisfy the load share defined. This value is obtained using Equation 4.5, as-
suming that the PEMFC’s maximum allowed output is equal to the rated value
Prerated provided in Table 4.1. The number of fuel cells needs to be an integer,
and to provide a conservative solution the number is always rounded to the nearest
integer greater than or equal to that element.

Ngc = Ceil(mCM(Pfc-tot)/(Pfc—rated)) <4‘5)

The definition of the number of PEMFCs ngc can be used to define the power
output of the single PEMFC Pg.. This allows the estimation of the degradation
for the single PEMFC unit. This calculation is based on the values presented in
Table 4.3. In this table, the low power operation interval is identified by values
that are below 80% of the selected PEMFC rated load. The calculation of the
degradation using Equation 4.6 is done considering the low power degradation
interval, the high power degradation interval and transient loading degradation.
The total degradation value at the end of the considered time interval is equal to
the sum of the three components. No start/stop phase is considered.

de = Hpo tny + Lpo tyy + ¥ _(|Pre(t) — Pre(t — 1)| TI) (4.6)
t=0

The hydrogen consumption of the single PEMFC can be estimated using
Equation 4.7. The efficiency data provided as input are interpolated and used to
calculate the efficiency value at which the PEMFC operates at each time-step (7s)
of the simulation. The value of the hydrogen energy density, equal to 120 MJ/kg
or 33.6 kWh/kg, is used to estimate the consumption for each time-step.

n

PfC(t) ts
c _ 4.7
OnsSh, g H, Energy Density ng(t) @

The battery capacity that needs to be installed in the powerplant to satisfy the
power demand at each time-step is calculated as a function of the PEMFC output.
The battery compensates for operational conditions where the PEMFC output de-
termines a power deficit by releasing power, and for conditions where the PEMFC
output determines a power surplus by storing power. The value for battery power
Py at each time-step, calculated using Equation 4.8 can be either positive or neg-
ative according to conditions of power surplus or deficit, determining a recharge
state or a discharge state.
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Pop(t) - Pfc—tot(t) Tbe
b Toi-dir

Py(t) = (4.8)

The value representing the quantity of energy stored inside the battery at each
time-stem during operations is calculated using Equation 4.9.

n

E(t) =) (Py(t) ts) (4.9)

t=0

The minimum battery capacity C'y, required to satisfy the power demand imposed
by the operational profile is calculated using Equation 4.10.

Cy = maz(E(t)) + [min(E(t))| (4.10)

Knowing that the energy stored inside the battery cannot be negative, it is possible
to calculate the amount of energy that has to be stored in the battery at the be-
ginning of operations (Fg,t). This value determines the minimum initial state of
charge (SOC) of the battery.

imin(E(t))| = Esuan (4.11)

An optional function is included in the model to verify that the load variation
happening during a time-window that is equal to the PEMFC response time (R;), is
compatible with the technical limits of the unit imposed by the manufacturer, and
specified by the user. This option is used only with the peak-shaving strategy as
the output of the PEMFC with the load-leveling strategy is constant, and therefore
the load variation is zero. To perform this evaluation the condition represented
in Equation 4.12 needs to be satisfied. This means that 2 or more power-data
samples need to be available within the time-window considered to analyze the
load variation (U (n)).

2< =y (4.12)
ts

If the calculation of y does not return an integer number, it is assumed that the
result is rounded to the nearest higher integer. This produces a conservative eval-
uation with respect to the PEMFC response as the length of each time window
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where U is evaluated is longer than the actual PEMFC response time. The load
variation during the time-window defined by R, is calculated using Equation 4.13.

U(n) = |Pg(y +n) — Pg(n)] (4.13)

Every element of the U (n) array has to be lower than the maximum acceptable U
value specified by the user for the case study, between 0 and the rated Pc_teq, fOr
the solution to be considered valid.
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Figure 4.6: Graphic user interface of the ZEPCo application

4.6 Software based application

The conditions and equations described in the previous section are used as a
reference for the creation of a software base application in Matlab. The application
uses a graphic user interface (GUI) (see Fig. 4.6) for ease of use.

The operational profile and component’s technical data are loaded on the left
side of the GUI using buttons or editable fields. The EMS selection can be carried
out on the bottom-left part of the GUI. Results are displayed on the right-side of the
GUL. The results section includes 3D maps for the evaluation of the battery size,
C-rate (peak battery power demand), hydrogen consumption and PEMFC degrad-
ation as a function of the filter’s parameters when using the peak shaving strategy.
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A table contains all possible configurations calculated for the configuration of the
powerplant. If a load leveling strategy is selected, only one configuration is cal-
culated, based on the value of Py defined in Equation 4.3 or one specified in the
setup phase inside the "Power Level" editable field.

The results produced by the application can be used to determine the footprint
required for the hybrid powerplant, knowing the dimensions of the components,
and the initial investment cost knowing their price. Maintenance costs can also
be estimated by considering maintanence intervals determined by the degradation,
and running costs can be estimated knowing the hydrogen consumption.
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Chapter 5

Hybrid powerplant components:
Analysis and modelling

In this Chapter the models developed to represent the components used in the
powerplant dynamic model are described. The models are developed in Simulink.
The description includes the component’s basic construction characteristics and
operational modes.

The approach used to model the components for the powerplant dynamic
model in Simulink differs substantially from the approach used for the power-
plant balancing software in Matlab, described in Chapter 4. The type of model
considered in this Chapter is dynamic because it describes how system proper-
ties change over time. The dynamic model describes those aspects of a system
concerned with time and the sequencing of operations: events that mark changes,
sequences of events, and the organizing of events and states. The dynamic model
does not consider what the operations do, what they operate on, nor how they
are implemented [66]. In this model the state of the system in past time instants
influences the state of the system at the current instant.

The dynamic model is built using multiple dynamic sub-models represent-
ing the single components such as PEMFCs, Li-Ion batteries, switchboard, and
converters, allowing the user to study the inputs and outputs of each individual
component and observe its behavior during operations. The modeling of indi-
vidual components provides the possibility to study multiple configuration when it
comes to components connection to the ship’s electrical grid, and their control by
a simulated energy management systems.

‘While the Simulink model’s aim is to simulate the behavior of the real-world

51
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counterpart with a good degree of accuracy, limits in computational resources and
time rendered necessary the introduction of simplifications in the components rep-
resentations and control. Such simplifications were tested, validated and selected
after multiple simulations using real-world data.

5.1 Proton exchange membrane fuel cell

The proton exchange membrane fuel cell (PEMFC), also referred to as poly-
mer electrolyte membrane, is introduced in section 2.1 as the selected electrical
power generator for the powerplants considered in this thesis. This choice was
defined during the early stages of the project considering a series of technical and
economic factors including performances, cost and availability of PEMFC units
certified for maritime use. The LT-PEMFC (low temperature PEMFC) is currently
the preferred type of fuel cell for applications in the transport industry for zero-
emission vehicles. PEMFC has achieved good power density, satisfactory transient
performances [67], and the possibility for quick start-up. This type of fuel cell also
has an operational temperature range between 65 and 85 degrees Celsius, similar
to an ICE, and compatible with the heat exchangers installed in many transport
vehicles. PEMFCs do require high purity hydrogen to operate, and air needs to be
filtered to eliminate impurities of, in maritime application, sea salt aerosol.

The technical characteristics of the PEMFC considered during the construc-
tion of the model are reported in this section. While focusing mainly on electrical
power generation and hydrogen consumption, the study of the fuel cell model in-
cludes a brief overview of the electro-chemical processes that lead to the genera-
tion of current and the depletion of hydrogen.

5.1.1 Components and characterization

The PEMFC is a chemical reactor with no moving parts that is able to con-
vert the chemical energy stored in hydrogen directly and efficiently to electrical
energy. In a single cell we can identify components including plates, membrane
and gaskets sandwiched together to form a single rectangular or square unit. In
order, from anode to cathode, it is possible to identify the following components:

* Anode side current collector plate
* Hydrogen fuel bipolar flow plate
* Anode-side gasket

e PEM membrane

Cathode-side gasket
* Oxygen side bipolar plate
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* Cathode side current collector plate
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Figure 5.1: Fuel cell exploded view [68]

The hydrogen fuel bipolar flow plate contains a series of gas flow channels
that lets hydrogen flow through and excess hydrogen exit from the other side. Sim-
ilarly the oxygen side bipolar plate contains a series of channels that lets oxygen
flow through and excess oxygen exit from the other side. While small PEMFC
units used in laboratories are not cooled, in transport applications the flow plates
are cooled (usually water cooled) to maintain the perfect thermal conditions for the
reactions. The membrane electrode assembly (MEA), more specifically, includes
the membrane, catalyst layer, gas diffusion layer, and micro-porous layer. The
polymer electrolyte membrane is based on synthetic polymers (notably sulfonated
tetrafluoroethylene or NAFION) as a proton conductor [69]. The membrane has to
have high proton conductivity, low methanol/water permeability, good mechanical
and thermal stability and moderate price. The type of catalyst used belongs to one
of three possible categories:

* Pt-Based Catalyst: Excellent characteristics of high activity for fuel cell
reactions. High price and relatively low stability.

* Modified Pt-Based Catalyst: Low price and high durability under special
conditions. Indefinability for long term performances.

* Non PT-Based Catalyst: Low price and un-exhausted resources. Relatively
low activity.
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During normal operations the hydrogen flowing through the flow plate (an-
ode side) is split into electrons and protons using the catalyst. The MEA lets the
protons pass immediately from the hydrogen side to the oxygen side. The elec-
trons are forced through terminals connecting the two chambers, and flow from
the anode side to the cathode side as the atoms need a balancing charge, generat-
ing electricity. The hydrogen and oxygen combine producing water.

The multi-physics, highly coupled and nonlinear transport and electrochem-
ical phenomena taking place inside the PEMFC can be explained in a simplified
way using the reactions listed below. Fundamental models to examine more in
detail the transport processes can be examined in [69]. The reaction for the anode
is:

Hy — 2H* + 2¢ 5.1

‘While the reaction at the cathode is:

1
502 +2H" +2¢ — Hy0 (5.2)

The overall reaction is:

1
H2 + 502 — HzO (53)

From the products of this chemical reaction it is always possible to re-obtain
hydrogen molecules. The reaction in itself is not reversible but the products can be
processed into an electrolyzer to split the water into hydrogen and oxygen. This
means that hydrogen is infinitely renewable as long as it is possible to source some
energy to separate it from other elements in a molecule.

Since fuel cells are electrochemical systems, electrode processes play a cent-
ral role in their performance and durability. For this reason, common electro-
chemical techniques, such as polarization curves, have become standard methods
for fuel cells characterization [70]. The polarization curve for a PEMFC can be
observed in Figure 5.2. The measurement to plot the curve is usually performed
in a quasi steady-state in which the current is held at specified points until the
voltage stabilizes. A typical PEMFCs produces a voltage around 0.6 V at rated
load. Voltage decreases as current increases, due to several factors [71]:

* Activation loss: the FC potential drops significantly due to the slow kinetics
of the oxygen reduction reaction.
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* Ohmic loss: voltage drops due to resistance of the cell components and
interconnections. The ohmic resistance that affects this region of the curve
regards both the electronic transport through the electrodes and the protonic
one through the electrolyte.

* Mass transport loss: depletion of reactants at catalyst sites under high
loads, causing rapid loss of voltage.
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Figure 5.2: Typical polarization curve for PEM fuel cells. The curve is expressed as a
variation of the voltage as a function of the single cell current output [70]

Other common electrochemical techniques, such as cyclic voltammetry (CV),
CO stripping voltammetry, electrochemical impedance spectroscopy (EIS), and
linear sweep voltammetry (LSV) can be used for the characterization of the PEMFC
but such techniques were not taken into consideration during the PEMFC charac-
terization performed in this dissertation.

As specified in Chapter 4 the single cells can be connected to reach the de-
sired electrical power output. Such a design is called a fuel cell stack. The cell
surface area can also be increased, to allow higher current from each cell. Within
the stack, reactant gases must be distributed uniformly over each of the cells to
maximize the power output. These solutions are applicable within technical limits
posed by the PEMFC or the BoP components.
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5.1.2 Fuel cell model

Fuel cell models described in literature can be classified as chemical, exper-
imental or electrical representations. Focusing on the simulation of the electrical
power generation, storage and distribution, the type of model chosen is an elec-
trical representation. The model selected for this application was developed by
Njoya et al. [72]. The use of a pre-existing model from the literature was deemed
adequate as the creation of a detailed electrochemical model for the fuel cell was
outside the scope of the main research question. The selection of this model was
motivated by three factors. The first reason is the accuracy obtained in the results
described in the paper, where it is declared that, during the simulations, the authors
obtained a range of error of just +1% both for steady and transient state, provided
a controlled stack humidity. The second reason is the compatibility with the avail-
able inputs and the desired outputs from the model. The third reason is the ease of
use of this model, providing instruments for easy reconfiguration.
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Figure 5.3: Fuel cell model representation using Simulink blocks [72]

Two generic fuel cell models are presented in the Article from Njoya et al.,
a simplified version of the fuel cell model and a detailed version of the fuel cell
model. The detailed version of the model (see Fig. 5.3), configured as a proton
exchange membrane fuel cell is used in the simulations performed. The config-
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uration is carried out using the fuel cell data (see Table 5.1) available from the
producer. By defining the power demand at the DC-Bus, the detailed model is
used to calculate the following factors relative to the PEMFC stack operations:

 Current output
* Voltage output
* Efficiency

* Hydrogen and air consumption

The datasheet of the PEMFC model used in the simulation does not specify
a response time. The response time considered in this study is set equal to 15
second. This value defines a conservative PEMFC behavior, with response times,
even of large stacks, being lower [14].

Table 5.1: Parameters from a commercial PEMFC model used to define the operational
capabilities of the unit in the Simulink model

Rated power (net) 100kW
Gross output at rated power 320 V/350 A
Peak power EOL,OCV @BOL 250,500 V
System efficiency (Peak, BOL) 62%
System efficiency (BOL) 50%
Max waste heat 120 kW
Coolant outlet temperature 80C
Fuel inlet pressure 8-12 bar(g)
System pressure 1.6 bar(g)
Ambient temperature -20 to +50C
Ambient relative humidity 5-95%, non-condensing
Weight 120-150 kg
Volume 3001
Fuel quality ISO 14687-2, SAE J2719
IP classification IP54

The degradation of the fuel cell during operations is taken into considera-
tion in also in the dynamic model. The considerations listed in Section 4.4 for the
quasi-static model are also valid for the dynamic model. The value representing
the degradation is obtained in the same way as it is obtained in the quasi-static
model, considering the time spent at high or low load operations and during tran-
sients (see Equation 4.6). As the study of detailed degradation mechanisms is
outside the scope of this thesis, the values used in Article 2 and 4 are based on
the ones reported by Fletcher et al. [64]. (see Table 4.2). Further considerations
on this topic have lead to the modification of the value representing transient load
degradation as reported in Table 4.3.
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Figure 5.4: PEM fuel cell characterization curves obtained using the values specified in
Table 5.1 into the dynamic model

5.2 Energy storage system

A hybrid system is defined as a system that combines two or more different
components to produce power. In power engineering the term hybrid is often used
to describe the combination of a power generation system and and energy storage
system. In the transport industry, multiple energy storage technologies have been
tested for the integration into hybrid systems [73]. While batteries are the most
widespread solution, supercapacitors are also used for transport applications due
to their high power density and low response time. Mechanical energy storage has
also been adopted on vehicles in the form of flywheels [74]. In this thesis, the
focus is limited to batteries and their integration into the ship’s electrical grid.

There are currently many different battery technologies on the market and
many others under development [75, 76]. It is nonetheless clear that at this time the
technology that provides the best compromise between cost/kWh, energy density,
power density and performances is the lithium ion (Li-Ion) battery. The studies
and simulations carried out here are therefore focused on the Li-Ion technology

5.2.1 Scientific background

Li-ion batteries use an intercalated lithium compound as the material at the
positive electrode. The most common technologies include cathodes made with
LiCoO3, LiNixMnyCo,0;, LiMn;04, LiFePO4. The positive electrode (cathode)
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half-reaction, when considering a lithium-doped cobalt oxide substrate is [77]:

CoOg + Li™ + e~ == LiCo03 (5.4)

The negative electrode (anode) half-reaction for the graphite is:

LiCg == Cg + LiT + e~ (5.5)

The full reaction (left to right: discharging, right to left: charging) being

LiCg + CoOy = Cg + LiCoOs (5.6)

The overall reaction has its limits. Over-discharging supersaturates lithium cobalt
oxide, leading to the production of lithium oxide [78], possibly by the following
irreversible reaction:

Lit + e 4+ LiCoOy — LisO 4+ CoO (5.7)

Overcharging up to 5.2 volts leads to the synthesis of cobalt(IV) oxide, as evid-
enced by x-ray diffraction [79]:

LiCoOy — Li™ + CoOg + e~ (5.8)
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Figure 5.5: Lithium Ion battery simplified representation
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An important factor regarding the construction process are the additives in-
troduced into the electrolyte. The electrolyte in Li-Ion batteries consist of one, or
more, conducting lithium salts dissolved in a single or mixtures of non-aqueous
solvents. The use of electrolyte additives is the most economical and efficient
method to improve Li-Ion battery performance. The electrode’s surface morpho-
logy can be improved by the addition of small amounts of additives, as they are
usually preferentially involved in the interfacial redox process, i.e. prior to the
electrolytes. Electrolyte additives in lithium ion systems improve not only the
properties of the solid electrolyte interphase (SEI) on the electrodes’ surfaces, but
also the ionic conductivity and safety of the electrolyte. The additives should re-
duce irreversible capacity and gas generation, improve the thermal stability and
protect the cathode material from dissolution and overcharging [80].

Batteries experience electrochemical degradation over time. The longevity of
a battery can change dramatically with variations of factors such as temperature,
speed of the cycle, and depth of discharge.
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Figure 5.6: Discharge voltage of an 18650 Li-ion cell at 3A and various temperatures [81]

To address the temperature problem the battery must be equipped with a cooling
system or heat management system to cool down the cells or warm them up for
them to be always in the optimal temperature range (see Fig. 5.6). This temper-
ature should be kept around 20 °C at all times during operation, and preferably
also during storage. The speed of the charge/discharge cycle is also a key factor
in the battery operational life. The extended length of these cycles can determine
the start of time-dependent parasitic chemical reactions that reduce battery life.
These reaction speed up when the battery is hot, so the fist step into this problem
is to dimension the heat management system to keep the battery at the optimal
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temperature. Of course, in the real world, designing a system that operates under
laboratory conditions is impossible. Batteries in lab experiments are charged in 40
minutes and discharged in 20 minutes on a continuous cycle for 30 days, beating
the clock on those parasitic chemical reactions and giving a biased result on the
life expectancy. A system like this installed on a vehicle would allow the user no
flexibility if the expected result wanted is the same as in the lab. The use of the
battery under normal conditions would lead anyway to a buildup in solid electro-
lyte interphase and reduction in capacity. The range of charge across wich the
battery operates is also an important factor in the battery lifespan. Similarly to the
conditions explained above, we can operate a battery in a limited range (e.g. 40%
to 60% SOC) to mimic the conditions of the lab of rapid discharge and charge but
including additional capacity that gives versatility to the system.

5.2.2 Battery characterization

Li-Ion batteries are defined using a series of factors that determines their level
of performance. The evaluation of such factors is instrumental in defining the cor-
rect battery size and rating for the use-case taken into consideration. The first factor
that is taken into consideration is energy density. Li-Ion batteries generally offer
a volumetric energy density between 250 and 375 Wh/L and a gravimetric energy
density between 90 and 220 Wh/kg (see Fig. 5.8). These values are steadily in-
creasing with many research and development project both carried out in academia
and industry alike. The second factor taken into consideration is the power density.
Power density measures how quickly the battery can deliver the required energy.
In other words, it’s equivalent to the maximum current it is possible to draw from
a battery of a given size. Units are W/kg or W/m3. The power density of the
battery defines the C-Rate at which the battery operates and is limited to. The C-
rate is a measure of the rate at which a battery is being charged or discharged. It is
defined as the current through the battery divided by the theoretical current draw
under which the battery would deliver its nominal rated capacity in one hour (see
Equation 5.9). This parameter defines the electric power that can be delivered or
absorbed by the battery at each instant, influencing the power distribution in the
vessel electrical grid. The C-Rate at which the battery is limited to is usually a
function of the size of the battery pack. While small Li-Ion batteries can reach
C-Rates up to 25C, it is reported that in the automotive industry the battery packs
are limited to 4C or lower. In maritime applications considered here, the battery
packs taken into consideration are normally of large capacity (100 kWh or more),
determining that the maximum C-Rate is limited to values around 2C or lower.

Charge or Discharge current
Rated capacity [A/h]

C Rate = (5.9)
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As for the PEMFC, there are multiple electrochemichal techniques to charac-
terize the performances of the battery during operations. In this study the focus is
on the polarization curve of the battery. A polarization curve is a plot representing
the variation of current density (I) versus voltage (V) and can be measured for the
single cell or the battery pack. The voltage decreases in the case of a battery is
determined by [82]:

* IR drop: This drop in cell voltage is due to the current flowing across the
internal resistance of the battery.

* Activation polarization: This term refers to the various retarding factors
inherent to the kinetics of an electrochemical reaction, like the work func-
tion that ions must overcome at the junction between the electrodes and the
electrolyte.

* Concentration polarization: This factor takes into account the resistance
faced by the mass transfer (e.g. diffusion) process by which ions are trans-
ported across the electrolyte from one electrode to another.
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Figure 5.7: Typical polarization curve of a battery showing the three main regions of
functionality: activation, ohmic polarization and concentration. The curve is expressed as
a variation of the voltage as a function of the state of charge [83]

The Li-lon battery in particular defines a region of ohmic polarization with
a low voltage drop. The resulting effect of this characteristic is that the voltage
of the battery remains almost constant, ensuring good performance during oper-
ations when the state of charge (SoC) is limited in order to avoid Activation and
Concentration polarization areas.
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Figure 5.8: Comparison between energy density capabilities for the main commercially
available battery technologies [Source: EPEC]

5.2.3 Battery model

Battery models described in literature can be classified as circuit-based, ex-
perimental or electro-chemical representations. The type of model chosen in this
study is a circuit-based representation. The model selected for this application
was developed by Sheperd [84], and modified by Tremblay et al. [85] to use the
polarisation voltage instead of the polarisation resistance in order to remove the
algebraic loop that, in simulations, uses lots of computational resources. The bat-
tery model is obtained by merging a discharge model and a recharge model that
are battery type dependent. The model includes a low-pass filter term to simulate
the battery dynamic behavior and a polarization voltage term to calculate the SOC.
The use of a pre-existing model from the literature was deemed adequate as the
creation of a detailed electrochemical model for the battery was outside the scope
of the main research question. The model was selected as it can replicate the bat-
tery’s behavior with good computational efficiency. The battery size and rating,
for the applications considered in this thesis, are considered as a variables of the
load share assigned to the battery. The battery load share is again a function of
the PEMFC load share determined by the EMS, as described in Section 4.5. Once
the Battery load share is calculated, it is possible to configure the model using
the nominal voltage [V], rated capacity [Ah], initial state-of-charge [%], and the
battery response time [s]. The model is used to calculate the current and voltage
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input or output of the battery at each instant of the simulation. The battery SOC
is also calculated even for variable charging and discharging currents thanks to the
improvements carried out by Tremblay et al.
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Figure 5.9: The battery model represented using a block diagram within Simulink, which
in itself implements a generic model of Lithium-Ion battery [85]

The model assumptions and limitation described in Tremblay’s paper do not
negatively affect the results obtained during the simulations of the maritime hybrid
system at this stage. It is anyway especially important to evaluate this aspect in
future developments of the model if new battery models are considered where the
charge and discharge characteristics are substantially different or if thermal aspects
are considered.

The battery is added to the system to store excess energy from the PEMFC
and deliver it during periods of energy demand. While degradation of the battery
pack has an important impact in the technical and economic evaluation of a spe-
cific hybrid configuration, degradation effects on the battery are, in this study, not
considered.

5.3 Electrical grid characteristics

The electrical grid is an interconnected network for electricity distribution
between the power producer, power storage and power consumers. In the case
of a maritime vessel (or a vehicle in general), the electrical grid is designed to
operate autonomously as an isolated system, meaning that the entirety of the power
produced is used, stored or dissipated. The vessel grid can be configured to connect
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to the land based grid during periods of off-time, allowing the recharge of battery
or providing power for hotel loads.

Electrical grids onboard maritime vessels need to be designed according to
regulations imposed by maritime classification societies. Such regulations are
written following parameters such as reliability, redundancy, and define the cre-
ation of redundancy groups [86, 87]. The main difference between a land based
grid and a maritime grid is the short distance between power producers and con-
sumers. This condition opens the possibility for the use of both alternate current
(AC) or direct current (DC), unlike in land based grids were connections are made
between long distances making DC current distribution uneconomical. The choice
between an AC grid and a DC grid is generally based upon the outputs of the units
assigned to electric power generation or storage. Another factor taken into consid-
eration is the type (AC or DC) and amount of power users connected to the grid.
The choice is ultimately performed evaluating the technical and economic feasibil-
ity of the two options based on the operations of the vessel. In this study a DC grid
will be considered over an AC grid, as both the PEMFC and batteries produce DC
current. With DC power systems there is less need for electricity conversion across
the whole grid. Even if AC converters are cheaper than DC converters considering
the same size, less components overall produce a smaller initial investment, less
footprint usage and also less weight (switchboard and propulsion drives are much
less heavy for DC grids). Some pros for DC grids with respect to AC grids are:

* Higher power quality by eliminating harmonic mitigation equipment. This
equipment is instead required in AC grids due to the extensive use of con-
verters.

* Reduced weight and volume used by eliminating total harmonic distortion
(THD) filters.

* Increased compatibility with DC components such as batteries and fuel cells.
* No need for large low frequency (60Hz) transformers.

* No need for synchronization of different generators when they are switched
on.

The On-board DC Grid fully complies with rules and regulations for selectiv-
ity and equipment protection. Further; any fault current will be cleared within
maximum 40ms. This results in a drastic reduction in On-board DC Grid fault
energy levels as compared with traditional AC protection circuits where fault dur-
ation can reach up to 1s [88].
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5.4 Power converters

Power converters are used to convert electric power from one form into an-
other desired form optimized for the user. The architecture of converter, including
the choice and placement of active and passive components, depends on the type
of input and output desired.
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Figure 5.10: Hybrid configurations with PEMFCs and batteries, simplified single line
diagram of DC grid

In the hybrid system considered in this study, both the PEMFC and the bat-
tery produce a direct current (DC) output, and are connected to a DC electrical
grid. For this reason DC-to-DC converters (DC/DC) are used for power regula-
tion between the power source and the DC-Bus. The current is distributed within
the grid in DC form, but it is transformed to alternate current (AC) for a variety
of users including the propulsion system, using induction motors to transform the
electrical power into torque on the propeller shaft. For this application DC-to-AC
converters (inverters) are used. The placement of the converters can be observed
in Figure 5.10 where a single line diagram for a maritime vessel utilizing a hybrid
system with DC Grid, PEMFCs, and batteries is represented.

In the models developed in this thesis and enclosed articles, the electrical
power users visible in Figure 5.10 (propulsion motors and service loads) are not
modelled individually but are represented using a "controlled current sink" (CCS)
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to simulate the power demand. The CCS’s power demand (power "absorption")
is equal to the sum of all the electrical loads required by the user for each opera-
tional timestep, that is represented by the the operational profiles (OP) used in this
thesis. This simplification means that the main focus is on the DC/DC converters
connected to the energy source and storage, while the AC/DC converters are not
modelled.

5.4.1 DC/DC boost converter model

The DC/DC boost converter is a type of converter used to increase the voltage
output of the supply (input) to match the level required by the user (output). This
type of converter is mono-directional, meaning that the electrical power flows only
from the supply to the user but not vice-versa. The PEMFC uses this converter to
step-up the voltage to the level required for the connection to the DC-Bus.

The topology of converters applied to systems that are in the power range
considered in this thesis is extremely complex. The physical circuit implement-
ation and control of such converters is considered out of the scope of this thesis.
A simplified representation of the converters is presented, retaining the basic core
function of the more complex unit. Three different types of boost converter are
considered in this thesis to perform the voltage increase required. Each type is
realized using a different component’s topology, determining specific limits on the
power output, efficiency, volume and cost [89].

The first type of boost converter developed is the single-phase boost con-
verter. It was evaluated that this type of converter is suitable for the applications
studied in this thesis because of the low voltage conversion ratio required between
the PEMFC and the DC-Bus. This topology is simple, low cost and easy to control
with only one switching component. Drawbacks include low voltage gain and the
need for large passive components determining low compactness and higher costs.
The single-phase boost converter (SPBC) topology can be observed in Figure 5.11.
The sizing of the passive components in this topology is calculated using the sim-
plified equations presented in the application report [90] from Texas Instruments.
The application report considers simplified formulas for Low Power DC/DC ap-
plication, but was used here to dimension the components, with simulations show-
ing a satisfactory behavior with efficiency values similar to the ones specified for
the high power converters. The inductor ripple current is calculated using Equa-
tion 5.10, where I, is the maximum current output of the power source. Plotting
efficiency vs. load current, it is possible to observe higher efficiencies when the
inductor ripple current is between 20% and 40% of Ijn.x. The efficiency is determ-
ined by core loss due to low inductance and high current ripple.
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Figure 5.11: Base electrical circuit representing a single-phase boost converter connecting
a voltage source and a load

The inductor ripple current A/l is used to define the inductor rating in Henry.
Vout defines the voltage used by the DC grid, and Vj, is defined as the average
value calculated using voltage range of the power source. fs defines the switching
frequency of the switch.

Vin (Vout - Vin) o Vin D

L= = T fs Ve~ Allfs

(5.11)

The duty ratio D is defined using Equation 5.12, where Vi, min defines the min-
imum voltage value given as input to the converter during operations. 7)¢ony repres-
ents the efficiency.

D=1— Vin min Tconv (5.12)
Vout

The output capacitor rating in Farad is calculate using Equation 5.13, where Loyt max
defines the maximum current value provided to the converter by the power source.
AV oy represents the acceptable output voltage ripple.

Iout max D
Cost = ——— 5.13
oM A o (5.13)
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The converter can be equipped with an input capacitor. The minimum value for
the input capacitor is normally given in the data sheet. This minimum value is ne-
cessary to stabilize the input voltage and avoid that the switching dynamics impact
the PEMFC voltage output. The value can be increased empirically if the input
voltage is noisy. In the case-study considered in this thesis the input capacitor is
equipped, and the value is equal to the value used for the output capacitor.

Control PWM Input
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Figure 5.12: Base electrical circuit representing a double-phase boost converter connect-
ing a voltage source and a load

The second topology developed in this thesis is the multi-phase boost con-
verter, precisely the double-phase boost converter (see Fig. 5.12). This topology
has several advantages over the single-phase topology. The first advantage of the
double-phase converter is an advantage in thermal performances. The thermal per-
formance related to conduction losses of the power source are proportional to the
current squared.

P=I’R (5.14)

If two phases are used, power due to conduction losses is cut in half. The conduc-
tion losses are only a portion of the total losses in a power supply, but at higher
currents these losses can be significant.

~P=2((z1)*R) (5.15)

The second benefit that can be considered is the ripple current reduction (cancella-
tion with 50% duty cycle). The ripple current reduction can reduce the root mean
square (RMS) current in the input or output capacitors (see Figure 5.13). Other
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benefits of this topology are the improved response during transients, due to the
smaller capacitors, and the improved thermal performances.
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Figure 5.13: Normalized plot for RMS current reduction through the capacitor based on
the number of phases and duty cycle [Source: Texas Instrument]

The approach recommended for the sizing of the multi-phase converter is to
divide the maximum current (/ oyt max) for the number of phases, and use the same
equations used for the single-phase converter. Because the PEMFC is not a con-
stant voltage power source, the ripple reduction effects are dependent on the duty
ratio at which the system is operating, and often it is impossible to eliminate the
ripple complitely [91]. For this reason, the values values obtained in the dimen-
sioning need to be slightly increased by an empirical factor that is a function of the
voltage variation of the PEMFC during operations.

The third topology developed is the isolated full-bridge boost converter. The
isolated power converter isolates the source from the user by electrically and phys-
ically dividing the circuit into two sections preventing direct current flow between
input and output, typically achieved by using a transformer (see Figure 5.14). The
physical separation of the two circuits allows for increased safety compliance, es-
pecially when transmitting high voltages as in the electrical DC-Grids considered
in this thesis. A secondary benefit of this topology is the possibility to break up
ground loops. This possibility benefits circuits that are sensitive to noise and can
benefit by having their ground separated from noisy circuits. Drawbacks for this
topology, observed also in the simulations, are high conduction losses and lower
efficiency compared to the single and double-phase converters. An additional
drawback is the need to monitor the current during the control of the converter
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to avoid transformer saturation. The values needed for the sizing of the converter
are based on the study of Nymand et al. [92], where the input parameters for the
calculations are modified for the case-study considered in this thesis.
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Figure 5.14: Base electrical circuit representing a isolated boost converter connecting a
voltage source and a load

5.4.2 DC/DC boost converter control

Two types of control are considered for the boost converter connected to the
PEMEFC, voltage control mode and current control mode. The PEMFC, during
operation, has a variable output voltage determined as a function of the output cur-
rent (see Fig. 5.15). In voltage control mode the converter’s variable input voltage,
coming from the PEMFC, is transformed into a stable output voltage matching the
value specified for the DC-Bus. The voltage step-up and control is realized using a
feedback loop with a PID controller (see Figure 5.16). The feedback loop uses the
voltage measured on the DC-Bus to calculate the error with the reference voltage,
feeding this to the PID that determines the duty ratio for the PWM generator. The
PWM generator’s output is connected to the converter’s switching element (or ele-
ments) to control the voltage output to the DC-Bus. The PID tuning and the values
selected for inductance and capacitance need to ensure a non-oscillatory voltage
rise with an acceptable level of voltage ripples!. The switch used for all the boost-
converters is an IGBT with a switching frequency of SkHz. This switching fre-
quency directly determines the maximum timestep that can be used in the system’s
simulation 2. This type of switch is selected after evaluating the power and current

'The value used for P is 1.1594e-5, for 1is 0.0116, and for D is 5.7971e-6.
The simulations that include a converter with switching elements are performed with discrete
le-6 s time-steps.
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range for the case studies considered in this thesis, the switching frequency used,
and the voltage level specified for the DC-Bus (see Fig. 5.17).

500 140
L 130

450
\ 120
T ——] // 10
< 350 ‘_““‘L—ﬁ.__‘____ Pt
g e I 90

—_

- 80

e / + 70
T = P
200 | .
| e e e R o
r | —
150 [ / 0

Woltage (BOL) r 30

StackVoltage [V
w
o
5]

Power [kKW] / system Efficencty [%]

P_net_Bol + 20

System Efficency L 10

0 50 100 150 200 250 300 350 400 450
Current [A]

Figure 5.15: Fuel Cell voltage, power and efficiency characterization curves. [Source:
Powercell Data-sheet MS100]
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Figure 5.16: Feedback loop controlling the PWM generator of the converter in voltage
control mode
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The dual-phase and the insulated boost converter are controlled using the
same feedback loop when in voltage control mode. In the dual-phase converter
the switch on the second phase is controlled using the same pulses, but shifted of a
constant 180 degrees. Similarly to the dual-phase converter, the insulated converter
controls switch 1 and switch 4 with the original signal and switch 2 and 3 with the
phase shifted signal.

In current control mode the current output of the PEMFC is actively con-
trolled using the converter’s switch. This type of control was implemented for
the single and double-phase boost converters. The control is implemented with a
feedback loop using a PID controller (see Fig. 5.18). In the single-phase boost
converter the measurement of the output current is carried out on the branch con-
taining the inductor. In the double-phase converter, because of the two inductors,
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the measurement of the output current is carried out before the input capacitor of
the converter. In both cases the error is fed to the PID controller that determines
the duty ratio for the PWM generator. The PWM generator then controls the IGBT
switch implementing the current control on the user side. This approach leads to
the control of the circuit where the inductor acts as a controlled current source.
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Figure 5.17: Current, voltage and frequency range for switches in power electronics com-
ponents [Source: Electronics stack exchange]
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Figure 5.18: Feedback loop controlling the PWM generator of the converter in current
control mode

It is possible to realize a combined control feedback loop that regulated both
current and voltage output. This type of feedback loop can be realized using an
inner and outer loop feedback with cascade PID controllers. This type of control
is not studied in this thesis and is part of future developments.

5.4.3 DC/DC bi-directional converter model and control

The battery is connected to the DC-Grid using a single-phase bi-directional
DC/DC converter. This topology allows the flow of electric current from power
source to user and vice versa, allowing the discharge or recharge of the battery
depending on operational conditions (see Fig 5.19).
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Battery - Load -

Figure 5.19: Base electrical circuit representing a bi-directional converter connecting a
battery and a load

The sizing of the inductance and capacitance follows the same equations de-
scribed for the single-phase boost converter in Section 5.4.1. The calculated values
need to be tested to ensure low levels of voltage ripple both during discharge and
recharge. The switches used in this case are IGBT’s, as in the case of the boost
converter, due to considerations on the power range, switching frequency and out-
put voltage.

The bi-directional converter control can be defined for two separate phases:
discharge phase and recharge phase. In the discharge phase, switch 1 (see Figure
5.19), is left open with the current passing through the diode. Switch 2 is con-
trolled using the same method defined for the boost converter in Section 5.4.2,
either in current control mode or in voltage control mode. With switch 1 open, the
bi-directional converter acts as a single-phase boost converter and the feedback
loops used are identical. During the recharge phase multiple approaches can be
adopted. The battery recharge conditions have an effect on the longevity of the
unit [93] and need to be carefully evaluated to present a good trade-off between
operational flexibility and degradation. In this case two recharge approaches have
been adopted. The first approach is the most conservative and imposes a constant
current recharge until the maximum cell voltage is reached, and then a constant
voltage recharge until the SOC of the battery is equal to 100% (see Figure 5.20).
This dual recharge mode is realized with a combination of a current feedback loop
for the constant current (CC) recharge, and a voltage feedback loop for the con-
stant voltage recharge (CV) (see Figure 5.21). The feedback loops include two PID
controllers®. The connection to the system of each one of the two is controlled by
a switch that measures the voltage on the battery. With the two loops connected
alternatively to the system, it is important to include an external reset for the PID

3The values used for a battery of 400V and 1750Ah in the discharge loop are: P = le-6, I = 5e-3,
D = le-5. In the recharge loop are: P = 5e-3,1=0.1, D = le-8.
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controlled during the connection of the loop to to discharge the controller’s in-
ternal integrator. The second recharge mode is less conservative and is realized
using a single voltage control loop, similar to the one used for the PEMFC (see
Fig. 5.16). This mode of operation recharges the battery with a variable current,
determining less ideal conditions, and therefore more degradation, but allowing all
of the PEMFC surplus power to be stored inside the battery providing more oper-
ational flexibility. This is the approach used in the load leveling strategy presented

in Article 4, when CC/CV recharging is not possible.

Figure 5.20: Recharge curves for the battery model when using the CC/CV recharge

approach
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5.4.4 DC/DC buck and boost converter average model

All the converters modelled in the previous sections include one or more
switching elements, in the form of IGBT switches. The simulation of these switches
is necessary when the user wants to study the switching dynamics of the convert-
ers and test realistic PWM control system for the converters. The use of switching
elements makes the model more realistic, but increases the computational cost of
the simulations. The first factor that contributes to the increase in computational
cost is the need for small simulation time-steps (s;) in a cycle-by-cycle simulation.
The appropriate timestep is calculated as a function of the switching frequency (s;)
and should not exceed the value calculated using Equation 5.16.

1
2 fs

(5.16)

Sy =

The second factor that increases the computational cost is the use of feedback loops
with PID controllers for the control of the converters, checking the reference value
at each time-step and correcting the output.
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Figure 5.22: Switched inductor representation [94]

If the user is mainly interested in the power generation and distribution inside
the vessel’s grid, and it is possible to assume that the switching dynamics do not
influence the results in a relevant way, it is possible to use an average model for
the converters included in the system. The difference between an average model
and a realistic model is detailed in the work of Ben-Yaakov [94]. In an average
model the switched assembly, including switch, diode and inductor is replaced
with a switched inductor (see Figure 5.22). The switched inductor can be modelled
using three current dependent sources G,, Gy, G. (see Figure 5.23) defined using
Equation 5.17.

Ga:fl; Gb:f]*Don§ Gc:f]*Doff (5.17)
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Figure 5.23: Switched inductor model [94]

With this modelling approach it is possible to simulate the function of the
converter using controlled voltage and current sources, instead of switches, redu-
cing substantially the computational time. The average converter model can be
controlled using the equations defining the duty ratio for the buck or the boost
converter without the need for PID controllers. The average model is implemented
in Simulink using the described approach and using the work of Motapon et al.
[95] as reference for the integration in the hybrid system.

5.5 Other components

The remaining components included in the model are the switchboard and
the load, also defined as "current sink". Considering the adoption of a distributed
DC On-board grid, each power converter is located as close as possible to the
respective consumer or producer. Each production unit has the possibility of an
integrated converter mounted directly on the unit itself or alternatively in a separate
cabinet close by. There are no needs of collecting all these units in a centralized
“switchboard room” as in a classic AC-Grid design. For these reasons the model of
the switchboard is very simple and includes a series of ideal switching connecting
the components to the grid.

The electrical load is modelled using a controlled current source with negat-
ive input values so that the current is absorbed by the component, turning it into a
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load sink. Such component is considered ideal and does not take into considera-
tion the more complicated effects encountered in the vessel’s electrical grid when
induction motors, or other power users, are connected. The replacement of such
an ideal load model with a realistic model of the load side of the vessel’s grid is
considered for future development.



Chapter 6

Hybrid powerplant dynamic
model

The components described in Chapter 5 are used to realize a dynamic model in
the block diagram environment Simulink to simulate a vessel’s powerplant system
during operations. Particular interest is placed on the power generation, storage,
and distribution within vessel’s electrical grid. Two different modelling approaches
are described in this Chapter. The two approaches use the same component’s sub-
models, but differ in aspects such as component’s connection and control.

6.1 Modelling methods

The creation of a hybrid powerplant model that can simulate the operations
of a maritime vessel of new design, or one that currently operates with a conven-
tional propulsion system and will be retrofitted with a hybrid system, starts by
analyzing the energy requirements of the vessel. When considering a new ves-
sel, such energy requirements can be estimated by analyzing factors related to the
vessel’s design and the operated route. For a vessel currently in operation with a
conventional propulsion system, being retrofitted with a hybrid system, the energy
requirements are obtained by sampling the power demand during operations with
the conventional powerplant. The energy requirement analysis leads to the defin-
ition of the operational profile (OP), that provides a power delivery target for the
hybrid powerplant in each operational instant. The OP in this thesis is considered
as the power demand measured at the DC-Bus, prior to being reconverted to AC
and distributed to motors and auxiliary loads. The definition of the OP is a starting
point for the calculation of the component sizing, and formulation of the energy
management strategy. Both of the presented models utilize the OP as the initial

79
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input.

The scalability of hybrid systems, where multiple identical components can
be connected in parallel to achieve the desired power output, means that many
different types of powerplants configuration, belonging to different vessel classes,
can be represented using the components described in Chapter 5. An example
of powerplant configuration is studied in both Article 2 and 4 (see Section 7),
proposing a hybrid powerplant with PEMFCs and Li-lon batteries for the double
ended ferry described in Section 1.5.2. The model, independently from the type of
vessel considered, should be configured to satisfy the conditions listed below.

* The proposed hybrid configuration, utilizing PEMFCs and Li-Ion batteries,
should be able to satisfy the power demand (OP) of the vessel during the
considered operational interval, ensuring satisfactory performances when
compared to a conventional propulsion system (ICE or turbine).

* The proposed hybrid configuration should ensure the same level of oper-
ational flexibility, when compared to the conventional propulsion system.
Operational flexibility is defined using factors such as hydrogen consump-
tion, aiming to eliminate the need for refueling during day operations, or
monitoring the power consumption to eliminate the need for land-based re-
charging during Ro-Ro operations.

These goals are obtained using a combination of effective component sizing (CS)
and energy management strategy (EMS), where these are developed in a com-
bined package. While a first attempt solution at defining the optimal CS and EMS
combination can be carried out using the software presented in Chapter 4, a dy-
namic model is necessary for the validations of the obtained results. Two possible
approaches were identified and used for the realization of a dynamic powerplant
model. The use of such approaches has led to the development of two different
models to represent the ferry’s powerplant:

* Model using load separation

* Model using load combination

The two approaches have different structures, determining the model’s limit-
ations, and are based on different assumptions. The computational cost of carrying
out simulations with the two models is also different, depending on the simpli-
fications selected. Both models use the same base sub-models for all PEMFCs,
batteries, converters and current sink, the only difference is in the number and
connection between these components.
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6.1.1 Model using load separation

The first model developed for the project is the model using the "load separa-
tion" approach. This model is the one used in Article 2 and 4 (see section 7) for the
simulations of the hybrid system. This type of model was developed to simulate
the hybrid powerplant at a relatively low computational cost, introducing a series
of assumptions that allow the user to limit the number of components necessary to
simulate the system’s dynamic behavior.

In this model, each individual PEMFC and Li-Ion battery model is connec-
ted to an independent DC-Load block after the power conversion using either the
boost or bi-directional converters. This model is compatible with all the converters
presented in Section 5.4, with average converter models being used in continuous
simulations and other models being used for discrete simulations. The electrical
connections in this topology are represented by black lines in Figure 6.1, and con-
trol connection are represented by red lines. It is possible to observe that no elec-
trical connection is present between the individual DC-Load blocks.

Fuel Cell DC/DC Boost
- Converter Current Sink
<—{ i} DC Load
Current Sink sr::?i:g | EMS
- Controller
-l;| I I j/ o | DCload strategy
.—
DC Source
DC/DC bi-directional
Battery converter Current Source

Figure 6.1: Simplified block diagram representing the load separation model logic

Pop(t) = Pretor(t) Moc + Po-tot(t) Mbi-dir (6.1)

The model using load separation is built on two conditions. The first condi-
tion is that Equation 6.1 is valid for each timestep of the simulation. The second
condition is that the converter’s control system is able to keep the voltage output
to the DC-Load blocks stable at the reference set by the user.

The first condition, involving Equation 6.1, is necessary for the correct simu-
lation of the system when considering the load sharing strategy used to control the
DC-Load blocks. The power demand at the DC-Bus P, is split between PEMFCs
Pre.or and batteries Py or. The term Py can be either positive, during discharge,
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or negative during recharge. Using individual DC-Load blocks in this model opens
the possibility to reduce the number of components required to simulate the power-
plant. PEMFCs and batteries respectively can be grouped together and represen-
ted as a single unit, subjected to a DC-Load that is equal to the load of the group
divided for the number of units in the group. This is based on the assumption
that the dynamic behavior of all the PEMFCs or batteries in a group is identical.
This simplification can be extended, representing the entire system using just one
PEMEFC group and one battery group. In this case, for example, the power deman-
ded from each component group is equal to the total power demand assigned to a
type of component (Prctor, Po-tot), and it is divided for the respective number of
unit present in the system (ng, ny), to be assigned to the DC-Load connected to
either the PEMFC or battery. The behavior of PEMFC, and battery, is observed
thanks to the output of the dynamic sub-models described in Chapter 5. The results
obtained from of the single components are then multiplied again for the number
of units to simulate the response of the complete system. This approach reduces
substantially the computational resources needed for the simulation, but introduces
the limitations. The first limitation is the impossibility to control the current output
of the PEMFCs independently, leading to the load always being always considered
split equally between the components that are considered grouped together. The
second limitations is the impossibility to complitely disconnect one or more PEM-
FCs during operations.

The second condition is based on the converter’s operations. The convert-
ers ensure that, after the component’s start-up phase, the voltage on the DC-load
blocks side is kept stable at the user’s set reference V pc.pys. Maintaining all the
DC-load blocks at the same voltage, stable throughout operations, is a key condi-
tions for using this model for two reasons. The first reason is that, with no electrical
connections between the load blocks, there is no possibility of observing the effects
of a deviation from stable a voltage of one component onto the other components.
The second reason is that all the components in this topology are controlled us-
ing just voltage control mode with feedback loops using one PID controller. In
this configuration the current output of the PEMFC or battery is defined indirectly
by the DC-Load (see Equation 6.2 and 6.3). A voltage instability on one DC-Load
block would lead to the calculation of inaccurate results and the failure to correctly
simulate the system. A stable voltage throughout operations, with a small range
of acceptable variation during transients, is the only way to correctly implement
a sort of simulated DC-Bus, not physically present in this model’s topology but
realized through the control system.

Pre ot Moe = Vie It N Mbe = V' DC-Bus L demand-fe (6.2)
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Pt Moi-dir = Vb Lb 76 Mbi-dir = V' DC-Bus L demand-b (6.3)

Equation 6.2 and 6.3 show respectively the relation between Py ior and P o
and the current value ({ gemand-fe»{ demand-b) assigned to the DC-Load blocks connec-
ted to either the PEMFC or the battery. The battery can be discharged or recharged
in this model as it would be possible in the complete system. If the EMS imposes
a value for Py o that results in a negative value for Py in Equation 6.1, the
battery is in recharge mode. The DC-Source connected to the battery produces
a current value equal to the surplus current absorbed by the DC-Load connected
to the PEMFC. The limitation in this case is that it is assumed that the simulated
DC-Bus is kept at a stable voltage, even during recharge, by the boost converter
connected to the PEMFC.

To summarize the characteristics of the model using load separation it is pos-
sible to list the assumptions that the model is based upon:

* All the components grouped together, with the same technical characterist-
ics, and represented as a single unit have the same dynamic behavior when
delivering the same electrical load.

* Itis not necessary to simulate the DC-Bus while the voltage is kept stable at
the same value for all of the DC-Load blocks.

* The voltage on the the simulated DC-Bus is considered constant even during
the recharge phase of the battery.

And the limitations:

* The electrical load can only be split equally among the components of a
group, as they are represented by a single unit in the model.

* Itis not possible to observe the effects of voltage instabilities on the DC-Bus
affecting other components in the system, if the control of one component
fails.

* During the recharge phase of the battery the surplus of current used is not
flowing from the PEMFCs to the batteries through an electrical connection
but a separate current source is used. This approach ignores losses within
the recharge circuit and prevents the user to detect anomalies in the dynamic
behavior of the system that may appear in the complete system.
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6.1.2 Model using load combination

A second model has been developed to carry out more computationally heavy,
yet realistic, simulations of the powerplant system. The second model uses an ap-
proach defined as "load combination", in contrast with the "load separation" of the
previous section.

Fuel Cell DC/DC Boost

I Converter
<—{ '

i ~—

Fuel Cell DC/DC Boost
: Converter d
| . DC Load EMS
: - ” Controller

[

Battery DC/DC bi-directional
converter

Figure 6.2: Simplified block diagram representing the load separation model logic

The dynamic models used to represent the components in the system are the
same as the one described in Chapter 5, and also used in the load combination
model, but the connections between them are different, introducing new capabilit-
ies in the simulations. This model is compatible with all the converters presented
in section 5.4, with average converter models being used in continuous simulations
and other models being used for discrete simulations.

The structure of the model can be observed in Figure 6.2. In this model the
total electrical load is represented using a single DC-Load block controlled by the
EMS. The DC-Load block represents the only current sink of the system, and is in
charge of simulating the total power demand. The current demand / gemand assigned
to this DC-Load block at each time-step is calculated using Equation 6.4.

Pop = VpC-Bus {demand (64)

The DC-load is connected to the PEMFCs and batteries through a point of
connection that simulates the DC-bus. The connection of multiple components to
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a simulated DC-Bus allows the observation of possible voltage instabilities gener-
ated by one component and the effects on other components. Voltage instabilities
can be detected if the components are operating outside the recommended power
output range or if the control system is not able to quickly respond to a sudden
change of load.

The components in this topology cannot be grouped, but can be individually
disconnected from the system using the switches between the DC/DC convert-
ers and the DC-Load. The EMS monitors the power output of each PEMFC and
controls the switches connecting the components to the DC-bus. The EMS also
controls the switches inside the bi-directional converter of the battery, determining
if it is discharging or recharging. If a power surplus is detected by the EMS, the
PEMEFC creating this condition can be temporarily disconnected from the grid, or
the power surplus can be sent to the battery pack for energy storage. Similarly, if a
power deficit is detected, the battery can be connected to the system to satisfy the
power demand while in discharge mode.

The validity of Equation 6.1 is ensured by the electrical connections in an
isolated grid. The power generated by the PEMFCs and batteries is either used
by the DC-Load or lost due to the efficiency parameters of the components. The
power recharging the battery is always equal to the power surplus of the PEMFC’s
as the system is isolated with only a controlled DC-load source as an alternative
power-sink.

The PEMFCs and batteries utilized in this model can be controlled either in
voltage control mode or on current control mode. It has to be specified that at least
one component needs to be controlled using voltage control mode to maintain the
DC-Bus at a stable voltage level. Preferably the component used in voltage control
should have a low response time (secondary battery or super-capacitor).

The creation of the load combination model requires the formulation of new
assumptions. These assumption can be summarized as:

* The total power demand during the vessel’s operations can be represented by
a single controlled DC-Load block, neglecting the effects of the remaining
powertrain components.

* During the simulation, the components connected to the DC-grid can be
disconnected or reconnected instantly and safely.

The development also leads to the observation of new limitations:

* Computational cost is higher as the component cannot be grouped, but have
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to be represented individually.

* The energy management strategy is more complex to create, with more vari-
ables to monitor and control.

6.2 Powerplant model monitoring and control

Every maritime powerplant nowadays is equipped with an integrated con-
trol, monitoring and protection system to regulate power generation and distribu-
tion. Considering the control hierarchy for a maritime powerplant, it is possible to
identify three different levels: the user interface consisting of the operator stations,
the system control level including the power management system (PMS), and the
distributed control layers. The focus of this thesis is on the system control level.
The PMS is tasked with different functions such as energy management, blackout
prevention, and powerplant startup. The energy management function, implemen-
ted thanks to one, or more, energy management strategies (EMS) needs to ensure
that power production is in line with the vessel’s power demand at any time. In
hybrid systems, with one, or more, energy sources and energy storage solutions,
the energy control becomes a non-trivial task as there are many possible solutions
to satisfy the imposed power demand using the different components. For this
reason, the EMS of a hybrid system needs to be built and tested to optimize the
energy production, consumption, distribution and storage in a grid system.

6.2.1 Energy management strategies

The EMSs suitable for hybrid powerplants utilizing proton exchange mem-
brane fuel cells and lithium ion batteries were identified through a literature review
and subsequent study. The literature review included the papers considering mari-
time applications, but was also focused on the automotive industry, as scientific
publications for this field are readily available. A good overview of possible EMSs
strategies is presented in the publication of Huang et al. [10].

The EMSs identified can be either defined as offline or online. Offline strategies
are map-based methods that define the load sharing strategy between components
using static performance maps compiled after laboratory tests. Such maps are
based on the consideration of parameters such as fuel consumption or required
speed. Online methods are capable of real-time definition of the load-sharing
strategy as they use different analytical methods to evaluate input parameters from
the system. As the activity of this thesis is dedicated to system modelling with no
experimental activity, the EMSs considered for testing on the developed Simulink
models are of the Online type.

The development of EMSs to conduct tests with the Simulink models started
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from the less complex rule-based EMSs. These rule based EMS use a set of pre-
defined instructions that, according to the system parameters, define the load shar-
ing strategy at each instant. Following the development of rule-based EMSs, op-
timization based EMSs such as the equivalent consumption minimization strategy
(ECMS), were developed.

6.2.2 Model implementation for rule-based EMSs

The use of Online EMSs is determined by the need to simulate the response
of a system that changes its state as a function of physical time. Online systems
are defined here as systems that are not dependent upon just logical results of com-
putations but also on the instant that the event takes place. Rule-based EMS’s have
been selected, in this case, as the first EMSs to be studies due to faster imple-
mentation in the testing of a newly developed model. Rule-based approaches rely
on a set of predefined rules that define the power distribution at each time instant
based on the inputs received by the EMS. The selected rule-based approaches are
described in detail in Article 2 and Article 4 of Chapter 7.

—>| FC Load
—>| Batt. Load
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EMS —>| Batt. Recharge P. ‘
Exec. timer
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Figure 6.3: Block diagram representing the I/O of the EMS in the load separation model

In the model using load separation the EMS uses Equation 6.1 as a target
for each operational point. A small range of variation is taken into account during
transient loading conditions. The power distribution is regulated by controlling the
switches connecting the battery to the recharge or discharge circuit, and assigning a
DC-load to each individual current sink. The DC-load assigned to each individual
current sink is defined by the load sharing strategy calculated by the EMS based
on system parameters such as the battery SOC. The battery voltage (Vy) is also
used, in this case, to define the battery recharge power and how this is carried out,
as the DC/DC converter can operate both in constant current (CC) or in constant
voltage (CV) recharge mode.

In the model using load combination, the EMS controls the connection of all



88 Hybrid powerplant dynamic model

the components to the DC-Bus, and controls if the battery is charge or discharge
mode. In this model there is the option of controlling all the components in voltage
control mode, not imposing a load sharing strategy, and using the battery to simply
store/release energy to compensate with the battery response time. It is also pos-
sible to control a series of components in current control mode to define the power
output and, in case of the PEMFCs, the hydrogen consumption at any given time
(see Fig. 6.4).

—>| Target Current FC,

Exec. timer —>| Switch FC, (on/off) |
EMS |

Battery, SOC —>|Switch Battery, Disch. (on/off)

Voltage Battery, —>|Switch Battery, Rech. (on/off)

Figure 6.4: Block diagram representing the I/O of the load combination EMS, if one or
more PEMFCs are controlled in current control mode

The inputs and outputs in this case are fewer than in the load separation model.
This is because it is not necessary to simulate the current flow between the com-
ponents, as this happens in the electrical connections representing the vessel’s grid.
The subscript n for the fuel cell and the battery inputs or outputs indicates that the
EMS needs one of these inputs or produces one of these outputs for each unit in-
cluded in the system. The EMS needs to ensure a satisfactory performance level
in addition to ensuring a reliable power delivery.

6.2.3 Model implementation for optimization-based EMSs

Optimization based EMSs are able to address constrained multi-variable prob-
lems in real-time, improving on the capabilities offered by rule-based EMSs. Op-
timization based EMSs considered in this thesis are adaptive EMSs, meaning that
the evaluate a series of parameters of the system at each operational instant and
calculate the optimal strategy for power production and distribution. In the model
the optimal solution is often impossible to achieve due to the component’s phisical
and technical limitations, but sub-optimal solutions are often adopted when taking
these conditions into consideration. The optimization based strategy developed
is the equivalent consumption minimization strategy (ECMS). This strategy was
tested on the model using load combination with average converter models for a
fast computational time. The strategy was developed based on the study of Mota-
pon et al. [95] with relative cost function formulation.

The implementation is done on the model where the PEMFCs are all in cur-
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rent control mode while the battery operates in voltage control mode. The load
sharing strategy calculation is carried out starting from the parameter o defining
the penalty coefficient of battery power in Equation 6.6 based on the battery SOC
at each instant. y is a constant value during the simulation that can be tuned for
applications in different systems.

SOC — 0.5(SOCmax — SOC'in)
SOCmax + SOCI’HIH

a=1-2u (6.5)

f(PfC,O[,Pb> = Pt +ax Py (6.6)

The cost function f is calculated at each instant for the values that satisfy the
conditions imposed in the system of equation represented in 6.7

Pt + Py = Pload
Pb—min S Pb S Pb—max (67)
0<a<l1

The power output of the PEMFC is then limited, for technical reasons using
Equation 6.8.

Pfc—min < Pfc < Pfc—max (6-8)

The calculated value for Py, is then used as a target output for the PEMFCs,
with the power split equally in this case between all the units of the system. The
battery is kept in voltage control mode to compensate for quick variations in the
load and the delivery of power where the PEMFCs cannot deliver the total power
demand.
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Chapter 7

Summary of results

This chapter summarizes the purpose, methodology, and results of all articles en-
closed in this Thesis. The summary focuses on the enclosed publications. The
articles are presented in chronological order of publication (or submission).

All the articles enclosed in this thesis are developed following the objectives
defined in the research plan (see Section 1.3). While Article 3 and Article 6 have
been developed as part of the coursework, and address safety challenges identified
during the literature review defined objective 1, all other articles target directly the
main research question.

7.1 Atrticle 1: Study on the architecture of a zero-emission hy-
drogen fuel cell vessel power-generating unit

7.1.1 Purpose and novelty

The purpose of this article is to describe the development process of a Matlab
application for the sizing of a maritime powerplant utilizing PEMFCs and Li-Ion
batteries. The powerplant’s sizing and composition is determined as a function
of the energy management strategy selected by the user. This application was
developed from the ground up, with the aim of building a software that could auto-
mate the sizing process, providing design guidelines based on user input with a rel-
atively short computational time. The application includes a graphic user interface
for ease of use. Equations describing the model, Calculations of the component
sizing, and the logic of the algorithm are described in the paper.

The development of this application is motivated by the need to produce a
first attempt solution for the component sizing of the powerplant. This need is
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present both in industry and research. In research the powerplant configuration
can be the starting point for setup of simulations with a dynamic model. In the
industry the configuration can be considered as a base for the calculation of the
technical and economic feasibility of a hybrid solution.

The work is carried out as a part of objective 2 from the research plan, where
the main focus is on investigating the formulation of design criteria for hybrid
powerplants utilizing proton exchange membrane fuel cells and batteries. The
Matlab application provides a software tool to define such design criteria, pro-
ducing results that can be used for the optimization of operations based on the
shipowner priorities.

7.1.2 Methodology

The article starts with a literature review on the state-of-the-art of maritime
hybrid systems, energy management strategies, and the main system’s compon-
ents. Once familiarized with the system topology, the components of the power-
plant are characterized. The component’s technical characteristics are selected
based on the size and power output of the vessel considered in the case study. In
this paper, the vessel selected for the case study is the double ended ferry described
in Section 1.5.2, with a diesel-electric configuration, and capable of a power out-
put equal to 4MW. The PEMFC selected is a unit with a power output of 100kW,
and it is characterized according to the data available on the technical documenta-
tion provided by the manufacturer. The characterisation includes the power output
curve, the maximum power output value, and efficiency values for different oper-
ational points. The battery is characterized as an ideal energy storage, to simplify
the calculations, with the ability of storing and delivering power without limita-
tions when operating within the SOC limits imposed.

The algorithm that identifies the sequence of calculations performed to achieve
the case study results is presented in the article. This algorithm is used to also
define the structure of the code. The results are obtained applying a series of equa-
tions to determine the power generation and distribution in the vessel’s electrical
grid when the EMS selected is of the load-leveling type.

The approach adopted during the modelling phase can be defined as quasi-
static. During the simulation of the system multiple time-dependent variables are
considered, but each timestep is calculated independently and is not influenced by
the system’s condition in previous or following time-steps. It is assumed that the
electrical grid operates in a condition of equilibrium.
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7.1.3 Results

The application is used to calculate one the possible configurations for a hy-
brid powerplant to substitute the diesel-electric configuration currently adopted on
the vessel considered in the case study. The main output of the application is the
definition of the powerplant size through the calculation of the number of PEM-
FCs, and the battery energy storage capacity required. Other outputs, such as the
consumption of hydrogen, and the estimated PEMFC degradation can help the
used user to estimate the feasibility of the selected solution.

Overall the application presents itself as simple and intuitive, thanks to the
developed GUI, to calculate values necessary during the vessel’s preliminary design.
This version of the application has large room for improvement with the possibility
to include new functionalities, and new EMSs. It is for this reason that Article 5
expands the work carried out in this first publication, producing a more polished
and complete version of the Matlab application.

7.2 Article 2: Modelling and simulation of a zero-emission hy-
brid power plant for a domestic ferry

7.21 Purpose and novelty

The purpose of this article is to describe the development and testing of a
dynamic model representing a hybrid powerplant utilizing proton exchange mem-
brane fuel cells and lithium ion batteries. The model is developed in Simulink and
it is based on the load separation approach presented in Section 6.1.1. The hy-
brid powerplant considered in the case study is proposed as a replacement for the
diesel-electric configuration currently powering the double ended ferry described
in Section 1.5.2.

The load separation model was developed from the ground up and presents
itself as a novel approach for the simulation of a hybrid powerplant. While assump-
tions and simplifications are introduced to reduce the computational complexity,
this dynamic model allows the user to observe the response of PEMFCs and Li-
Ion batteries during operations. The results obtained of the case-study are analyzed
and presented, to show the capabilities and limitations of such a model.

The dynamic model presented in the article was developed as a part of object-
ive 4 of the research plan. The main focus is to optimize the system’s operations
based on the dynamic behavior observed for the components of the electrical grid.
In this case, a benchmark for the operations parameters is set with the simulation
using a load-leveling EMS.
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7.2.2 Methodology

The paper starts with the detailed description of the ferry’s powerplant and
its daily operations. The time interval considered for the simulations is equal to 1
hour. In this time interval the ferry performs one out of eighteen crossing from its
fixed daily schedule. As all the crossings show a very similar pattern in the power
demand, it is considered sufficient, for this study, to consider a single crossing.

The dynamic models used to represent the components of the powerplant are
presented. The model representing the PEMFC and Li-Ion battery are obtained
from the literature, while the converters and their control system are modelled
from the ground up. The proposed hybrid configuration, tested in the case study,
uses a powerplant with 15 PEMFCs and 2 Li-Ion batteries for a nominal power
output of 3500 kW. The power demand for this powerplant is defined by the op-
erational profile, characterizing the power absorption at the DC-Bus level. The
sub-models representing the components are connected inside the Simulink simu-
lation environment using the load-separation approach described in Section 6.1. A
simulation in the discrete domain using a 1e-6 seconds timestep is performed. The
EMS selected for this case study is of the load-leveling type.

7.2.3 Results

The simulation using the dynamic model produces a series of outputs in the
form of data-points that can be plotted to observe the dynamic behavior of the
powerplant components during the time interval considered. The outputs include
the voltage and current of both PEMFC and Li-Ion battery, the voltage and current
values on the DC-Load side, the SOC of the batteries, and the hydrogen consump-
tion. The calculation of the degradation is performed based on the power output
values of the PEMFC during the simulation.

The first step of the results analysis is the comparison between the power
delivery of the hybrid system and the power delivery of the diesel-electric system
currently installed on the vessel. A range of variation was set prior to the simu-
lation to account for a different dynamic behavior during constant and transient
loading conditions. The power delivery calculated for the hybrid system is within
the limits determined prior to simulations. The results analysis follows with the
observation of the voltage on the DC-load side. The voltage regulation of PEM-
FCs and batteries is satisfactory, but shows room for improvement, especially in
the elimination of voltage instabilities during the connection and disconnection of
the battery recharge circuit. The value representing the SOC of the battery is ana-
lyzed to verify that the battery capacity included in the system is of adequate size
and C-rating. The hydrogen consumption of the PEMFC is analyzed to define the



7.3. Article 3: Towards safety barrier analysis of hydrogen powered maritime vessels 95

size of the hydrogen storage that needs to be installed onboard and the estimated
fuel costs per crossing.

The results help to evaluate the choice of powerplant and EMS for this spe-
cific use-case. If the configuration results obtained are deemed satisfactory by the
the ship designer, it is possible to proceed with the system’s implementation or opt
for further refinement of the solution, or even test a different EMS.

7.3 Article 3: Towards safety barrier analysis of hydrogen powered
maritime vessels

7.3.1 Purpose and novelty

The purpose of this paper is to perform a qualitative safety barrier analysis
for a hydrogen powered maritime vessel. The topic of the article was selected to
familiarize with possible safety challenges related to the use of hydrogen as an
energy carrier in the maritime industry (see Section 2.4). The article focuses on
vessels powered by cryogenic hydrogen, specifically vessels with a storage placed
below deck, in a ventilated yet enclosed space. The scenario considered in the case
study examines the effects of a leak of hydrogen from the cryogenic tank, defining
a series of safety barriers that need to be put in place to avoid ignition, explosion,
detonation or other critical scenarios.

The work carried out in this article describes a study carried out during the
PhD coursework. The topic has been selected in relation to the safety challenges of
hydrogen systems encountered during the literature review performed in objective
1 of the research plan.

7.3.2 Methodology

The method used in the study is the Barrier and Operational Risk Analysis
(BORA) method. The BORA method is generally used in the oil and gas industry
to evaluate the risks related to the leak of hydrocarbons, but is adapted to carry out a
safety barrier analysis considering a leak from a hydrogen storage system onboard
a vessel. This article focuses on the qualitative part of the BORA method, develop-
ing 4 out of the total 8 steps. The qualitative part of the BORA method developed
in the case study provides a generic framework for the evaluation of safety bar-
rier analysis in vessels using cryogenic hydrogen as an energy carrier. The BORA
method is structured in well defined steps and uses different well known methodo-
logies for the safety barrier analysis, including barrier block diagrams (BBD), risk
influencing diagrams (RID), and fault tree analysis (FTA).
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7.3.3 Results

The qualitative safety barrier analysis performed in the article leads to the
formulation of a barrier block diagram wherein the safety barriers and their func-
tions are defined. The barriers are evaluated using FTA. Factors which may lead
to the considered critical scenario are described in the risk influence diagram. The
analysis of the barriers and their qualitative evaluation has identified a series of
technical and administrative measures to be implemented during the design of the
vessel or the training of the crew. These measures can be used in the development
of a maintanence checklist, to ensure safe operations. This topic is expanded in a
with a quantitative risk analysis using Bayesian networks in Article 6.

7.4 Article 4: Energy management strategies for a zero-emission
hybrid domestic ferry

7.41 Purpose and novelty

The purpose of this article is to present three case studies, performed with the
hybrid powerplant dynamic model developed in Simulink. The three case studies
focus on the the influence of component sizing on the choice of energy manage-
ment strategy and vice-versa. They also generate a series of results that can be
used to compare the different powerplant configurations and evaluate perform-
ances. The vessel taken into consideration is the double-ended ferry described in
Section 1.5.2. The work is a further development of the analysis carried out in
Article 2.

The three case studies are developed following the guidelines set in objective
5 of the research plan, where the focus is on the testing of the developed models
with real world data. The testing of different EMSs is also fundamental in the effort
of operation optimization, with the possibility to compare the results obtained with
different strategies and evaluate the most suitable for the considered conditions.

7.4.2 Methodology

The powerplant dynamic model developed in Simulink is configured accord-
ing to the load-combination approach described in Section 6.2. Three energy man-
agement strategies of the rule-based category are selected: load-leveling, peak-
shaving, and charge-depleting/charge-replenishing. The EMS is implemented in
the EMS function block included in the model. The load-leveling strategy is a
modified version of the one used in Article 2. The main modification introduced
is the potential to recharge the battery at a variable current input if a power surplus
is detected during transient loading. The peak shaving strategy is used to reduce
high frequency load transients that may be experienced by the PEMFCs, filter-
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ing the power demand of the DC-Load. The operational profile is filtered using a
simple moving average with a window of 5 data points. The filtered power demand
is then assigned to the PEMFCs while the battery compensates for the slower dy-
namic response of the PEMFC’s during transients. The charge-depleting/charge-
replenishing (CDCR) strategy, a variation of charge-depleting/charge-sustaining
used in the automotive industry, allows the vessel to navigate under battery power
for extended periods of time. The PEMFC’s are, in this case, considered as range-
extenders and are tasked with alternatively recharging one of the two main battery
packs.

The powerplant composition, including the number of PEMFCs and Li-Ion
batteries is calculated for each individual case. The reconfiguration is necessary
as the choice of EMS determines the load sharing strategy during operations and
how the power demand is satisfied. The component sizing is performed using
the approach described in Article 5 for the load-leveling and the peak-shaving
strategy. The powerplant sizing used for the CDCR strategy is defined using one
one calculated for the load-leveling EMS.

All the simulations are performed in the discrete time domain with a time-
step equal to le-6 seconds. This time-step is selected to capture the switching
dynamics of the converters and observe in detail the voltage and current delivery
to the DC-Load blocks.

7.4.3 Results

Each performed simulation produces a series of results, in the form of data-
points, that can be used to evaluate the performance of the powerplant configura-
tion. After plotting the results it is possible to observe the dynamic behavior of the
PEMEFC and Li-lon battery under the load sharing strategy imposed by the selected
EMS. The power conversion taking place inside the converter and the converter’s
output can be also observed. The hydrogen consumption of the PEMFC is calcu-
lated and the degradation of the single FC estimated using degradation values from
the literature.

The analysis of the case studies concludes that each configuration optim-
izes a set of factors while giving secondary priority to another set of factors. For
example, a load-leveling strategy prioritizes the minimization of the PEMFC de-
gradation at the expenses of space and footprint used. Each solution is considered
as a trade-off and the parameters to optimize need to be selected by the shipowner
during the design process. All the powerplants can work with all the EMSs, but
performances and range is heavily impacted. The design of the powerplant, in
terms of component choice and sizing, needs to follow the choice of the EMS or
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vice-versa.

The study carried out in the article paves the way for further work on optimization-
based EMS’s, such as equivalent consumption minimization strategy (ECMS). The
study can be replicated and the results can be compared with the ones obtained with
the rule-based strategies.

7.5 Article 5: Hybrid powerplant configuration model for mar-
ine vessel equipped with hydrogen fuel-cells

7.5.1 Purpose and novelty

The purpose of this article is to describe a mathematical model, and a soft-
ware application built on it, that can aid the component sizing of a hybrid power-
plant utilizing proton exchange membrane fuel cells and batteries. The work de-
scribed in this article is an expansion of the application described in Article 1, and
is developed in connection to objective 2 of the research plan.

The quasi-static mathematical model presented in this article has been modi-
fied, compared to what was presented in Article 1, to produce more precise results.
Equations used for the calculation of the battery size and hydrogen consumption
have been modified, and a function to monitor the response of the PEMFC to
fast transient loading conditions is introduced. Multiple powerplant configurations
based on two deterministic rule-based energy management strategies, either peak
shaving or load leveling, can be calculated.

The development of this model, transformed into a software based applica-
tion, is a response to the need of both academia and industry to determine power-
plant configurations that allow efficient operations. The calculated configurations
can be implemented and tested on dynamic models to validate the feasibility of the
considered solution for the specific use-case.

7.5.2 Methodology

The topic presented in this article is a quasi-static model of the hybrid power-
plant focusing on power generation, distribution and storage. The quasi-static
definition considers that the generation and distribution of electric power inside
the vessel’s grid happens in a state of equilibrium. This assumption means that
instabilities in the system during operations are not considered. The powerplant
components including PEMFCs, batteries, and other power electronics compon-
ents are modelled using simplified equations and are characterized through mapped
data available from the literature or manufacturer. The technical data for these
components are obtained from the datasheets of commercially available compon-
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ents.

The vessel selected for the case-study is a harbor tugboat described in Sec-
tion 1.5.2. This vessel performs operations with high frequency transients and it
is an interesting change study when considering PEMFC propelled vessel. The
operational profile was made available by the company operating the vessel.

The calculation is carried out according to the algorithm sequence and relev-
ant equations presented in the article. The approach used is very efficient in terms
of computational resources, and it allows the possibility to iterate through multiple
different configurations, allowing the user to find the most suitable for the specific
use case taken into consideration. The user can choose between two EMS, either
load-leveling or peak-shaving, with the peak-shaving strategy including three dif-
ferent types of filters for the filtration of the OP. The model is used as a base for
the development of a software to automate the calculation process. The software
is turned into a Matlab based application with a GUI for ease of use.

7.5.3 Results

The harbor tugboat powerplant configuration is calculated using a peak-shaving
EMS based on a Butterworth filter, for the filtration of high frequency transi-
ents, and the load-leveling strategy. Results relative to the component sizing for
these specific use-cases are presented, allowing the comparison between the two
strategies. The presented results provide important information for the evaluation
of the technical performances of the system under the specified conditions. The
evaluation of the hydrogen consumption allows the user to define the volume that
needs to be dedicated to on-board hydrogen storage, while the value of degradation
determines the required maintanence intervals.

7.6 Article 6: A Bayesian networks approach for safety barriers
analysis: A case study on cryogenic hydrogen leakage

7.6.1 Purpose and novelty

The purpose of this paper is to further develop the study started in Article
3 with the presentation of a quantitative safety barrier analysis. The quantitative
analysis is performed using Bayesian networks. The aim is to evaluate the per-
formance of the safety barriers identified in Article 3, and calculate their failure
rate based on data collected from the literature and the industry. In addition, it is
possible to use the Bayesian network to evaluate different critical scenarios and
relative consequences.

This quantitative risk barrier analysis adopts a well established methodology,
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such as the Bayesian network, and uses it to define possible weaknesses in a system
utilizing cryogenic hydrogen for energy generation onboard a maritime vessel. The
evaluation of barrier performances is critical in a rapidly expanding sector and the
identification of possible shortcomings is of the utmost importance for widespread
adoption.

The work carried out in this article describes a study carried out during the
PhD coursework. The topic has been selected in relation to the safety challenges of
hydrogen systems encountered during the literature review performed in objective
1 of the research plan.

7.6.2 Methodology

The study begins with a review of Bayesian networks theory, including how
they can be applied in risk assessments and how they can be implemented. The
definition of the network’s components, such as root nodes and leaf nodes is
provided. The study of the Bayesian network is necessary to ensure the correct
implementation of this tool during the safety barrier analysis.

The case study presented analyzes the hydrogen release from the cryogenic
tanks stored below deck. The creation of the Bayesian network starts with the
analysis of the event trees and barrier block diagram presented in Article 3. The
failure probabilities of the considered events were derived from reliability data
handbooks, and relevant literature on hydrogen systems and hydrocarbon release
in Oil & Gas fields. The analysis of the Bayesian network model was carried
out using Genie software developed by the Decision Systems Laboratory of the
University of Pittsburgh.

7.6.3 Results

The probability of barrier failure is quantified using the Bayesian network.
The ignition isolation barrier shows the highest probability of failure according to
the data considered in the study. The results emphasizes the importance of avoid-
ing procedures or equipment handling that could create static sparks and results in
the ignition of released hydrogen. Of the remaining barriers analyzed, it is found
that potential high-impact consequences have very low occurrence probability.

Since the model focuses on analyzing causes of safety barrier failure and their
corresponding consequences, the hydrogen release is considered as an initiating
event with a given likelihood. Further research should study the expansion of the
model considering the technical, operational and external factors that can lead to a
hydrogen leakage.



Chapter 8

Conclusions and further work

This chapter draws conclusions from the thesis and enclosed articles. Future re-
search and development opportunities, that may contribute to the widespread ad-
option of zero-emission powertrain in the maritime industry, are also described in
this chapter.

8.1 Conclusions

The main purpose of the PhD research work has been the study of hydrogen
systems, the integration of PEMFCs in hybrid maritime powerplants, and the study
of operation optimization with such systems. The work is carried out according to
the objectives listed in the research plan and mainly focused on the development
and testing of hybrid powerplant models to study the system behavior to set a
benchmark and improve upon it.

Maritime powerplants have become increasingly complex systems over the
last decades, with a shift towards electrical grids, instead of mechanical systems
(propeller shaft, gearbox), for power distribution. The adoption of an electrical
grid for power distribution allows a substantial increase in the efficiency of vessels
operating short and medium range routes, with frequent maneuvering or dynamic
positioning operations. Energy storage components, such as batteries, can be con-
nected to the grid to further improve efficiency, storing excess power to be released
in times of high demand, reducing the load of the prime mover. Hydrogen systems,
including proton exchange membrane fuel cells, can also be seamlessly be integ-
rated into the vessel’s grid, allowing zero-emission power generation onboard the
vessel. The use of hydrogen allows to extend the operational range thanks to the
energy density of this energy carrier being higher than any available battery. Fuel
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cells can replace ICEs on selected maritime routes, allowing ship operators to com-
ply with the regulations on emissions of pollutants and greenhouse gasses from the
IMO and other international organizations.

The transition to maritime hybrid powertrains utilizing PEMFCs and Li-Ion
batteries needs to be carefully evaluated both from a technical and economic per-
spective for each specific use-case. This type of powertrain is currently suitable
for a set of vessels with specific operational parameters, bridging the gap between
battery operated vessels, with range limitations, and diesel-electric configurations
with undesirable emissions. The software and dynamic models developed in this
thesis allow the technical analysis of different possible hydrogen systems in order
to select the most suitable powertrain configuration for each specific use-case, en-
suring good performances and comparable costs to a diesel-electric configuration.

In Articles 1 and 5, the problem of component sizing was analyzed and a
Matlab application developed. The aim was to automate the calculation of possible
powerplant configurations based on the vessel’s power demand, and other user-
selected parameters. This application provides a series of results that can be used
in the Simulink dynamic models described in Articles 2 and 4, but also in the
model using the load combination approach. Multiple simulations with different
combinations of component sizing and energy management were carried out to
validate the models and analyze the results.

Results obtained with simulations using both the quasi-static and dynamic
model can help to answer the main research question: "How can the design of the
powerplant and energy management system for hybrid fuel cell vessels be optim-
ized with respect to overall efficient operation and lifetime of the batteries and fuel
cells?". Different approaches are presented in the thesis and enclosed articles, with
case studies producing results relative to the hybrid systems performances that can
be compared to the traditional diesel-electric configuration. Results show that it
is important to perform the component sizing and choose an energy management
strategy concurrently to obtain the best performances possible out of the system.
This is because the optimization process is effectively a balance of factors that
impact the performances of the system. Each configuration created is a trade off
between the priorities of the shipowner (e.g. low hydrogen consumption), at the
expenses of other factors of secondary importance.

The work carried out in this thesis and the enclosed articles focuses on the as-
sumption that by easily verifying the feasibility of hybrid solutions utilizing PEM-
FCs in selected maritime vessels, it is possible to aid the adoption of such systems.
The widespread adoption of zero-emission systems would contribute to the reduc-
tion of pollutants and greenhouse gasses in the atmosphere, with beneficial effects
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on climate change. The aim is also to reduce the transport sector’s reliance on
fossil fuels which are responsible for substantial emissions not only during com-
bustion, but also during extraction and processing.

8.2 Addressing research objectives

The objectives described in this section are completed as a part of the work
carried out for the H2Maritime project.

Objective 1: Introduction to fuel cells and hydrogen systems. Differences
between conventional and hybrid powertrains in the maritime industry, positive
and negative aspects of each technology. A general introduction to the safety
challenges of hydrogen systems, maintanence, and degradation of the compon-
ents.

The first objective was addressed during the first year of the PhD via both
a literature review and selected coursework. The knowledge gained at this stage
was deemed necessary for the development of the work carried out in the thesis.
The study included topics such as the state-of-the-art of hydrogen systems, power
electronic components and control.

Technical challenges related to the adoption of hydrogen systems in the mari-
time industry were also briefly investigated. The study of safety aspects has led to
the development of a safety barrier analysis described in Articles 3 and 6.

Objective 2: Development of a Matlab tool to investigate and develop design
criteria for the operation of fuel cell and battery systems for maritime vessels.

Work on the second objective of the research plan started with the creation
of the first version of the powerplant model included in the Matlab application for
the study of design criteria for hybrid vessels. The work is described in Article 2.
This application provides a way to perform the calculations that define the com-
position of the hybrid powerplant, including the number and size of components.
The calculations are carried out based on the EMS selected. The aim, at this stage,
was to evaluate the technical and economic feasibility of the hybrid powerplant in
specific use cases.

The application was later reworked with a new algorithm, and described in
Article 5. This version of the application included multiple rule-based energy man-
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agement systems that can be tested using the power demand data provided by the
user. Multiple outputs can be plotted, including PEMFC degradation and hydro-
gen consumption. It was also possible to evaluate the target power for the PEMFC,
determined by user conditions, and verify that it was compatible with the response
time of the unit. The application provided a first-attempt solution to determine the
optimal composition of the powerplant. The calculated configurations can be used
as reference or input for the dynamic models developed in this project.

Objective 3: Study of existing methods for energy management systems
(EMS) of fuel cell systems in existing applications. Familiarization with differ-
ent control strategies from the automotive and heavy duty transport industry to
optimize the power generation and distribution within the vessel’s electrical grid.

Objective 3 involved a literature review on energy management strategies
across different transport industries. This literature review spanned different sec-
tors, including automotive, heavy-duty transport and maritime. Particular interest
was placed on Online EMSs, which determine the real-time power generation and
distribution strategies used in the dynamic models developed for the project. Rule-
based EMSs were the first strategies to be tested, including deterministic rule-
based and fuzzy logic approaches.

The review carried out for Objective 3 allowed the development of the de-
tailed digital models for the hybrid powerplant described in the following Object-
ives.

Objective 4: Development of a detailed digital model of the hybrid fuel-cell
maritime powerplant on Simulink to replicate operations for different use-cases.
Testing of existing and new energy management strategies and component siz-
ing configurations. Key parameters such as hydrogen consumption, fuel cell
degradation and operational life are calculated.

Work on objective 4 started with the modelling of the individual compon-
ents in the hybrid powerplant including PEMFC, Li-ion battery, converters, and
DC-Load sink. These components were then connected to each other in different
configurations, to realize two different types of dynamic models.

The model using the load-separation approach was described in Articles 2
and 4 and used to simulate the system, testing different rule-based EMSs. This
model was based on a set of assumptions that allowed the simulation of the system
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at a relatively low computational cost. The main condition to correctly simulate
the powerplant with this model was to have a robust voltage control system that
would ensure a stable voltage output to the DC-Load blocks for each timestep of
the simulation. The model using load-combination was developed after the one
using load-separation. This type of model allows the control of individual energy
sources in the powerplant, at the expenses of higher computational resources. This
model was tested with both rule-based EMSs and one optimization based EMSs.

Both models provided a platform to test different EMSs with minor modific-
ation to the system. The key parameters that were of interest in the study, such
as hydrogen consumption and PEMFC degradation could be calculated using the
model, and saved to perform comparisons or to establish a benchmark for opera-
tions optimization.

Objective 5: Test and validation of the different strategies implemented in
the EMS using data sampled in real-world scenarios.

The development of the dynamic models described in objective 4 allowed
the progress to Objective 5. The dynamic models were used for simulations with
different powerplant configurations and energy management strategies to observe
positive and negative effects of different design choices. The first analysis and
comparison was published in Article 4. This article presented the simulations car-
ried out with three different rule-based energy management strategies. The ana-
lysis enclosed in the article was based on data sampled from a double ended ferry
operating in Danemark. The vessel was selected as it falls into the specified power
range of interest, between 1 and 10 MW.

Additional testing has been carried out using both dynamic models, laying
the groundwork for future developments and novel publications in this area.

8.3 Further work

Zero-emission mobility is a field in constant expansion due to the constant
introduction of new and improved components. The improvement in performance
of proton exchange membrane fuel cells and the increase in battery energy density
provides new possibilities for zero-emission applications, increasing the technical
and economic feasibility of such solutions for commercial use.

Further work that can be carried out as a continuation of the topics of this
thesis include:
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* The development of an updated version of the hybrid maritime powerplant
Simulink models, decreasing the speed of execution and more efficiently
using the available computational resources. These improvements can be
carried out by reviewing the blocks developed in Simulink and their interac-
tions, eliminating redundant and inefficient processes.

* The expansion of the load-combination model to include DC/AC transformers,
variable speed drive and triphase load sinks to simulate the induction motors
user for propulsion.

* The creation of a model for the azimuth podded thrusters and control. Such
a model can help to better simulate the torque demand and the load that can
be transformed in propulsive power during docking or navigation.

e The development of multiple sub-models for the balance of plant compon-
ents, with relative control systems. Of particular importance is modeling
components that provide the supply of hydrogen and oxygen to the fuel
cells. Such a model is necessary to evaluate the system’s behavior during
transient loading conditions.

* Study on the integration of supercapacitors in the hybrid powerplant as an
energy storage component.

* Study on the integration of additional zero-emission energy sources to the
vessel electrical grid including Flettner rotors and photovoltaic systems.

* The improvement of operational efficiency with currently developed rule-
based energy management strategies. The development of new optimization-
based energy management strategies belonging to the category of model pre-
dictive control, robust control or intelligent control.
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ABSTRACT

This study focuses on providing design guidelines for a ves-
sel’s power-plant in the multi-megawatt range, equipped with a
hybrid fuel cell and battery system. Background information is
provided on the challenges to realizing such a system, spanning
from a literature review on studies looking into energy manage-
ment, to the technical limitations of state-of-the-art fuel cells and
batteries. The central part of the work consists of the descrip-
tion of the model used to calculate the size of the hybrid power
generating unit, including a case study on a single, real-world
scenario. The Plant Analysis Balance with Operational Profile
(PABOP) model, developed by the author and presented in the
paper, is used to calculate the resources needed to retrofit a ves-
sel operating on fossil fuels with a hybrid zero-emission power-
plant. The model aim is to achieve a 1:1 replacement for diesel-
electric configurations, both in terms of range and power, using
fuel cell and battery power. In the case study, the model is ap-
plied to analyze the operational data of a double-ended ferry
operating with diesel-electric propulsion. Emphasis is put on the
I/0 needed and produced by the model, and how this tool can
be used by shipyard engineers to estimate the footprint required,
the necessary storage capacity, lifetime of components and other
parameters. The presented solutions could help manufacturers
estimate the economical viability of hydrogen vessels, filling a
gap in current maritime fleets where zero-emission systems are
gaining increasing importance.

*Address all correspondence to this author.
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NO-7491, Trondheim, Norway

INTRODUCTION

Zero-emission propulsion systems for marine applications
are today a central topic in the industry due to new resolutions by
the International Maritime Organization (IMO) to reduce green-
house gas (GHG) emissions and air pollution by 2050 [1,2]. The
resolutions have been complemented in many countries by na-
tional legislation, with Norway pledging to have an emission-free
zone in its world heritage fjords no later than 2026 [3]. Norway’s
peculiar shoreline conformation creates the need for hundreds of
ferries for fjord crossing, to allow for the fast transport of passen-
gers by sea. The passenger vessel and ferry operators, with routes
in zones that will be under emission control, are looking into
retrofitting their vessels with environmentally friendly onboard
power-plants and developing new designs to comply with regula-
tions. Zero-emission ferries, like the MF Ampere [4], are already
operating using batteries as the sole energy storage, however this
solution greatly limits the possible applications of the vessel due
to range concerns [5]. Where more flexibility is needed, multi-
ple fuel cell stacks could be used as a range extender, providing
the necessary power for operation on longer routes. Fuel cells
may reduce the recharge time, with the target of achieving a per-
fect 1:1 replacement of fossil fuel propulsion with respect to both
power and range.
Design requirements for diesel or hybrid diesel-electric ships
have been developed for years, with hundreds of technical papers
and comparative studies analyzing every aspect of this architec-
ture. The same cannot be said for hydrogen powered vessels, as
only a couple of pilot projects are available today for study and
data collection, and the majority have less than IMW of total

Copyright © 2020 by ASME



power installed.

The scope of this paper is therefore to present an engineering
toolbox that can help size and balance the on-board powerplant
for powers up to to 10 MW, providing a preliminary calculation
of the resources required at the beginning of life (BOL) to oper-
ate with zero-emission power generation.

First, the characteristics of the components used in the toolbox
are defined, providing an overview on the main input values.
State of the art components have been selected to provide results
that reflect the technological development achieved in the Poly-
mer Exchange Membrane (PEM) fuel cell field in the last years.
The rule-based toolbox adopts a streamlined approach to reduce
computational load. The dynamics of other power electronics
components (e.g. converters and transformers) is assumed as
ideal, thus the focus is only on the fuel cell and battery.

With these boundary conditions defined, it is possible to specify
how the toolbox operates. The first step is a configuration phase
by the user, during which parameters are selected and input files
are loaded. These input files are relative to the operational pro-
file, the fuel cell stacks, and the battery pack. When the first step
is completed it is possible to run the software and obtain the re-
quested configuration. This configuration will be a 1:1 replace-
ment of the fossil fuel setup, operating on fuel cell and battery
pack, able to sustain the power requirement imposed by the oper-
ational profile (given the boundary conditions of the study). Op-
erational profiles can be sampled from vessels that currently op-
erate on conventional fossil fuels configurations along the routes
set to be under emission control.

It should be noted that there is no singular configuration that can
sustain the load and a multitude of different solutions may be
available. The only factor restricting the number of solutions is
the configuration setup provided by the user. During this phase,
it is possible to decide which parameters should be maximized
or minimized (e.g. battery life, fuel cell life, hydrogen consump-
tion), defining an operational point or a range of values for the
battery and fuel cell system. The operational range specified in
the setup can lead to the estimation of life-cycle costs taking into
account the degradation of the components produced by heavy
loads. This is possible as the toolbox allows the user to visual-
ize the value of PEM fuel cell degradation in pV/h as well as
the number of battery cycles with high degradation during the
considered time interval. Actions to mitigate the unprioritized
parameters can be dealt with at a later stage, when defining the
software of the energy management system of the vessel.

The ultimate goal for the developed tool is to provide a prelimi-
nary estimate of the resources needed to retrofit a fossil fuel ves-
sel. The definition of the required resources allows the opera-
tors to estimate the initial cost, with values for degradation and
hydrogen consumption to quantify the running costs. This will
allow companies to measure the feasibility of this solution and
explore different configurations for a vessel to see if better re-
sults can be achieved by prioritizing some factors over others. If

the conversion results are feasible, more in depth studies on the
fuel cell and battery hybrid system can be carried out, making
the adoption of this vessel power plant not just an environmental
decision, but one backed up by financial considerations.

In the case study the first version of the software is used to ana-
lyze the operational profile of a double-ended ferry currently in
operation. The ferry, in its original configuration, is powered by
a diesel electric power plant and is capable of transporting 122
cars and 600 passengers. The configuration of the power plant is
performed by the user inputting the operational profile during a
time-frame (24h recommended, depending on the computational
power) into the tool, with the same base option setup, and verify-
ing that the configuration picked can provide enough power for
each day.

This paper is organized according to the IMRAD format. The re-
quired background informations on the components, an overview
of the developed software tool followed by a case study applying
the given tool are presented. Result and discussions are in the
final section of the paper, with a brief explanation of the values
obtained.

HYDROGEN IN THE MARITIME INDUSTRY

Around the world it is possible to see hydrogen systems de-
velopment in the automotive and heavy-duty transport industry
due to increased awareness of the importance of environmental
protection [6, 7]. Fuel cell powered systems are still at a lower
technology readiness level (TRL) with respect to electric vehi-
cles, but their economical feasibility is increasing with new tech-
nological developments and greater hydrogen production.
In the maritime sector, new solutions are being developed as
emission control restricts the access of fossil fuel vessels to cer-
tain areas [8,9]. To maximize fuel economy and component lifes-
pans in a hybrid fuel cell system, optimal component sizing and
power management are two key aspects to consider during the
design process. Several researches investigate the problem of
energy management in vehicles [10, 11] while others focus on
small vessels [12, 13]. Few studies cover sizing and energy man-
agement as a single package [14].
The idea behind this paper is to reverse the approach taken in
the aforementioned energy management studies, considering the
operational profile of the vessel as input and estimating the re-
sources required, in terms of power delivery, to operate on a com-
bined fuel cell and battery power plant.

COMPONENT CHARACTERIZATION

Fuel cell technology has made constant progress in the re-
cent years with manufacturers lowering production costs by re-
ducing the amount of precious metals needed and increasing their
recycling effort. The market’s increasing demand seems to push
producers into further technological development, with Ballard

Copyright © 2020 by ASME



announcing the World’s First PEM Fuel Cell product using a
non-precious metal catalyst [15].

TABLE 1. Fuel cell data used in the model

Rated power (net) 100kW

Gross output at rated power 320V /350 A
Voltage range 250...500 V

System efficiency (@Peak, BOL) 62%

System efficiency (@Rated P. BOL) 50%

Weight 120-150 kg

Volume 3001

Fuel quality ISO 14687-2

TABLE 2. Degradation from Fletcher et. al. [16]

Operating Conditions Degradation Rate
Low power operation (<80%) 10.17 uV/h
High power operation 11.74 uvV/h

Transient loading 0.0441 uV/Akw

Start/stop 23.91 uVicycle

All of these efforts increase viability for the introduction of
fuel cells in the maritime sector [17]. Among the different Fuel
Cell (FC) technologies, the low temperature PEM fuel cell seems
to be the one with the most suitable characteristics for maritime
propulsion. Studies on the possible use of this fuel cell (FC) type
aboard sea-going vessels have been already carried out by man-
ufacturers like Ballard and Powercell, ensuring that the units can
withstand the environmental conditions presented by the sea. In
the presented model we consider a state-of-the-art, low tempera-
ture PEM with characteristics similar to some commercial units
seen today in the 100kW range. The data taken into considera-
tion is listed in Table 1, while the data regarding the degradation
is listed in Table 2. These values are obtained from the studies
conducted by Fletcher et.al. [16] and may, at a later stage, be re-
placed to take into account any new technological developments
or more specific studies on long-term degradation.

The battery pack considered in the software is assumed to
be a generic Lithium Ion battery pack capable of a fast
charge/discharge cycle. These batteries were selected for their

high energy density and because of the availability of studies
looking into their degradation mechanisms.

TABLE 3. Single battery pack data used in the model

Burst discharge (up to 15-sec.)  3C
Max continuous charge 2C

Round Trip Efficiency 90%

The total power, voltage, and Ampere of the battery pack are

not listed as these parameters can be considered flexible. Cells
can be arranged in multiple ways to achieve different voltages
and current values to fit the power requirement found in the re-
sults of the developed engineering toolbox.
Data regarding the fuel cell and the battery are collected in a
text file that can be read by the software. This means that multi-
ple types of batteries equipped with different cells can be tested,
given that the file is arranged according to the creator’s guide-
lines. This data is one of the main input of the system, defining
the performances of the power delivery system.

THE PABOP SOFTWARE FOR ON-BOARD POWER
PLANT BALANCING

The “Plant Analysis and Balance with Operational Profile”
PABOP software developed by the author provides a tool to cal-
culate the resources required, in terms of power delivery, to equip
a ship with an effective hybrid, zero-emission, power generating
unit. The vessel power plant under consideration is one com-
prised of multiple fuel cell stacks (Table 1) and battery packs
(Table 3).
PABOP, as the acronym suggests, begins with the analysis of the
operational profile on a given route of interest. The operational
profile represents the total power consumption of the vessel.

op.profile = hotel load + propulsion load (1)

The first step when using the software is selecting the op-
tions in the graphic user interface. All the options in the setup
phase are selected with “radio button” menus for an easy to un-
derstand UI (top section of Figure 1). In this first version of the
software, the setup options are still limited, but it is already possi-
ble to get a preliminary estimate of how much power is required
on-board and how much the fuel consumption and degradation
will be given the input files.

The first option presented to the user is regarding the fuel cell
stack usage. This determines the operational point of the stack.
Fixed operational points for the FC stacks can help minimize
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degradation, but create the need for larger battery packs to be
installed.
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FIGURE 1. PABOP User Interface

1. Minimize fuel cell degradation?

+ 1.1 YES: The fuel cell output is set to a constant value requiring
a larger battery pack to compensate for fluctuations in the load.

+ 1.2 NO: Fuel cell units have variable output power following the
energy requirements. Smaller battery packs are needed. When
this option is chosen three levels of degradation intensity can be
selected:

1.2.1 HIGH: The units follows the OP fluctuations with
rapid changes in power output. Fluctuations can span be-
tween plus or minus 40% w.r.t. the mean value set for opti-
mal FC output.

1.2.2 MEDIUM: The units follows the OP fluctuations with
average changes in power output. Fluctuations can span be-
tween plus or minus 25% w.r.t. the mean value set for opti-
mal FC output.

1.2.3 LOW: The units follows the OP fluctuations with slow
changes in power output. Fluctuations can span between
plus or minus 10% w.r.t. the mean value set for optimal FC
output.

The second option is regarding the battery pack. The depth of the
charge and discharge cycles plays an important role in the battery
degradation process. This option allows the user to set the state of
charge (SoC) upper and lower limit to pre-set values, increasing

the battery lifespan, or to use the entire storage capacity limiting
the footprint required for the packs.

2. Minimize battery degradation?

+ 2.1 YES: The battery SoC depth is limited inside an optimal
range to maximize the battery’s lifespan.

+ 2.2 NO: The entire power stored in the battery is available
during charge and discharge .

The third and final option is regarding the hydrogen consump-
tion. The fuel cell has different efficiency values across the oper-
ational range that define the hydrogen consumption. Working at
rated load does not mean working at the highest efficiency value
possible. With the third option the user selects if they want to
work at rated load, with reduced efficiency but saving footprint,
or work at maximum efficiency sacrificing space.

3.Minimize fuel consumption?

+ 3.1 YES: The FC operates at maximum efficiency but not at
rated load. More footprint required.

+ 3.2 NO: The FC operates at rated load.

With the options selected by the user in the UI, they can

press the button “calculate” to launch the script. Before starting
the calculation a file selection window will appear asking the user
to select, in succession, the operational profile data, the fuel cell
and the battery specifications. These informations is contained
in appropriately formatted text files produced by the user. Once
these are selected the software will have all the elements to pro-
ceed with the calculation.
The configuration selected by the user produces one of sixteen
different scenarios, providing a preliminary estimate of the assets
required to realize such scenario. The output values produced by
the model are:

For the Fuel Cell stacks:

> Fuel cell power output required [kWh]

> Total degradation over the period considered [uV/h]
> Number of fuel cells required to sustain the load

> Fuel cell power effectively installed

> Saturation of the fuel cell unit

> Efficiency of the fuel cell unit

> Specific consumption of hydrogen [kg/h]

For the battery pack

> Battery size [kWh]

> Number of battery cycles over the period considered
> Number of cycles that lead to heavy degradation

> Number of cycles in the low degradation area

These values represent the preliminary estimate of the re-
sources required to retrofit a fossil-fuel powered vessel with the
given operational profile, with a hybrid zero-emission power
plant. It should be taken into consideration that while choices
are presented in a yes/no fashion, optimizing all the parameters
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FIGURE 2. Flowchart representing the PABOP software steps

produces the solution utilizing the most footprint, therefore still
consuming a valuable resource. Consequently the results need
to be interpreted by someone with knowledge of the system in
order to verify that the output values produced by the model fit
the design requirements. This is important as the model does not
include any specific reference to the vessel, but only focuses on
the power generating and storage unit architecture.

CASE STUDY USING THE PABOP SOFTWARE

The case study exemplifies the potential of this tool by test-
ing the software on the operational data of a double-ended ferry
capable of transporting 122 cars and 600 passengers. The ferry
operates 18 crossings per day, with a duration of approximately
45 minutes.

FIGURE 3. Example of double-ended ferry

The repetitive nature of the operation plays an important role
in the optimization of the vessel power plant, as the power re-
quirements are more or less constant each day. Therefore possi-
ble variations in power requirements are not determined by op-
erating at longer or shorter ranges, but mainly just by different
atmospheric conditions (e.g. wind, waves, current). To calculate
the first-attempt solution we use an operational profile from a 24h
time-frame. The software automatically eliminates the section
were the vessel is inactive. The operational profile is selected
randomly from 6 months of data. A scenario that realizes the
following configuration is selected:

1.1 Minimize fuel cell degradation (Constant FC output)
2.2 Do not minimize battery degradation (Unlimited ASoC)
3.2 Do not minimize fuel consumption (FC @rated load)

The selection of option 1.1 allows the operator to maximize
the operational life of the fuel cells by running them with a con-
stant output. This allows the system to avoid high power opera-
tion peaks and transients, both conditions that would reduce the
life of the PEM FC components according to the data presented
in Table 2. The first step for the software is to calculate the oper-
ational point for the PEMFC units.

/op.profile = FC operational p.x*op.time (2)

The software solves equation 2 and finds the operational
point for the constant operation of the FC stack. The point iden-
tified allows for the best balance between the power delivered
by the fuel cells and battery. Optimizing this balance helps in
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the reduction of stress on the battery, maintaining realistic cy-
cles of charge/discharge (Figure 6) and reducing the battery size
required. The fuel cell delivers a baseline constant load, recharg-
ing the battery when the power demand is lower than the one
produced by the FC stack and discharging it when it is higher
(Figure 4).
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FIGURE 4. Operational profile of the vessel over 24h with no down-
time

The fuel cell hydrogen consumption (option 3.2) is calcu-
lated as a function of fuel cell output and the efficiency value
set by the user. By choosing not to maximize the efficiency, the
value considered is automatically the one that corresponds to the
rated efficiency (Table 1 and Figure 5). Knowing the efficiency
value (1) of the fuel cell and the power output that needs to be
produced, it is possible to roughly calculate the hydrogen con-
sumption with Equation 3. The value for the energy density is
set, in this case, to liquid hydrogen, but can be modified by the
user to obtain a different configuration (Table 4).

H; consumption = (FC output/n)/en.density H2 ~ (3)

The battery dimension is also calculated as a function of the
FC output. The battery needs to be able to cover the discharge
profile of Figure 4 (black line) without going below its minimum
SoC. As specified during the user input phase, the battery is al-
lowed to use its entire range of SoC, from 0% to 100%. This sit-
uation produces very high fluctuations in the load of the battery,
with rapid charge/discharge cycles. This represents an extremely
heavy condition for the battery, resulting in a much shorter lifes-
pan, but allows us to visualize the worst case scenario for opera-
tions and calculate the smallest battery size that can theoretically
sustain the load.
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FIGURE 5. Performances of the considered PEMFC unit (Courtesy
of PowerCell)

The cycles that the battery has to endure, and the depth of
charge and discharge, are calculated and visualized in Figure 6.
It is possible to measure the difference between the peaks and
valleys of the SoC variations to quantify the depth of charge and
discharge at each cycle. This data can be displayed in a histogram
to help quantify the stress level of the battery pack installed.

Cycles of the battery during operation

-20

0 500 1000 1500 2000 2500 3000 3500 4000 4500

FIGURE 6. Battery pack dis/charge profile during operations

Once the script has finished its run, it is possible to analyze
the results and quantify the resources needed by the vessel pow-
erplant to deliver the required power with fuel cell and battery
configuration.
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TABLE 4. Hydrogen energy density for different forms

Form of Storage  [kWh/kg] [kWh/1]
Gas (30 MPa) 333 0.75
Gas (70 MPa) 333 1.386

Liquid (-253C) 333 2.36
Metal hydrate 0.58 3.18

Ammonia (NH3) 2.44 3.6

RESULTS AND DISCUSSION

The results obtained from the first run with the selected op-
erational profile are shown in Table 5. The hybrid vessel power
plant will be comprised of both fuel cell system and battery pack.

TABLE 5. First attempt solution

Fuel cell system Value
FC Power/O opt. val. 1119 kWh
Degradation during op. 190.97 uv
Number of FC required 14 MS100 (Powercell)
Total power inst. 1400 kW
FC load 74.89%
Efficiency 50.18%
H; Consumption 66,90 kg/h
Battery system Value
Min. battery size 1700 kWh
Battery cycles in op. 64
Low degrad. cycles 52
High degrad. cycles 12

In addition to these results, the software verifies that the
charge and discharge cycles observed in Figure 6 match the as-
signed C-Rate of the battery listed in Table 3. In the case that
this does not match, an error message pops up in the command
window displaying the information.

At this stage, it is possible to compare the data on the load of
the battery in the histogram of Figure 7 with the degradation data
presented in Figure 8. In this way it is possible to obtain a pre-
liminary estimate of the degradation produced by the cycles that
have the most power intensive requirements (depth and speed of
charge and discharge).

The result seems to fall within the range of requirements for a

vessel of this size, even if the battery configuration produces
extreme stress on the pack. It is now possible to proceed with
the validation. Running the software with 5 different operational
profiles of different length on other randomly selected days, with
the same setup information, produced only small deviations from
the solution presented in Table 5.
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FIGURE 7. Battery cycles depth of charge
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FIGURE 8. Capacity loss as a function of charge and discharge band-
width [18]

It is important to remember that the fuel cells are not work-

ing at their full potential in the calculated configuration so there
is a margin of safety if the power demand of the vessel is higher
than the one estimated by the software.
The introduction of a less energy-dense form of power storage
might affect the overall displacement of the vessel. The use
of this software has to be accompanied by an in-depth study of
the vessel’s balance and displacement after the solutions are ob-
tained. One case demonstrating that retrofitting a vessel with
battery power is possible is presented by the Aurora of Helsin-
borg Ferry operating between Denmark and Sweden [19].
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The idea for an engineering toolbox that could help designers
quickly quantify the initial cost, and provide a preliminary quan-
tification of the operational life is still in its early stages, but still
marks a step forward for the maritime industry as they look to
upgrade to hydrogen solutions. The clear specifications of the
vessel power plant is also an important information for engineers
working on energy management systems for these kind of ves-
sels, as with this information they will be able to further optimize
the systems.

CONCLUSION

This paper presentes an engineering toolbox, in the form of
a Matlab/Python code, that aids in the design process of engi-
neering a vessel with a hybrid zero emission powerplant.
Following the presented steps, it is possible to calculate the re-
sources required to sustain the operational load using a PEM
fuel cell and battery configuration. The goal of this software
is to serve as a tool for sea-transport operators aiming to retrofit
diesel-electric ferries with more environmentally friendly solu-
tions to comply with emission regulations.
Future development on the software will include new functions
considering the degradation mechanisms of fuel cells and battery,
to produce more precise estimates of the life cycle costs. Another
interesting development might include the addition of an option
to select super capacitors for short term power storage.
With the maritime industry now acknowledging that more envi-
ronmentally friendly fuels are needed to limit GHG emissions
and pollution, providing tools to ease this transition is of the ut-
most importance. The goal of this work is to provide a small
step in turning one of the biggest transport industry in the world
towards a greener direction. In the last decade we have seen
fuel cells and batteries undergo huge developments, becoming
the base for power generating units of vessels of ever increasing
size, so the hope is to, one day, have zero emission propulsion
operating on all the feasible routes.
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This paper presents a simulation tool for marine hybrid power-plants equipped with
polymer exchange membrane fuel cells and batteries. The virtual model, through the
combination of operational data and dynamically modelled subsystems, can simulate
power-plants of different sizes and configurations, in order to analyze the response of
different energy management strategies. The model aims to replicate the realistic behavior
of the components included in the vessel’s grid, to asses if the hardware selected by the
user is capable of delivering the power set-point requested by the energy management
system. The model can then be used to optimize key factors such as hydrogen consump-
tion. The case study presented in the paper demonstrates how the model can be used for
the evaluation of a retrofitting operation, replacing a diesel electric power-plant with fuel
cells and batteries. The vessel taken into consideration is a domestic ferry, operating car
and passenger transport in Denmark. The vessel is outfitted with a diesel electric plant and
an alternative hybrid power-plant is proposed. The hybrid configuration is tested using the
model in a discrete time-domain.
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Introduction

In recent years, the number of vessels transitioning from a
conventional fossil fuel propulsion system to a hybrid or fully-
electric system is increasing. The recent developments in

has encouraged the transition to hybrid power-plants, with
batteries now included in a number of hybrid transport sys-
tems for energy storage purposes [1—4]. Such systems can
reduce fuel consumption [5,6], reduce emissions from 10 to
35% up to 100%, and improve noise, vibration, maintainability,
manoeuvrability and comfort [7]. The possibility to store

battery technology and the cell’s increase in energy density
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excess power and release it on-demand, allows a more effi-
cient use of a ships prime mover, enabling load leveling and
peak shaving strategies [8].

While hybrid systems are able to reduce the level of
emissions and fuel consumed, the next step for the maritime
industry is the development of zero-emission vessels. Studies
on zero-emission power generation systems for marine ap-
plications have been largely motivated by environmental
goals aiming at to reduce pollution and greenhouse gas
emissions. The United Nations and the International Maritime
Organizations have both ratified documents planning a
reduction in harmful emissions by 2050 [9,10], with local
governments pledging to complement these commitments
with national or regional environmentally friendly policies.

Currently, the majority of operational zero-emission ves-
sels are equipped with battery systems. In Scandinavia,
double-ended ferries such as the Aurora Af Helsingborg, the
FinFerries’ Elektra and MF Ampere are currently in operation
facilitating the transportation of passengers and cars between
coastal towns using large battery packs.

The fully electric configuration provides considerable
environmental benefits, with a reduction of CO, emissions, for
a vessel the size of the Aurora Af Helsingborg, estimated to be
around 14 thousand tons per year. The vessel’s power grid is
also simplified when exclusively using batteries for energy
storage, allowing for fewer maintanence operations. Never-
theless the full-electric configuration also presents drawbacks
[11], mainly from an energy density and price perspective, that
makes the transition to zero-emission challenging when
considering to fully replace conventional fuel plants with
battery packs for medium to long range applications. The
limited amount of power stored in the pack relative to the
weight and concerns regarding degradation of the battery
cells, leads to a need for frequent dock recharging. To ensure
low degradation of the battery pack and the highest capacity
retention over the highest number of cycles, the ferry needs to
discharge at a low C-Rate, if possible, and maintain a recom-
mended value of state of charge (SOC) between 45% and 75%,
depending on the specifications of the battery producer [12].
Battery systems also use a considerable amount of time to
recharge, especially when considering megawatt scale appli-
cations. A ferry fast-charging during Roll on - Roll off (Ro-Ro)
operations requires a dedicated infrastructure, with high
voltage capabilities and values in the range of 10.000 V and 600
Amp when considering a 4 MW battery pack onboard [13]. The
installation of this kind of infrastructure may be limited by
financial considerations or by an inadequate and/or unstable
electrical grid in remote location that still require zero-
emission operations, such as remote locations in the fjord of
Norway following 2026 regulation [14].

Given the limitations of batteries, not all routes that
require zero-emission vessels can be operated by fully electric
units. A hybrid power-plant using polymer exchange mem-
brane fuel cell (PEMFC) technology, in conjunction with bat-
tery energy storage, can be considered as a zero-emission
solution when greater range or flexibility is required [15]. The
use of hydrogen, as an energy carrier, allows zero-emission
operations in protected natural habitats, world heritage
sites, CO, neutral ports and emission control areas, while
maintaining an operational flexibility similar to a diesel

vessel. The capability to charge batteries at sea during navi-
gation eliminates the need for frequent dock recharging,
furthermore the higher energy density of hydrogen compared
to batteries, even it its pure compressed form, enables the
storage of more energy on-board the vessel with considerable
weight savings (Table 1).

Fuel cell technology is, in the maritime industry, at a lower
technology readiness level (TRL) compared to battery tech-
nology, however the positive results with PEMFC in heavy
duty transport applications, such as busses and trains, can be
transferred to the maritime sector. PEMFC modules specif-
ically designed and certified for marine use [16], have been
presented in 2020, following the interest of ship operators
such as Norled, in building a hydrogen vessel for passenger
and car transport [17]. PEMFC have been tested aboard vessels,
for example, on the FCS Alsterwasser in the EU project “zero
emission ship” [18], and on a larger scale on the Viking Lady
supply vessel.

The integration of fuel cells and batteries in hybrid power-
plants is a non trivial task, as the operational profile and
power requirements needs to be collected or data-mined, and
because the operation is usually affected by the energy man-
agement system (EMS) [19]. The sizing of the powerplant de-
cides the potential of powertrain system and affects the
efficiency of the EMS. In other words, the selection of
component size affects the design of the energy management
strategy and vice versa.

The evaluation of the component’s size and power rating
should therefore be performed in a combined package with
the creation of the EMS. The hybrid power-plant has to ensure
a high levels of efficiency, satisfying the power demand of the
vessel during operations taking into account the fuel cell and
battery dynamics.

It is to aid the design process and observe the dynamic
behavior of components such as battery and PEMFC in relation
to the selected EMS strategy that, in this paper, is presented a
model of a hybrid zero-emission power-plant. The model is
developed to replicate the power-plant operation in a simu-
lated environment, with a good degree of approximation,
allowing the study of the components dynamic response to
real world data inputs.

Several research approaches have been studied, consid-
ering that some limit their analysis to a predefined system and
only focus on EMS [18], while others tend to ignore the EMS
and focus on the optimal sizing problem [20].

This paper proposes a model that can be used to observe
the effects of sizing on the EMS and vice versa, in a single
software platform. This is necessary as the EMS may choose,
with a smart algorithm, the optimal operational point for the
power-plant and load sharing strategy, but if the hardware
selected cannot realize the given strategy, different compo-
nents or a different control should be chosen. The model can
be adapted to different kinds of ships, and is scalable to

Table 1 — Energy density comparison.

Energy density Pure H, (@700 Bar) Li-Ion Battery
MJ/kg 120 1008
MJ/L 4.7 0.90 to 2.43
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simulate power-plants up to 10 MW. The model includes
converters and other power electronic components such as
DC-Bus and switchboards.

To initialize the simulation the user can select or create an
EMS strategy and input a series of parameters regarding the
fuel cell and battery system considered. The results obtained
at the end of the simulation include hydrogen consumption,
which heavily impacts the vessel operating costs, as well as
fuel cell degradation and battery usage. Results from different
power-plants layouts and EMS strategies can be compared to
choose the optimal solution for the vessel power delivery.

The model is tested using a hydrogen-hybrid configuration
for a domestic double ended ferry operating in Danish na-
tional waters, currently equipped with a multi-megawatt
diesel electric power-plant (see Fig. 1). The operational pro-
file used for the initial configuration of the model was chosen
to emulate a typical winter day in 2019 on the route of interest.
This operational profile was one of many collected during a six
month period in cooperation with the company. The case
study demonstrates how the model can be used for the tech-
nical evaluation of a retrofitting operation, replacing the diesel
electric power-plant with PEMFC and batteries. The power
delivery values are observed and compared to the power de-
mand in input. The power-plant sizing is validated only if the
mean square error between the expected value and the pro-
duced value is below a certain threshold defined by the user,
and, in general, there should be no sign of power shortages or
blackouts. The technical evaluation allows further studies on
the economical feasibility of the system. The data produced by
the model provides figures that can be used to compare the
ideal behavior of the hybrid system, the realistic behavior of
the system under stress and highlight the differences with the
diesel electric plant.

The study does not go into detail with respect to the
changes in ship design when integrating a hydrogen system or
hydrogen storage solutions such as metal amines [21,22],
liquid hydrogen organic carries (LOHC) [23] or hydrides [24]
that may be required to operate such power-plant. The
imposed boundary condition is to assume that if a certain
amount of pure hydrogen is required by the fuel cell stack, the
demand can always be fulfilled by the storage.

On-board power-plant

In this section is described the original diesel-electric config-
uration of the ferry and the new hybrid solution proposed by
the authors.

Conventional system

The ferry taken into consideration during the case-study is a
double ended ferry of approximately 100 m length, with ca-
pacity for 600 passengers ans 122 cars. The route is a crossing
over a 7.7 nautical miles distance with voyage time averaging
45 min and voyage interval of 1 h (Fig. 2).

The prime movers of the ferry are 5 diesel generators rated
at 800 kW, powering 4 Azimuth thrusters and additional
auxiliaries. The diesel generators also provide all the power
for service and hotel load. No energy storage technology is
installed. The system is designed to comply with class regu-
lations and is designed with passive redundancy in mind,
considering that only three generators are switched on during
the crossing, out of the five installed. This is to allow main-
tanence activities and ensure there is always a power reserve.
The single line diagram of the diesel electric configuration is
represented in Fig. 3.

With the double-ended design there is no requirement to
turn around in ports, directly translating to less power
pulses during docking procedures compared to the single-
ended counterpart. The vessel crosses a busy shipping
route and often has to give way to larger commercial ves-
sels [26]; this influences the power demand during the
crossings, as the ferry deviates from the optimal route to
avoid traffic. The change in meteorological condition is also
a factor influencing the power demand. The variation of
wind and sea current strength happens yearly, with the
summer being the easiest period to operate, but also daily,
with variation between the first crossing 5.15 a.m. and the
last at 22.15 p.m.

The ferry operates 18 crossings in a day (see Fig. 4). The
values show that once the vessel is disconnected from the

Fig. 1 — The double ended ferry considered in the study
case.

Fig. 2 — Ferry route [25].
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Fig. 3 — Simplified single line diagram for the diesel electric
configuration.

shore power supply, Ro-Ro operations are carried out using
between 1% and 7% of the total power installed. The data
collected during the crossings show that the power used for
the crossing from Spodsbjerg is around 38% of the total
power, while the one from Térs is slightly higher around 48%
(Fig. 5).

The observation of the power levels in Fig. 5 shows how an
hybrid power-plant comprised of PEM fuel cells and batteries
can eliminate pollution and greenhouse gas emissions, and
also increase the overall efficiency through peak shaving or
load leveling strategies.

During Ro-Ro operation for example, the load on the diesel
generators is quite low (between 1% and 7% total power),
forcing the units to operate at a point far from the optimal
thermal efficiency [27]. This leads to a high specific fuel

Operational profile - one day of operations
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Fig. 4 — Measured power demand of the ferry over a full day
of operations.
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Fig. 5 — Load level distribution over one day of operations.

consumption, but cannot be prevented as the generators
needs to be kept on to be ready for maneuvering.

During this phase, a hybrid propulsion plant equipped with
PEM fuel cells and batteries could supply the power using
some PEMFC stacks at a low load level, where the stack effi-
ciency is higher (60%) than at rated load. This would also
eliminate harmful emissions in the coastal area and the har-
bor [28].

Hybrid propulsion system

The alternative, zero-emission power-plant presented for the
ferry includes polymer exchange membrane fuel cells
(PEMFC) and a Lithium-Ion (Li-lon) battery packs for energy
storage. Polymer exchange membrane technology has been
selected for the fuel cells, in this case, after considerations on
the operational requirements and good performance at
relatively low temperatures [29,30]. The Lithium Ion battery
pack has been selected for the high energy density and fast
charging and discharging capabilities at multiple C-Ratings.
The presented hybrid solution size and rating does not take
into consideration vessel safety regulation for active or pas-
sive redundancy and is simply based on supplying the
required power-demand. Compliance with class regulation
can be achieved by increasing the number of PEMFC or bat-
teries, but the study of the requirements was considered out
of the scope of the paper. The additional PEMFCs and batte-
ries required by the safety regulations do not impact the re-
sults obtained in this paper as they are considered switched
off and disconnected from the system, only activated in case
of emergency.

In Fig. 6, it is possible to observe a simplified single line
diagram for the hybrid system proposed. The diagram rep-
resents the fuel cell unit unit as a single block, for the sake
of clarity, with the notion that the fuel cell system is
comprised of multiple stacks to reach the required rated
load. The definition of the power rating for the battery and
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fuel cell stacks is non trivial, as the sizing defines the po-
tential of the powertrain, influencing the energy manage-
ment system, and vice versa [31,32]. In this case, both the
fuel cell and the battery are intended as modular systems,
meaning that a series of units can be combined in series or
parallel to achieve different layout solutions and power
ratings.

The first step in the sizing process is the identification of a
first attempt configuration through the observation of the
operational data. This configuration is, after the simulations
with the digital model, either modified or validated if the re-
sults are satisfactory for the user.

The first factor that helps to define the total power rating of
the battery and PEMFC system is the observation of the
average power requirements during the crossing phase
(Fig. 5). The power delivery capabilities of the proposed hybrid
power-plant should be able to satisfy the average power de-
mand during crossings while operating at their rated load, and
be able to compensate for extra power demand if necessary.

The maximum power recorded during a crossing with the
diesel electric configuration is equal to 2425 kW out of the
4 MW installed. The maximum recorded power is lower than
the total installed power (4 MW) as only three out of the five
diesel gen-sets are on during the crossing and the other two
are considered as a power reserve. This reference value of
2425 kW provides a starting point for the dimensioning pro-
cedure of the hybrid power-plant active during the crossing.

The combined output of battery and PEMFC cannot be lower
than this value. To generate additional guidelines for this
calculation, a power-plant design software developed by the
authors has been used [33]. The hybrid configuration with
batteries and PEMFC allows more flexibility when choosing
power ratings compared to the selection of diesel generators.
It is possible to consider that battery packs can compensate
peaks in power demand with a fast response time and oper-
ating at C-Rates higher than 1, effectively allowing the in-
crease of power delivered on demand at the expenses of a
faster reduction in state of charge. Batteries also can be
operated continuously and do not have to be switched off,
unlike diesel generator, to perform extensive maintanence.

For the first attempt solution, the PEMFC’s rating has
been selected in relation to the battery size and character-
istics, with the goal to provide enough power to avoid high
depth of discharge cycles. The ratings are set, for the first
attempt solution, to 15 PEMFC for a total of 1500 kWh and 2
batteries of 1000 kWh of batteries. The sum of the two
values results a powerplant able to produce 3500 kWh at full
load. Setting the rating higher limits the depth of discharge
and therefore degradation. According to DC-Grid guidelines,
a level of 690 V is suggested for the ship’s grid in vessels
with installed power up to 10 MW.

As both fuel cells and battery have a direct current (DC)
output, the grid uses DC for the transfer of power, with in-
verters for the motors and service loads.
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Model description

The model is the virtual representation of the systems illus-
trated in Fig. 6. The components such as fuel cell, battery and
converters represented in the diagram, have been modelled to
have a dynamic behavior similar to the real-world counter-
part, allowing the study of their response to realistic input
data. Propulsion loads and service loads are considered com-
bined in this study, as the values sampled during operation
represent the total power consumption of the vessel.

The working principle is illustrated in Fig. 7 The process
starts by selecting a time interval from the database where the
data are logged. The interval considered can be of variable
length and can include multiple crossings, depending on the
computational resources and time that the user wants to
allocate for calculations. It is recommended to use a time in-
terval between two docking operations or between two night
layovers for better results. The time interval selected iden-
tifies, on the database, a list of power values in kilowatt rep-
resenting the total power generated by the diesel-electric
plantin the ferry’s current configuration (Reference Fig. 4 for a
time interval of 22 h). These power values, known as opera-
tional profile, are used as the vessel’s power demand that
needs to be satisfied by the new hybrid plant. The EMS con-
tains the load sharing strategy and splits, according to the
coded instructions, the total load between battery and fuel
cells. Two converters control the power output of fuel cell and
battery to the DC Bus, much like in the real system. The
voltage is maintained constant on the DC Bus and at the rec-
ommended level using two feedback loops. A Recharging cir-
cuit is also included for the battery, giving the possibility of
on-the-go recharging.

The power generated by the plant (“Produced power” in
Fig. 7) is, in the end, compared with the operational profile
given as input, to observe the efficiency of the EMS, and the
selected components, in following the load profile. The ca-
pacity to generate the required amount of power using the
hybrid plant can be seen as a validation of the components
power rating and load sharing strategy.

Using as input the load profile of the diesel electric
configuration for the hybrid power-plant allows for a direct
comparison between the two solution. It is possible to calcu-
late the equivalent amount of hydrogen required to carry out
the same crossing and also estimate the degradation of both
battery and PEMFC.

Table 2 — Fuel cell characteristics.

Rated power (net)

Gross output at rated power
Peak power EOL...OCV BOL
System efficiency (Peak, BOL)
System efficiency (BOL)

Max waste heat

Coolant outlet temperature
Fuel inlet pressure

System pressure

Ambient temperature
Ambient relative humidity
Installation environment Outdoor
Weight

Volume

Fuel quality

IP classification

100 kW

320 V/350 A

250...500 vV

62%

50%

120 kW

80C

8—12 bar(g)

1.6 bar(g)

—20 to +50C

5-95%, non-condensing
Pollution degree 3
120-150 kg

3001

ISO 14687-2, SAE J2719
IP54

Fuel cell

The fuel cell considered for this model is a polymer exchange
membrane fuel cell with commercial characteristics. The
reference values used in the model are reported in Table 2.
The fuel cell model is a generic model parameterized to
represent polymer exchange membrane fuel cells supplied
with pure hydrogen and air (Fig. 8). The model is based on the
work of Njoya et al. [34].

Aboundary conditions of the model is set on the delivery of
hydrogen and air to the fuel cell. In the model the supply of
both hydrogen and air is carried out by ideal components

1 [iz]
sz [ MRS
)|
|

Internal
Resistance

Fig. 8 — Equivalent circuit of the fuel cell included in the
model [34].
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Fig. 7 — Model schematics.



10930

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (:9(')9?} 10924—10938

(compressor and valves), eliminating problem of fuel and air
starvation during dynamic loading. The assumption is made
as the EMS is supposed to avoid high frequency transients on
the fuel cells, limiting possible cases where air and hydrogen
starvation may appear. In the model, the airflow value
(Vipm(ainom) @and the hydrogen flow value (Vipm(fuelnom) are
calculated indirectly, based on the load power requirement
(Fig. 9). This approach allows the user to quantify the
hydrogen consumption at each timestep and calculate the
total consumption at the end of the simulation in standard
liters per minute. The degradation of the PEM fuel cell is a key
aspect considered. A separate block is created to evaluate the
degradation of the fuel cell over the operational time. In this
case, the degradation values are based on the studies of
Fletcher et al. [35] and listed in Table 3.

The equation to calculate the degradation is made up of
two terms, one quantifying the degradation during constant
power output periods and one for transient operations. These
two values are summed to find the total value at the end of a
simulation over a defined time interval.

TI*10%

~ Lpo,  Hpo, -
Deg = 3500 " 3600 * ; PO Pt 1) @

e Lpo = low power operation value [uV/h]
e Hpo = High power operation value [uV/h]
e 7 = time sample duration [s]

e T1 = Transient loading value [uV/Akw]

o P = Electric power uV/Aw

e Deg = degradation in uV

e t = time; n = last sim. timestamp

The calculation of the total degradation value allows the
users to estimate the interval between maintenance activities
and estimate the operational life of the fuel cell in relation to
the implemented EMS.

Battery
The battery pack is included in the model to compensate for

the slower dynamic response of the PEMFC and compensate

DC Bus Voltage
P—

FC
Model

Power

Load Current
Vipm(airjnom

B —

Fig. 9 — Input/output given to the fuel cell model from
Njoya [34].

Table 3 — Degradation from Fletcher et al. [35].

Operating Conditions Degradation Rate

Low power operation (<80%)
High power operation
Transient loading

Start/stop

10.17 uV/h
11.74 uV/h
0.0441 uV/Akw
23.91 uV/cycle

occasional spikes in power demand during transient loading
conditions. The installation of a battery also allows to include,
in the energy management strategy, a peak shaving solution,
reducing the overall usage of the fuel cell during high fre-
quency transients and high power operations, therefore
lowering its degradation and hydrogen consumption.

The model used for the battery is a parametric dynamic
model adapted to simulate a lithium ion battery pack. The
circuit is based off the work of Zhu et al. [37]. and Tremblay
et al. [36] (see Fig. 10). The internal resistance is assumed to be
constant during the charge and discharge cycles and does not
vary with the amplitude of the current. The parameters of the
model are derived from the discharge characteristics. The
discharging and charging characteristics are assumed to be
the same. The capacity of the battery does not change with the
amplitude of the current (there is no Peukert effect).

The battery size has been calculated in relation to the
1500 kW of fuel cell capacity installed. Considering that the
highest registered power demand value in the ferry’s database
is equal to 2425 kW, it was determined that two 1000 kWh
battery packs were fitting the applications requirement
maintaining the depth of discharge low. This value was
calculated taking into account an efficiency of the power line
of 90%. The battery selected is rated at 400 V. The nominal
discharge current for one battery pack is equal to 1087 Ah and
it is assumed that the battery can operate at an up to 2C.
Additional characterization of the battery packs used can be
observed in Fig. 11.

Converter connecting PEMFC and DC-Bus

The converter connecting the fuel cell, rated at 320 V, to the
690 V DC-bus is modelled as a conventional boost converter
(see Fig. 13). The boost converter allows the increase of
voltage using a IGBT, switching at 5 kHz, controlled using a
PWM signal generator. The duty ratio of the PWM signal is
adjusted between 0.1 and 0.9 according to the input voltage,
to maintain the output voltage stable at 690 V. The duty
ratio is controlled through a feedback loop with a PID
controller. The values for inductance and capacitance used
in the boost converter model are tuned to get a quick and
non-oscillatory voltage rise with an acceptable level of
voltage ripples [38].

-
First order o
| low-pass filter
| it) _ 0 (Discharge} Intermnal
: | Sel . : Resistance
it 2
1 (Charge)

| Eehrarge = J200 0%, Exp, BattTvpe ) i
= Epar—{ ) VOItage
T source

—

Controlled
Egdiseharge = f101.1° Exp. Baft Tipe) %

Fig. 10 — Equivalent circuit of the battery included in the
model [36].
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Fig. 11 — Graph representing the characteristics of the
battery pack used in the model.

When tested, the model ensured a stable response well
within the class limits of +£5% voltage variation during steady
load and +10% during transients. The EMS also ensures that
components producing excessive or too low voltage can be
disconnected from the switchboard to avoid damages to the
whole system.

It has to be noted that with a switching frequency of 5 kHz
and a simulation timestep in the order of the microsecond the
model takes into consideration the switching dynamics and
not an average model for the converter response.

Converter connecting the battery and DC-Bus

The battery is connected to the DC-Bus using a bi-directional
DC/DC converter. This type of converter allows the flow of
electric power in both direction (Fig. 14), allowing the
discharge and recharge of the battery alternatively. The con-
verter also provides voltage regulation, as the battery and the
DC-Bus operate at different voltage levels.

The values for the inductance and capacitance of the
converter have been tuned to get a non-oscillatory response
with an acceptable level of voltage ripples.

The converter can operate in two distinct modes: a boost
mode, used during discharge, and a buck mode used during
recharge. The boost mode is used to bring the voltage on the
battery side, rated at 400 V, to the level defined for the DC Bus
of 690 V. The buck mode allows to lower the voltage from 690 V

Constant voltage foodback o0p.

w2 [

Constant currot foedback loop
™

D @

(€D
Rechage curent Bty et

Fig. 12 — Buck mode circuit: battery recharge controller.
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Fig. 13 — Boost converter connecting DC-Bus and PEMFC.

to a voltage level acceptable for the recharge of the battery.
This voltage level is variable, according to the battery polari-
zation curve, but higher than the rated battery voltage to allow
for recharge.

The switches (IGBTs) in the bi-directional converter are
controlled using a PWM source, similarly to the application in
the fuel cell boost converter, with a switching frequency of
5 kHz. Also in this case the switching dynamics can be
observed thanks to the simulation timestep of 1 us. The PWM
signal is generated, in both modes, using the feedback signal
from a PID controller (Fig. 12 for the circuit relative to buck
mode, Fig. 16 for boost mode). The PIDs are installed on
feedback loops in charge of maintaining the voltage level at
the desired value on the bus side during boost mode, and on
the battery side during buck mode.

The buck-mode PWM signal generator can be controlled in
different ways, using the EMS, to have different recharge
strategies. In this study, it is considered that the battery pack
isrecharged at constant current at 1C when the fuel cell is able
to generate the excess power needed. Once the fully charged
voltage is reached, the value controlled becomes the battery
voltage, kept at a constant value, using a second feedback
loop, until the SOC of the battery reaches the specified upper
limit (in this case 90% SOC) (see Fig. 15).

VS +

Battery +

Battery -

<o

VS-

Fig. 14 — Bi-directional converter connecting the battery to
the DC Bus.
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Fig. 15 — Graph representing the characteristics of the
battery pack recharging.

Both PID controllers are connected to a reset switch as the
battery, following the strategy of energy management system,
is not permanently connected to the load. This reset switch is
in charge of avoiding overshoots in the correction from the
integral term of the PID.

Switchboard

The switchboard is modelled with ideal switches with a high
snubber resistance (see Fig. 17). The connections realized are
the one represented in the single line diagram of Fig. 6.

The connection between the bi-directional converter is
modelled with two ideal switches, one dedicated to the
discharge circuit and one to the recharge circuit. This differs
from the single line diagram where only one switch is
represented.

As the load, in this case, is modelled as a single block to
include both propulsion loads and service loads, the connec-
tion between the switchboard and the load is operated by a
single ideal switch.

All the switches are controlled using inputs from the en-
ergy management system.

Electrical load
The electrical load subsystem is tasked with simulating the

variable power demand of the vessel over time. Once the time
period that needs to be analyzed is selected, a series of power

>
PID(s)
» AT

Battery Battery
Discharge circ. Recharge circ.
PEMFC discharge circ. T —|_

T

Switchboard

Load connection

Fig. 17 — Switchboard simplified schematics.

values are extracted from the database and used as input of a
interpolated sequence block to create a virtual operational
profile. The power values used in this study are the combi-
nation of propulsion load, auxiliaries and hotel load.

The power demand defined by the operational profile need
to be fulfilled by the combination of fuel cell output (Ps) and
battery (Ppatr) output, both multiplied by the relative number
of units installed in the system (n¢c,Npatt)-

Piot = Npatt*Ppatt + N *Pre (2)

A complex representation for the load, including induction
motors for the propulsion system, is considered out of the
scope of the paper. The load is therefore modelled as a vari-
able resistive load connected to the DC-Bus (Switchboard).
This approach does not allow the observation of the effects of
current and voltage waves, once the DC current is converted
to AC current for the motors, but still allows to control the
current flowing from the power source (PEMFC and battery) to
the power sink (load sub-model). The load sub-model is based

M 20 (D

signal

0 | ge—

Open Switch

Fig. 16 — Boost mode circuit: battery discharge control.
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on Ohm’s law and electric power formulation. This is allowed
as the components in the software environment do not have
any limitations regarding the current that can flow through
the controlled resistive load, in addition to no limitation on
the power rating and operational temperature.

VZ
R — bus 3
fc Pre ( )
VZ
Roaee = 52 @
batt

The resistive value used as input by the load sub-model is
calculated, for the fuel cell stacks and batteries, using the
formulation of Egs. (3) and (4). Viys is the same for both battery
and fuel cells, equal to the value set by the DC-Grid guidelines
for the proposed power-plant, 690 V. The voltage level is kept
constant around the defined level by the feedback loop pre-
sented in Fig. 16. The value for the power output of the fuel cell
(Psc) and the power output of the battery (Ppat) is defined by the
load sharing strategy coded in the energy management
system.

The modelling of the load as a simple resistive electrical
load allows also for lower computational complexity in the
simulation reducing considerably the computational time
compared to the solution including library models of induc-
tion motors and variable speed drives.

Energy management system
Targets and strategies

The energy management strategy defines how the load
sharing between fuel cells and battery is carried out. A series
of inputs, such as total power demand, fuel cell utilization
level and battery state of charge is fed to the EMS that evalu-
ates what actions to take according to a series of coded in-
structions if the system is rule based, or through some
optimization algorithm, like for the equivalent fuel con-
sumption minimization strategy.

Once the strategy for the specific operational point is
defined, the control on the power delivered is carried out by
giving an input to the switches included in the switchboard,
connecting the necessary power sources to the load, and
setting a target value for the power delivery of each compo-
nent (Ppatt, Prc)-

The sum of the fuel cell and battery power output should
be equal to the value of the operational profile for each
considered instant (Eq. (2)). Slight oscillations in the power
output value may be present due to the PID way of operating,
but the stability of the system is measured on the fact that
only minor oscillation can be accepted. The presence of major
differences between the power output and the requested
power exposes errors in the power rating calculation or in the
way the load in delivered.

The energy management system enables the optimization
of one or more parameters. Some of these factors are, for
example, the minimization of hydrogen consumption or

degradation of the PEMFC membrane. For the battery, the
main factor is the reduction of high depth of discharge cycles
leading to premature degradation [12].

Different control strategies can be implemented to define
the load sharing solutions. Some examples include [18]:

1. State based (or rule based)

2. Charge-depleting charge-sustaining (CDCS)

3. Classical PI

4. Equivalent fuel consumption minimization strategy

Rule based EMS

For the model presented in this study, a rule-based strategy
has been developed. A rule based strategy consists in a series
of coded instructions defining what actions to take and what
target values for power delivery are for each possible opera-
tional mode (Table 4). The rule-based strategy created for this
case study aims at the minimization of fuel cell degradation
through load leveling. Load leveling can be implemented
taking full advantage of the battery system by storing excess
power when possible and deliver it once it is needed. In this
case, the time where the fuel cell has to provide power at a
high degradation rate is greatly reduced.

In this case, the main variables taken into consideration
when coding the rule based strategy are the battery state of
charge and the power output level of the fuel cell.

The fuel cell output is limited at 80% of the rated load for
the considered 100 kW PEMFC unit for degradation reasons
(Table 3). When considering the first attempt solution config-
uration presented in the hybrid power plant description, this
is equal to 1200 kW of available fuel cell power during normal
operation. Loads above this value are supplied using the bat-
tery pack, that is recharged once the power is available. The
power dedicated to the recharge of the battery is indicated as

Prec.

Prec = Vbatt-rec*Inom *Crate *Nlcony (5)

When controlling the recharge of the 1000 kWh 400 V
battery, at 1C, the battery can accept roughly 1086 Ah at 437 V
during constant recharge mode. These two factors in addi-
tion to the efficiency rating for the bi-directional converter
defines the value of Py... The power to recharge the battery is
a quantity that has to be compensated by and increase in fuel
cell power delivery. The battery optimal recharge point is
when Pyegsel + Precharge 1S €qual to the maximum efficiency
operational point of the PEMFC. This condition can be ach-
ieved during Ro-Ro operations. The maximum SoC value for
the battery is set to 80%. This means that the battery is never
charged using the constant voltage loop during navigation
with the current EMS, but the system maintains the possi-
bility to fully charge the battery to 100% from shore power
(simulated in an independent voltage source) and by alter-
native future EMS strategies. The minimum value for the SOC
of the battery is limited to 20%. This reduces the degradation
of the battery limiting the number of cycles with high
discharge rate.
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Table 4 — Rule based energy management system instructions.

Power Available SOC Level Action Battery Action FC
Pyessel + Prec < Pre.lim SOC < 80% Battery Recharge Pyessel | Prec
FCrarget = —— +—
Nfe Nfc

Pyessel + Prec < Ptc-lim SOC > 80% No Battery Recharge/Discharge FC Bzl

target = ——

Nfe
Pyessell + Prec > Pfedim) Pyessell < Pre-lim 20 < SOC < 100% No Battery Recharge/Discharge FC _ Puessal
target — ——

20 < SOC < 100%
SOC < 20%

Pyessel > Pfe-lim
Pyessel > Prc-tim

fo
Battery Discharge FCrarget = Pfc-lim

No Battery Recharge/Discharge FCrarget = Pfc-lim

Simulation results and discussion
Simulation setup

The simulation with the proposed zero-emission hybrid
power-plant for the ferry is carried out using the parameters
listed in Table 5 and the power data relative to a single ferry
crossing from Spodsbjerg to Tars. A discrete time domain with
fixed timestep in the order of the microsecond has been used.
The selection of a discrete time domain allows for faster
computation and the fixed timestep for the production of data
with a consistent timestamp for the final comparison. The
timestep selected is 1 ps, to minimize numerical errors and
allow good precision in the feedback loops controlling the bus
voltage and the battery recharge. A timestep of 1 us also allows
the observation of switching effects in the modelled con-
verters. The solver used is ode3.

Simulation results

One crossing of the duration of 45 min, including an additional
15 min for the Ro-Ro operations, is taken into consideration
for the simulation in the case-study. This crossing is one of
eighteen carried out during a full day of operation. Once the
simulation is completed it is possible to analyze the behavior
of the digital system and compare it to the real-world power
demand.

In Fig. 18 is represented the power demand of the vessel
(blue line), and the power delivered by the hybrid power-plant
(orange line). An analysis of the power values highlights how,
the mean square error between the demand and the power
delivered in kW is equal to 5.7601e+03. This means that for
72% of the analyzed operations, the difference between power
requested and power delivered is below 100 kW.

Table 5 — Power-plant configuration for the first
simulation.

Total power installed 3500 kW
Bus voltage 690 V
Battery units 2

Battery nom. voltage 400 V
Battery rated capacity 2500 Ah
Initial SOC 50%
Number of fuel cells 15
Rated power PEMFC 100 kW
Response time PEMFC 15s
Response time Battery 2s

The power provided by the powerplant is also lower than
the power demand for just 1.47% of the power values, mean-
ing that the power delivery is ensured for 98.5% of the
considered time. In this first configuration, the focus of the
EMS was to avoid a lack of available power and consequent
blackout rather than optimize the power delivery to match the
operational profile 100% of the time. The components selected
in Table 5 can take care of the power requirements of the
vessel for this specific crossing.

Spikes in the power output are visible around 600 s and
3200 s when the battery recharge loop is disconnected and
reconnected to the system in rapid succession due to the
power demand value oscillating between the two EMS condi-
tions Pyessel + Prec > Prc-lim and Pyessel + Prec < Pfc-lim- This
behavior shows one of the limitations of a simple rule based
EMS, that applies coded instructions without knowing the
conditions of the system in present or past states. It shows
also that the power electronics components such as the con-
verters and the DC-Bus capacitor should be rated to withstand
this condition or re-tuned to reduce the intensity of this
phenomenon.

It is possible to observe how, during the crossing phase, the
system is outputting an excess of power between around
80 kW even if the EMS is providing the correct target value.
This shows how the battery, during high load sequences, has a
slightly different behavior than expected, and the set point for
the battery current during discharge needs to be adjusted to
account for this behavior. Alternatively it is possible to modify
the load sharing strategy to reduce the stress on the battery or
improve the efficiency of the bi-directional converter.

During the time interval analyzed, it is possible to observe
how the feedback loop controlling the voltage output of the
fuel cell is keeping the voltage level at the defined level for the
DC Bus, with small spikes due to the aforementioned oscilla-
tions of power between two PEMFC target values (Fig. 19). The
battery is influenced too by this power demand oscillation and
it is possible to notice around 500 s, how the rapid connection
and disconnection of the battery to the system does not allow
the correct control of the output voltage on the battery side
and creates a spike to 1255 V. These spikes show that both
battery and fuel cells need to be able to quickly disconnect
from the DC Bus if over-voltage or over-current conditions are
present. The battery discharge controller operates well during
the crossing phase (designed conditions), where the connec-
tion of the discharge circuit to the bus is stable and the output
is kept around the 690 V value.

Fig. 20 shows the variation in the state of charge of the two
installed batteries during the interval analyzed. The two Li-Ion
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Operational profile and power output
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Fig. 18 — Total power output and operational profile
comparison.
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Fig. 19 — Output of battery and fuel cell to the DC-Bus.

packs are assumed identical and with the same dynamic
behavior. It is possible to notice that around the last part of the
crossing the SOC reaches the lower limit of 20%, but the
impact of this condition causes no power deficit as once the
battery reaches its lower limit, the ferry enters the maneu-
vering phase at the dock of destination, using mainly PEMFC
power. This indicates that the battery size calculated for the
plant is the smallest size that can be installed without

experiencing power shortages in these specific conditions,
with the given components and EMS.

The adoption of a battery pack of the size indicated in Table
5, operating with the presented components and EMS, allows
to occupy a relatively small amount of space on the vessel
while providing enough power for the crossing. The flexibility
though is heavily impacted. Increasing the overall efficiency of
the system reducing the wasted energy in the converters and
improving the power delivery of the fuel cells to stabilize the
baseline power supply would benefit the battery usage and
allow to carry out the complete crossing retaining a power
reserve.

Fig. 21 represents the consumption in liters per minute of
air and hydrogen for the single fuel cell. The total hydrogen
consumption for the crossing with the considered configura-
tion and EMS strategy is equal to 1.4164e+04 standard liters
per minute (SLPM), equivalent to around 1.26 kg for the single
PEMFC (considering hydrogen density at STP equal to 0.089).
By multiplying for the number of fuel cells we find that around
19 kg of hydrogen are required for the single crossing. The
possibility to calculate the consumption in SLPM allows the
ship operator to quantify the volume required for hydrogen
storage on-board according to the storage technique (GH2 or
LH2), and the costs of fuel per day.

The degradation of the single fuel cell, with the current
setup and EMS strategy, is equivalent to 3.1050e+04 .V for the
considered crossing. This value can help quantify the number
of cycles that can be carried out by the fuel cell before main-
tanence is required.

With the system being powered entirely by PEMFC and
batteries, the produced greenhouse gasses emission are equal
to zero.

The obtained results seem to satisfy the power demand
and validate the initial sizing in relation to the selected energy
management strategy. These results can be taken as reference
to improve the system efficiency, reduce the mean square
error between the operational profile and the power produced
and reduce the fuel consumption.

Battery state of charge
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Fig. 20 — State of Charge of the battery.
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Hydrogen and air consumption
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Fig. 21 — Hydrogen and Air consumption for a single
PEMFC.

Some improvements that need to be addressed in a future
version of the model can be listed below.

First, the oscillation of the power demand around the limit
value: Pyessel + Prec < 07 > Pge1im, Used as a condition in Table 4,
produces instability due to the rapid connection and discon-
nection of the recharge circuit multiple times. This leads to
unstable voltage regulation, for a limited amount of time, on
the battery side, and spikes in the value FCiage, that the
system tries to follow, producing excess degradation on the
PEMFC. This issue can be addressed by improving the rule
based EMS including specific boundary conditions on the
connection and disconnection of the recharge and discharge
system or providing the system with a EMS using a different
strategy based on feedback values (classical PI) or a different
approach (charge depleting-charge sustaining). The condition
can be further improved by improving the tuning of the power
electronics components to fit this specific marine application.

Second, the state of charge of the battery reaching the lower
limit of 20% is an indicator that the capacity of the battery
should be increased or the battery power used in a more effi-
cient way. Increasing the number of fuel cells or allow them to
work in high degradation area, is also possible to ensure a
certain amount of extra power in case there is a variation in the
meteorological conditions or a change in route due to maritime
traffic on the crossing route. The increase of the initial battery
state of charge is also a possibility that can be considered if it is
possible to recharge the ferry at the departure dock. Effects on
the initial SOC on the entire day of operation can be carried out
using the model and extending the time interval analyzed.

It is also possible to continue the fine-tuning process of the
control system and the EMS to reduce the mean square error
and eliminate the delivery of excess battery power, during the
crossing phase.

All these improvements are a base for further development
of the model, towards the optimal power-plant configuration
that ensures flexibility and stable power output.

Discussion
The model

The development of a mathematical model, in digital form,
representing a hybrid power-plant operating using PEMFC and
batteries, serves multiple purposes during both research ac-
tivity and during the design of new zero-emission maritime
vessels.

To research the effects of component sizing in relation to
the energy management system and vice versa, for a fuel cell
driven ship, it is required to have a fuel cell model, a battery
model, a DC grid, and an EMS block all in the same digital
environment. This allows the components to interact with
each other, simulating the behavior or the powerplant when
real-world data is given as input.

Using the model presented in this paper, it is possible to
study the behavior of different power-plant configurations
and control strategies in relation to factors such as power
demand, route length, and hydrogen consumption. The goal
of such a model is to further develop the system optimization
process through computational resources.

The results produced by the model are not only useful to
evaluate to the power system performances, but also enable
the calculation of key indicators not directly related to power
generation. By calculating the number of components
required and their rating, it is possible for maritime design
researchers to estimate the size of the engine room, housing
the hybrid system, and the relative weight of this configura-
tion. The hydrogen consumption value can be used to calcu-
late the size of the hydrogen tanks and the space required for
storage in relation to the route length.

In the industry, a tool to quickly evaluate the behavior of a
certain size fuel cell or battery when introduced into the
system can allow for a faster design phase. Engineers tasked
with the dimensioning problem can test different configura-
tion and their response to energy management strategies to
better satisfy their clients.

The model is built to be flexible, adapting to different ma-
rine power-plant configurations between 1 and 10 MW. Flex-
ibility is a key attribute for such a model, as fuel cell
propulsion in the maritime industry is not a mature technol-
ogy therefore a tool to quickly evaluate the technical feasi-
bility of the solution is most effective if it can be adapted to
multiple vessel classes and sizes.

The presented case study can be considered a demon-
stration of the capabilities of such a model with future de-
velopments being considered in the areas of the energy
management and control. Optimization of the computational
resources is also a priority, as a faster simulation allows for
more configuration and strategies to be tested, or longer
operational intervals to be considered.

Last, it is also possible to use this model as a basis to
include more specific fuel cell or battery models, which
contain aging or temperature effects, in order to get a com-
plete picture over the operational life of the fuel cell, battery or
power electronics components.
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The zero-emission solution for the ferry

The transition to hybrid systems allows companies and ship
operators to meet the goals set by the UN and IMO for emis-
sions and greenhouse gas control.

The configurations presented for the ferry, while merely
being a first attempt solution which can be further optimized
both from a sizing perspective and an energy management
perspective, would allow for a significant reduction of NOy, HC
and CO emitted in the proximity of the two ports of departure
and arrival. There are also benefits on the global scale, give a
reduction of CO, levels introduced into the atmosphere. The
elimination of diesel gen-sets operating at low thermal effi-
ciency during Roll-on/Roll-off operations introduces an area
where fuel savings become relevant if considering that the
operation is carried out 18 times a day, every day of the year.
With the technical feasibility of the solution evaluated via the
case study, it is possible to assess the economical feasibility
with the ship operator, taking into consideration the average
cost of ownership and the possible return on investment for
the new hybrid solution.

Conclusion

The creation of a digital representation of a maritime hybrid
power-plant equipped with PEM fuel cells and battery can aid
in the design process of new, zero-emission hydrogen vessels
or the retrofitting operation for diesel electric ships.

In this paper, a diesel-electric ferry was used for reference.
The power output of the diesel-electric plant becomes, in this
model, the power demand for the hybrid system. Using a se-
ries of real-time data, in conjunction with a set of dynamic
models representing the physical components of the hybrid
system in the software environment, it is possible to output a
series of data that can help analyze the behavior of the hybrid
system. The comparison between the operational profile and
the power demand helps validate the size and power rating of
the components chosen for the power-plant. The behavior is
to be considered satisfactory if the mean square error between
the power provided and the power demand is below a certain
threshold set by the user. The mean square error also provides
a reference for future improvements of the hybrid system or
the energy management strategy.

The model also produces a graph representing the state of
charge of the battery over time. This graph can aid in the
evaluation of the battery capacity and let the user observe the
behavior of the energy storage.

An estimated hydrogen consumption value is produced
according to the model by Njoya et al. [34]. This enables the
evaluation of important factors such as running costs for the
ferry. Maintenance can also be planned according to the
degradation value calculated taking into consideration the
operation of the PEM fuel cell.

The model has been created as a design tool, but also as a
platform for future development. Testing of different energy
management strategies for the optimization of factors such as
hydrogen consumption, fuel cell or battery degradation can be
carried out on this digital model with just a few changes. The

ultimate goal is to promote the development of zero emission
energy solution for the maritime environment. Such solution
aids in the reduction of greenhouse gas emissions and pol-
lutants to help mitigate the impact of maritime traffic and
coastal communities.
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ABSTRACT

This paper focuses on the use of safety barrier analysis,
during the design phase of a vessel powered by cryogenic
hydrogen, to identify possible weaknesses in the architecture.
Barrier analysis can be used to evaluate a series of scenarios that
have been identified in the industry as critical. The performance
evaluation of such barriers in a specific scenario can lead to
either the approval of the design, if a safety threshold is met, or
the inclusion of additional barriers to mitigate risk even further.
By conducting a structured analysis, it is possible to identify key
barriers that need to be included in the system, intended both
as physical barriers (sensors, cold box) and as administrative
barriers (checklist, operator training). The method chosen for
this study is the Barrier and Operational Risk Analysis (BORA)
method. This method, developed for the analysis of hydrocarbon
releases, is described in the paper and adapted for the analysis of
cryogenic hydrogen releases. A case study is presented using the
BORA method, developing the qualitative barrier analysis. The
qualitative section of the method can be easily adapted to vessels
of different class and size adopting the same storage solution.
The barrier analysis provides a general framework to analyze the
system and check that the safety requirements defined by the ship
operator and maritime certification societies are met.

*Address all correspondence to this author.
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NOMENCLATURE
BBD Barrier block diagram
BORA Barrier and operational risk analysis

CNG Compressed natural gas
FTA  Fault Tree Analysis

GHG Greenhouse gas

LNG Liquified natural gas
O&G  Oil and Gas

RID  Riskinfluencing diagram
RIF  Riskinfluencing factors
TCS Tank connection space
INTRODUCTION

In recent years, a strong environmental consciousness has
developed in industry, government and society. New plans
have been put into action to reduce emissions along shipping
routes and in smog choked coastal cities. The UN Sustainability
Development Goal number 14 calls for reduced emissions in the
oceans, and new commitments by the International Maritime
Organization aim to reduce of 50% Greenhouse Gas emissions
by 2050 with respect to 2008 levels [1]. Emissions control
can also be used to preserve natural sites. In Norway, the
aspiration of the government is to have an emission-free zone
in its world heritage Fjords no later than 2026 [2]. This means
that finding a carbon-free energy carrier that can deliver similar
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performances to fossil fuels is now a priority for the maritime
industry.

The use of hydrogen could provide a carbon-free alternative
to ship operators without sacrificing range and flexibility. Fuel
cell systems can provide a long range zero-emission solution
for vessels that cannot be operated on just batteries due to
range limitations. The use of hydrogen as an energy carrier
not only would diminish harmful emissions, but would also
reduce the risk of spillage of harmful hydrocarbons in the sea in
case of vessel damage. Hydrogen reserves can be replenished
using off-peak power produced by renewable energy, but there
are a series of challenges to be overcome regarding safety.
Designing hydrogen systems is non-trivial when factoring in the
low density, wide flammability range and low ignition energy.
The physical and chemical behaviour of gaseous hydrogen and
cryogenic hydrogen has always proven to be a critical factor for
manufacturers willing to develop transport systems using this
energy carrier.

Defining a framework that engineers can use during the design
of a hybrid hydrogen vessel to systematically identify critical
safety issues is of the utmost importance. For this task, this
paper considers on an established methodology from the Oil &
Gas (O&G) industry, the Barrier and Operational Risk Analysis
(BORA-Release method) method. This method is applied for
identification, investigation and performance evaluation of
safety barriers. In this paper, the method is used to identify
and investigate barriers related to the storage of cryogenic
hydrogen on-board a vessel and how these may fail. The
method’s structure includes a qualitative part, used to identify
weaknesses in the vessel’s architecture, and a quantitative part,
used to quantify the performance of the barriers by calculating
the new frequency of the initiating event and the probability
of barriers failure using collected data. In presented work
the focus is on the qualitative part that can be used as the
basis for further developments including the formulation of
Bayesian networks, and the organization of workshops for the
classification of critical scenarios and the evaluation of scores
assigned to dangerous system or organizational failures.
Following the definition of the BORA method, a case study is
developed considering the release of cryogenic hydrogen below
deck. The case study investigates which safety barriers could
be put in place for this specific scenario and their effectiveness.
The safety barriers are defined according to the numerous
studies developed on the topic [3-5]. The main goal is to
contribute to the development of hydrogen systems in the
maritime industry and provide a valid tool for ship designers
and engineers in the design phase of fuel cell hybrid vessels.

HYDROGEN MARITIME SAFETY
Technical business services organisations and maritime
classification societies are formulating a series of standards
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and regulation for hydrogen powered vessels. These standards
are created from the ground up as there is no real precedent
for applications, in the megawatt range, of hydrogen in the
maritime industry. It is also not possible to use the same
standards used for LNG or CNG due to the different physical
and chemical differences with hydrogen. The standards to
ensure the safe transportation of passengers and goods are
being developed in cooperation with the companies that aim
to sail hydrogen vessels as soon as 2023. An example would be
the project for the Norled ferry [6] in Norway and the Flagship
Project [7] in France.

Among the published studies on concept risk assessments
related to fuel cell vessels, it is possible to find the studies of
Aarskog et al. [8] and Klebanoff et al. [9]. These studies offer an
insight into the applications of fuel cells for maritime transport,
focusing on fast passenger vessels equipped with power-plants
in the range of 500 kW and high pressure gas hydrogen storage
above deck. Placing the hydrogen pressure vessels above deck
is the safest solution, using natural ventilation to disperse the
gas, as demonstrated by Aarskog, complying with the general
regulations from the International Code of Safety for Ships
Using Gases or Other Low Flash-point Fuels [10].
Comprehensive studies on larger vessels, like double ended
ferries or coastal cargo ships in the 5 to 10 MW power range,
still need to be fully developed. In these cases, a below-deck
storage solution might be dictated by weight distribution and
footprint usage constrains. Below deck storage introduces
a series of specific scenarios, with more complex dynamics
than the on-deck storage solutions, that it is possible to

analyze systematically with the method presented in this paper.

When considering below deck storage, a series of studies
has been reviewed to account for the differences between
cryogenic hydrogen and LNG. For scenarios of vented and
dispersed hydrogen due to tank overpressure, the studies of
S.B. Dorofeev [11] and Gavelli et al. [12] enable the definition
of how the dispersion of the gas should be carried out to
avoid creating dangerous conditions. The dispersion technique
and conditions heavily influences the design of the vessel as
dedicated ventilation passages, like a mast riser, needs to be
integrated in the vessel’s structure. The release of cryogenic
hydrogen, generated from tank rupture or valve leakage, has
been analyzed by O. Hansen [13] in his studies focusing on
hydrogen dense gas behaviour. In Hansen’s study, multiple
computational fluid dynamics models show the influence of
wind and humidity when hydrogen is released and vented
through the mast riser of a large vessel. The paper also confirms
how safety barriers put into place by the industry for LNG are
not sufficient for hydrogen-based solutions. The studies from
Giannissi [14] and Hall et al. [15] also provide a valuable insight
in the risk assessment of vessels operating with liquid hydrogen
as they model dispersion conditions and ignition in various
scenarios, in closed and semi enclosed spaces.
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SAFETY BARRIER DEFINITION

Haddon [3] defines safety barriers as the measures taken to
separate, in space or time, a possible victim from the sudden
release of energy originating from a uncontrolled source. These
measures can be considered as tangible asset of the system
or can include operational and administrative measures. For
Johnson [4], a barrier consists of the physical methods to direct
energy in wanted channels and control unwanted releases,
while Larsson [5] states that the definition of barrier can be
expanded to include not only physical measures but also
administrative measures, such as procedures and work permit
systems. According to Sklet [16], including both physical and/or
non-physical means planned to prevent, control or mitigate
undesired events or accidents, gives us an improved likelihood
of identifying the most weaknesses in a system. Following Sklet’s
guidelines and Larsson’s definition, in this paper, the process of
barrier identification is carried out considering both physical
and administrative measure. This allows a more comprehensive
analysis of the system.
A classification has to be made between proactive barriers
and reactive barriers [17]. Reactive barriers are included

in the system to respond to already occurred critical events.

Proactive barriers act to prevent the dangerous circumstance by
triggering appropriate countermeasures. Proactive and reactive
barriers are both implemented in complex systems, as the
prevention of the critical event is not always possible, and
reactive barriers need to step in and control the consequences
of previous barriers failure. A key factor to consider in safety
barrier analysis is not just the identification of the barriers
but also the definition of their interaction. The idea is
that barriers are arranged in a multi-layer configuration to
ensure avoidance, prevention, control and protection against
unexpected dangerous scenarios [18]. Even if one, or more
barriers, fail due to latent conditions or active failure measures,
the energy release encounters immediately another barrier to
control the situation.

Many sectors dealing with complex systems, from a technical
and organizational point of view, have examined critical
scenarios and accidents with methods based on safety barrier
analysis, creating numerous effective applications of this theory
[19-21].

BORA METHOD APPLICATIONS FOR HYDROGEN
SAFETY

The choice of the method to conduct the barrier analysis
for hydrogen release scenarios was carried out in light of
the inherent dangerous nature of the fuel and the system’s
complexity. The Barrier and Operational Risk Analysis (BORA)
Release method [22], proves to be fitting our requirements, as it
provides to be a solid framework divided in 8 steps to calculate
the risk of specific energy release scenarios and identify possible
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"weak links" in the organization from a safety point of view.

1. Method fundamentals: Definition of the boundary
condition for the study with respect to a specific scenario.
In this case, the section will include physical and chemical
properties of the hydrogen, a literature review on the
system’s components, information on the vessel taken into
consideration, etc.

2. Barrier Block Diagram (BBD): This step consists of three
actions: (1) Identification of the initiating event for
the considered scenario, (2) definition of the barriers
implemented to deal with the given initiating event, (3)
definition of the outcome in case of barrier success or
failure in containing the release of energy. Once identified
all the elements it is possible to plot the BBD following the
guidelines from the original BORA method.

3. Risk Influencing Diagram (RID): In the risk influencing
diagrams are collected the possible factors that lead to
the initiating event. These factors can be technical or
operational.

4. Barrier performance evaluation: In this steps, a fault
tree analysis (FTA) is created for each one of the barriers
identified in Step 2.

5. Frequency of initiating event: Assigning a industry
average probability/frequency to the initiating event for
the final calculation of the scenario specific risk.

6. Scoring and Weighting of risk influencing factors (RIFs):
for the final calculation of the scenario specific risk.

7. Adjustment of industry average probabilities /
frequencies: By creating a table with the industry
average probabilities/frequencies, scores and weights of
RIE it is possible to revise the probabilities/frequencies
before starting with the calculation

8. Calculation of the risk in order to determine the scenario
specific risk.

The steps indicated above can be developed for each single
scenario that is deemed critical or a source of possible risk. In
this paper, the aim is to focus on the qualitative section of the
method (step 1 to 4), laying down the basis for the adaptation
of the BORA method to hydrogen. Further steps (from 5 to 8)
are developed at a later stage as they are tied to the specific
vessel design and require the formulation of extensive Bayesian
network and expert validation through workshops.

To limit the study in this paper, the case presented analyzes
one scenario in relation to the on-board storage of cryogenic
hydrogen and its release below deck. The release event
conditions and safety barriers choice derives from both
literature review on the state-of-the-art of hydrogen behaviour,
and from experts interviews. The experts opinions was
provided by maritime certification experts with over 20 years
of experience and have been collected during the Flore 2019
Conference on Maritime Hydrogen & Marine Energy and at the
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Annual H2 Team Workshop of NTNU.
The barrier analysis is developed, and the performances are
evaluated according to factors such as:

1 - Functionality or effectiveness
2 - Reliability and availability

3 - Response time

4 - Robustness

FTA is included in the paper qualitatively to provide

information about how the barriers may fail and what events or
components are most critical in terms of causing barrier failure.
The last considered step relevant to barrier analysis is the
identification of the most important risk factors and the
creation of Risk Influence Diagrams. These help to identify
technical challenges in case the initiating event is created by a
physical component or bad practices in the industry if the event
is triggered by human/procedure error.
The following steps, requiring industry data regarding
frequency of events and risk calculation, are left out of the
paper’s scope and can be implemented at a later time in a
more comprehensive approach calculating the effective risk
of multiple scenarios.

STUDY CASE: BARRIER ANALYSIS FOR ABOVE DECK
STORAGE RELEASE SCENARIO

System description

The case study focuses on the scenario considering the
release cryogenic hydrogen from a tank placed below deck,
in an enclosed space. The use of hydrogen in cryogenic
form is justified on vessels equipped with multi-megawatt
power-plants where the higher energy density, compared to
the compressed form, allows for more operational range.
Cryogenic tanks can be placed below deck when the system
is well integrated in the vessel design, combining technical
aspects with a safety barrier analysis.
A series of components and structures need to be installed to
allow for the safe use of hydrogen in an enclosed space such
as a below deck watertight compartment. First, the design
needs to include a tank connection space (TCS), which encloses
the valving coming from a LH2 tank in a ventilated box. The
TCS ventilation is independent from the ventilation of the Fuel
Room containing the tanks. The TCS allows for the controlled
venting of hydrogen in a controlled space able to withstand
cryogenic temperatures. A mast riser, connecting the TCS to
the outside environment needs to be installed, allowing for the
safe dispersion of hydrogen in atmosphere.
The cryogenic hydrogen experiences boil-off over time as heat
exchange with the outside environment happens. The hydrogen
turned into gas can be fed to the fuel cell when its pressure
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is brought to a value compatible with the fuel cell inlet. The
excess gas needs to be vented through the mast and dispersed
in atmosphere to avoid ignition. The cryogenic hydrogen is
turned into gas at a controlled rate and supplied the fuel cell to
generate electricity. It is possible to observe the schematics of
the system in Figure 1.

Boil-off
gas

Vacuum SR
pump :

Pressure gauge

MFM Fuel cell Exhaust

Vaporizer

Pressure build-up
circuit

FIGURE 1. System block diagram

The qualitative barrier analysis carried out in this paper

is independent on the amount of hydrogen stored on-board.

This is due to the fact that hydrogen expands to about 850 times
from liquid to gas phase and flammability or explosion limits
are reached rapidly even if the quantity leaked is minimal. The
interaction between the leaked mass of hydrogen that could
reach ignition or explosion limits, and the mass still contained
in the tank is not analyzed in this paper.

The case study focuses on the leak of one of the tank valves
inside the TCS. While the TCS is a certified component from
maritime classification societies, cases where hydrogen is able
to escape are a low probability high consequences event that
needs to be considered. The escape of hydrogen from the TCS
can happen due to improperly sealed connections, or a more
catastrophic rupture due to the explosion of the hydrogen inside
the TCS.

Qualitative safety barrier analysis

The qualitative safety barrier analysis described in steps
one to four of the BORA release method is developed in this
section. The goal is to discuss the key elements of the method,
the barriers, and their implementation. The focus is on how
barriers are determined, how they are included in the barrier
block diagram and, finally, how it is possible to investigate their
effectiveness. The qualitative analysis from the BORA method
provides a generalized analysis for vessels belonging to different
sizes, as long as they are equipped with a cryogenic storage
method similar to the one described in this paper.
In the considered case, the storage of the cryogenic hydrogen
is placed below deck. This case is relevant as many shipyard
are considering various locations for the hydrogen tanks to
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FIGURE 2. Barrier block diagram; scenario "Valve failure due to tank overpressure"

minimize the footprint dedicated to cryogenic storage. The
storage of the cryogenic hydrogen is complex and includes
multiple valves, piping, heat exchangers and pumps. There
is a high number of scenarios that can be analyzed in relation
to the system, as the point of possible failure are many. The
initiating event considered for this case study is the failure of
a valve connected on one side to the TCS and on the other to
the vaporizer. This scenario is a high consequences scenario,
interesting as in a one-tank configuration all the cryogenic fuel
supply passes through the valves contained into the TCS. If
hydrogen manages to escape the TCS there is a high likelihood
that the limits for an explosive atmosphere are reached in a very
short time-span.

With the basic risk model formulated, it is possible to identify
the main barriers involved in the considered scenario and build
the first BBD. In the BBD the initial event is represented on the
left, the barrier functions are represented in the center of the
diagram, and in the last column is represented the end event.
An horizontal arrow line leading directly to the end event means
that the barrier put in place was effective in stopping the threat,
leading to an end event, while an arrow line leading to a second
barrier function block means that the barrier has failed.

The diagram for the considered scenario can be visualized in
Figure 2. The barriers identified as relevant for this scenario
fall into the categories of detection, ventilation, isolation and
suppression. Two of the indicated barriers are proactive
(H2 detection and Flame source Isolation) while the other
two are reactive (Fire suppression, ventilation).These four
barriers are common to other systems storing cryogenic fuels
such as LNG. The difference between the LNG system and
the cryogenic hydrogen system lies in how the barriers are
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implemented. The response time for the hydrogen leak needs
to be faster and therefore a sensor able to quickly detect
harmful concentration is required. Furthermore the flame
source isolation barrier needs to deal with a much wider
flammable/explosive concentration range.

Once the barriers have been identified and their order
established through the BBD, their performances can be
qualitatively investigated. This task can be carried out following
the BORA-Release methodology using FTA. The FTA can help

analyze the probability that a barrier failure event will occur,

identifying a series of factors that have to be taken into
consideration when implementing the barrier, such as active
or passive redundancy. Figure 3 represents the performances
evaluation for the H2 detection barrier, Figure 4 represents the
performances of the flame source isolation barrier, Figure 5 is
relative to the fire suppression barrier, Figure 6 is relative to
the ventilation and inerting barrier. It is possible to observe
from the FTA that the barriers can combine both technical and
non-technical factors, leading to the barrier failure. This is
why a functional approach, as described in the safety barrier
definition section, is preferred in this case.

The performances of the hydrogen sensors is dependent on
having a constant voltage supplied to the sensor, a good
calibration to ensure accuracy and limited noise on the line
transmitting the signal. All these factors have to be taken
into consideration when implementing this barrier. Hydrogen
sensors can today be realized with materials ranging from
optical fibers [23] to nano-composite [24], providing a wide
range of accuracy, but also different reliability and effectiveness.
The detection of hydrogen escaped from the TCS inside
the ship’s compartment is a critical safety barrier as it has
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devastating effects if the explosive concentration in air is
reached. With optical fibers sensors, depending on both
concentration and temperature, detection of concentrations
between 1% and 17% with response times shorter than 5 s
have been demonstrated [25]. Fast and accurate detection of
hydrogen concentrations inferior to the explosive limit is vital
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to activate the ventilation system and vent the hydrogen to the
outside. The release of hydrogen in an enclosed compartment
can be also fatal to the crew if undetected, as it may cause
asphyxiation. High concentrations of H2 reducing the oxygen
level below 19.5% poses a physiological threat to operators that
need to evacuate the area.
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The second barrier involves ventilation of the compartment in
addition to the dedicated ventilation of the TCS. This barrier
needs to be implemented taking into consideration the volume
of air that needs to be moved considering the effect of buoyancy
of the leaked hydrogen in the compartment. The idea is
to achieve ventilation producing the 30 room air exchanges
required by the U.S. Coast Guard Regulations as safety reference,
avoiding strong turbulent flow. References on the interaction of
hydrogen releases and ventilation can be found in the work of
Cashdollar et al. [26].

The third barrier consists in the isolation of ignition sources
(thermal and electrical). This barrier is implemented by
avoiding the presence, where the cryogenic storage is located,
of equipment that can generate heat or open flames in the
compartment or procedures that can generate ignition sources
such as sparks. The first solution is defining in the design a safe
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perimeter or area in which possible electrical sources that could
cause sparks or mechanical sources that could cause heat are
excluded. This may also include design changes to the routes
of pipes carrying steam, hot water or electric cables. Static
electricity created by moving objects, water mist, improper
storage of polypropylene ropes or operators action could lead
also to ignition. Operators should also exercise caution as static
discharges from human beings are in the range of 10mJ while
the minimum ignition energy for hydrogen is 0.02m] [9].

The fire suppression barrier is the last resort if the hydrogen
is ignited. Hydrogen burns with a colorless flame detectable
only from distance with a thermal camera. Hydrogen mixtures
ignited at 4% produce very little heat, and flame propagation
is almost exclusively upward [9], while at 8% there is a self
sustaining fire with propagation in all three directions. Special
consideration has to be put into the interaction with the
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ventilation system and the fire, as has been done in the work of
Peatross et al. [27] for more conventional fuels.

Another problem is the choice of the fire extinguishing agent
as spraying simple water onto the fire could cause unwanted
reactions with the non-ignited spray or splashing in case
of the formation of a pool. A method for extinguishing
hydrogen fires comprises introducing to the hydrogen fire a
fire extinguishing concentration of heptafluoropropane and

maintaining the concentration until the fire is extinguished.

The method includes heptafluoropropane at a range of 13-30 %
volume/volume in the air. The fire extinguishing methods also
include the use of heptafluoropropane in blend with other fire
extinguishing compounds [28].

Guidelines on how to implement an efficient fire system can be
found more in detail can be found in the studies of Bubbico et
al. [29].

The risk influencing diagrams are used to model and enhance
the frequency/probability estimations of the top events in the
fault trees but can also be used to adjust the initiating event
(IE) frequency. In this case the RID is used in a qualitative
way and laid out for further quantification of the FTA when
the quantitative section is developed. This allows for the
assignment in further studies of a score from A to F of the
individual factors, influencing the final risk evaluation.

For our initiating scenario are listed:

1 - Technical conditions: H2 Boil-off

2 - Material properties: Seals corrosion or deterioration
3 - Equipment design: Insulation defects

4 - Process complexity: Excessive storage time

5 - Maintainability: System maintanence

The listed factors are represented in Figure 7 in the RID
for our specific scenario. It is possible to affirm, even before
the assignment of the scores to each factor in the quantitative
analysis, that the factor that most heavily influences the
probability of the initiating event is H2 Boil-off. This
condition is unavoidable with cryogenically stored fuels and

is experienced even with the most efficient types of insulation.

The Boil-Off problem is a well known challenge in maritime
industry and has been extensively explored with LNG [30, 31]
even if only part of the knowledge can be transferred due to
different physical properties. Other factors have generally an
average influence on the initiating event. Excessive storage
time, for example, is dictated by time pressure on the operators
that can lead to bunker more fuel than needed to save up time
during day operations and avoid a second refueling.

With the identification of the risk influencing factors
the components of the barrier block diagram presented
in Figure 3 have been defined. This, combined with
industry realistic scoring/weighting of the factors based on
studied release scenarios and an expert assessment on the
probability/frequency of the initiating event, should form the
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FIGURE 7. Risk influence diagram; scenario "Valve failure due to
tank overpressure"

core of a the barrier analysis in BORA-Method application for
hydrogen releases.

RESULTS AND DISCUSSION

The study case shows that the qualitative section of the
BORA-Release method for safety barrier analysis can be used as
avalid tool, not only for the release of hydrocarbons, but also
for the release of cryogenic hydrogen below deck on a maritime
vessel.
This method provides a validated framework to identify and
evaluate the safety barriers necessary for the considered
scenario. The results of the quantitative safety barrier analysis
can aid the design of a vessel powered by cryogenic hydrogen,
highlighting measures necessary to reduce the risk of fatal
accidents in case of a leak. These measures are identified
through fault tree analysis and enclose both technical and
administrative aspects. Sensors and physical barriers play a
role as important as safety checklists and operators training.
For this specific scenario, the barriers are listed from left to right
in the BBD, using the criteria that the more the barrier is placed

on the left the less critical are the consequences of its failure.

The first barrier, consisting of hydrogen detection, plays a key
role in ensuring the safety of the vessel and crew. The second
barrier defines the need for a dedicated ventilation system
capable of evacuating the flammable gas if detected and avoid

reaching explosive concentrations in the storage compartment.

The flame source isolation barrier stresses how design choice
should meet with the safety concerns for the routing of pipes
carrying hot fluid or air and electrical equipment. The fire
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suppression system is the last barrier and a key system in
the containment of the damage if the worst case scenario is
considered, ensuring safe return to port if a fire erupts.

From the RID are observed the main factors influencing
the frequency of the initiating event, with this being heavily
influenced by the physical nature of the fuel. According to
many articles like the studies of Zhang et.al [32] H2 Boil-off is
definitively the most influencing factor as the pressure build
up creates stress on components like valves. Cryogenic storage
not only produces stress due possible overpressure but also
weakening of the seals due to extreme temperature [33] and
therefore creating a maintanence problem. This should be a
focus point for designers of the system.

Overall it is possible to say that the qualitative barrier
analysis through the BORA-Release method presents itself
as a promising approach for the further study of scenarios
related to vessels powered by hydrogen or including a hydrogen
storage. The quantitative study can be developed following the
considerations made in this paper, assigning numerical scores
in relation to the probability of certain events and calculating
the improvements that the identified barriers bring.

CONCLUSION

The adapted qualitative barrier analysis framework is an
effective way to visualize possible technical or procedural
weaknesses in the design of a vessel powered by cryogenically
stored hydrogen. Once identified, through consolidated tools
like barrier block diagrams and fault tree analysis, it is possible
to correct them and obtain a robust design. The case study
presented is relative to a key topic in the maritime industry:
below-deck storage of cryogenic hydrogen.
A simplified analysis related to hydrogen detection, ventilation,
flame source isolation and fire suppression system has been
carried out. The qualitative analysis of the method provides
a base case study, which it possible to further develop with
a quantitative analysis using industry data and assigning
numerical scores to barrier performance in workshops with
system experts.
In general, the development of protocols and method to
evaluate the safety of hydrogen solutions in the maritime
industry can help make this zero-emission energy carrier more
widespread and ensure that passengers and crew members can
travel safely both in domestic water and on oceanic routes.
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The paper presents three approaches for the sizing and control of a maritime hybrid
power-plant equipped with proton exchange membrane fuel cells and batteries. The study
focuses on three different power-plant configurations, including the energy management
strategy and the power-plant component sizing. The components sizing is performed
following the definition of the energy management strategy using the sequential optimi-
zation approach. These configurations are tested using a dynamic model developed in
Simulink. The simulations are carried out to validate the technical feasibility of each
configuration for maritime use. Each energy management strategy is developed to allow for
the optimization of a chosen set of parameters, such as hydrogen consumption and fuel
cell degradation. It is observed that in the hybrid power-plant optimization there are al-
ways trade-offs, and the optimization should be carried out by prioritizing primary factors
the ship owner considers most important for day-to-day operations.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).

Introduction

international regulations for vessels’ emissions aimed at
reducing the negative environmental impact of fossil fuels [3,4].
Zero-emission power systems have been in the last decade

Modern maritime transport is still heavily reliant on fossil fuels,
including diesel and heavy oils, containing high levels of
asphalt, carbon residues, sulfur (which may amount to as high
as 5 wt%) and metallic compounds [1]. The absence of strict
regulations combined with the low cost of fossil fuels makes
shipping one of the main contributors to global emissions of
greenhouse gases (GHG), accounting for 2.5% of global GHG
emissions according to the third International Maritime Orga-
nization (IMO) GHG study. Maritime vessels are also a source for
volatile organic compounds, particulate matter, and hazardous
air pollutants (NOy and SOy) [2]. The United Nations, with UN
Sustainability Development Goal n.14 and the IMO, want to
change the current situation, introducing national and

* Corresponding author.
E-mail address: lorenzo.balestra@ntnu.no (L. Balestra).
https://doi.org/10.1016/j.ijhydene.2021.09.091

included in the design of new vessels or retrofitted to older
vessels in order to comply with the new regulations [5,6].
These new hybrid or fully-electric systems aim at replacing
old architectures based on the internal combustion engine
(ICE) without having to compromise on operational flexibility,
performance or safety. It is nontrivial to replace the ICE based
architecture which has been developed for decades and has
reached high peak efficiency values. Furthermore zero-
emission systems have generally a lower technology readi-
ness level, lower market adoption, and cannot yet rely on a
fully developed supply chain. From a logistical perspective,
marine vessels need to rely on the infrastructure of the de-
parture ports and arrival ports for refueling and therefore

0360-3199/© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications LLC. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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need either large energy storage solutions or high density
energy carriers to ensure that the range requirements are
satisfied. With all these factors considered, no single zero-
emission technology is suited for all applications, thus the
power-plant configuration is decided as a function of the
vessel operations (operational profile). In the 1-10 MW power
range, battery propulsion is possible but best suited to short
routes where frequent recharging is possible. Hydrogen fuel
cells aim at bridging the gap between battery electric config-
uration with limited range, and the versatile, but polluting,
diesel-electric configuration, by maintaining zero-emission
output with no need for land-based charging. Proton ex-
change membrane fuel cells (PEMFC) have received certifica-
tions allowing them to be integrated into vessel power-grids
[7,8], and can be used to provide baseline energy as prime
movers' or backup power as range extenders' in hybrid con-
figurations including energy storage solutions. To provide the
same level of performance as ICEs’ with respect to range and
power production, PEMFC and battery hybrid systems need to
be carefully optimized from a component sizing (CS) and en-
ergy management strategy (EMS) perspective.

In this paper, the optimization problem is studied consid-
ering the operations of a double-ended ferry with a length of
100 m and a beam of 18.2 m, with the capacity for 122 cars and
600 passengers [9]. Data relative to the operations of this ferry
have been collected in a database over a period of six months
for research and optimization purposes. This ferry is currently
equipped with a 4 MW diesel electric power-plant. A previous
publication from Balestra et al. proposes an alternative zero-
emission hybrid power-plant along with its corresponding
digital model representation. The digital model developed in
Ref. [10] can be reconfigured and adapted to multiple CS and
EMS solutions, and is used in this work to simulate the oper-
ations of three different power-plant configurations combined
with three different EMSs. The EMSs selected for the study are
inspired both by land-based grid applications and road
transport applications. These EMSs are:

@ Load leveling strategy
@ Peak shaving strategy
@ Charge depleting/charge replenishing strategy

Once the EMSs are selected, a sequential optimization to
determine the number and rating of the PEMFCs and batteries
is carried out for each EMS, taking into consideration power
and performance requirements. The route considered in the
simulations is the same in all of the three cases to facilitate
the final comparison between the strategies and the simula-
tion results.

The first objective of the paper is to show how sequential
optimization can be used as one possible approach to
component sizing, in a hybrid power-plant with PEMFC and
batteries. The dependency between CS and EMS must be taken
into consideration to achieve the best possible performances
when using the system. The second objective of the paper is to
demonstrate the dynamic behavior of the hybrid power-plant
when operating with the three EMSs and verify that the per-
formance level is satisfactory with respect to the diesel power-
plant currently equipped, and does not sacrifice operational
flexibility.

Using a dynamic model makes it possible to analyze the
behavior of the PEMFCs, batteries and power electronics
components. Particular focus is placed on hydrogen con-
sumption, fuel cell degradation and other key operational
factors. The final objective of the paper is to collect the data
from the three configurations and compare the results and
relative performances in order to evaluate which strategy
would be best for the presented case study.

Brief system description

The vessel taken into consideration in this study is a double
ended ferry with a length of 100 m and a beam of 18.2 m. The
ferry can transport 600 passengers and 122 cars and operates a
45 min crossing in Danish national waters. The crossingis 7.7
nautical miles and is operated 18 times in a normal day. The
vessel is equipped with 5 diesel generators powering 4 Azi-
muth thrusters and auxiliary loads [9].

A study previously carried out on this ferry in Ref. [10] was
focused on a zero-emission alternative for the ferry's power-
plant (Fig. 1). The alternative hybrid-electric power-plant
was based on a combination of PEMFCs and Li-Ion batteries
delivering the power defined by the operational profile
through a DC-grid.

This paper expands upon how different EMSs require
different power-plant configurations to operate at the best
possible efficiency. Three EMSs are taken into consideration
and the component sizing is performed using a sequential
optimization approach.

The Matlab-Simulink model developed by the authors is
used to simulate the three different hybrid power-plant con-
figurations. This model includes a parametric model for the
PEMFC, for the Lithium Ion battery, power electronics com-
ponents and direct current (DC) load. The flexibility of the

Fuel Cell 1 Fuel cell 2 Fuel cell n Battery 1 Battery m

H FHIF

@ N
N

Prop. POD motor

Fig. 1 — Simplified single line diagram of the proposed
hybrid configuration.
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model allows for a quick re-configuration of the power-plant,
assigning n number of PEM fuel cells and m number of batte-
ries, to test different components sizing approaches. The
PEMFC model is based on [11] and configured using the data-
sheet of a commercial fuel cell rated for 100 kW of power. The
characteristics of this unit are listed in Table 1.

The Lithium Ion battery used in the simulation and con-
nected to the system is not modelled upon any commercial
model specifically, but is based on the 18,650 Li-Ion cell. The
rated voltage for each battery is either 400 or 800 V depending
on the power-plant configuration. The capacity of each bat-
tery module is considered as a variable and calculated for each
EMS. This choice provides flexibility when it comes to select-
ing the appropriate battery capacity for the specific EMS.
Flexibility in selecting the battery capacity allows to define a
specific C-Rate at which a battery needs to operate. Choosing
the appropriate C-Rate for the battery pack indirectly defines
how much degradation the battery is going to experience
during operations and also define how much footprint is
required for battery storage in relation to the power demand
allocated to the battery [12].

The vessel's grid is set to operate using DC current as both
batteries and PEMFC output is DC. The voltage level selected
for the DC-Bus is equal to 1000 V in all cases.

Methodology

State of the art for power management strategies and
component sizing in hybrid vehicles

The power-plant optimization problem for all kinds hybrid
energy systems is nontrivial. The optimization process does
not have a unique solution as components sizing of the energy
system heavily relies on how the components interact, which
is defined by the EMS. At the same time, some types of EMS
cannot efficiently operate without components in the correct
number or rating. This problem is experienced in battery ve-
hicles [13], but mainly in complex power-plant with both en-
ergy conversion (fuel cells) and energy storage (batteries)
[14,15].

The majority of scientific studies and reviews focus on road
transport and specifically on the design of energy management
strategies [16—19]. Even if not directly aimed at maritime

Table 1 — Fuel cell data used for the model configuration.

Rated power (net) 100 kW
Gross output at rated power 320 V/350 A
Peak power EOL ... OCV BOL 250 ... 500 V
System efficiency (Peak, BOL) 62%

System efficiency (BOL) 50%

Max waste heat 120 kW
Coolant outlet temperature 80C

Fuel inlet pressure 8—12 bar(g)
System pressure 1.6 bar(g)
Ambient temperature —20 to +50C
Ambient relative humidity 5-95%, non-condensing
Weight 120-150 kg
Volume 3001

vessels, these studies provide important knowledge on existing
strategies and define a framework that can be used when
scaling up the total power installed in a marine multi-
megawatt power-plant. Some studies have been recently car-
ried out on a few vessels of small size (<1 MW) where there are
multiple similarities with cars and road transport vehicles
when considering the power requirements [20—22]. Compo-
nents sizing methods are a key factor, but are only briefly
mentioned in previously listed references. A review considering
the dependencies between components sizing and EMS is car-
ried out in Ref. [23], providing a base structure for the devel-
opment of this paper. This structure is used, in this study, to
identify and develop the three case studies presented. The goal
is to apply the knowledge developed for road transport vehicles
and apply it to large-marine power-plants, verifying the opti-
mization process performances through simulations in the
Matlab environment using a dynamic model.

Case study description

The study carried out in this paper focuses on the develop-
ment of three different hybrid power-plant configurations
including energy management strategy (EMS) and compo-
nents sizing (CS). Each configuration is tested using the model
from Ref. [10], with real world data to simulate realistic con-
ditions. The results obtained from these simulations are
analyzed and compared to identify advantages and disad-
vantages of each configuration and possible further
improvements.

The power-plant configuration can be obtained using
different approaches including sequential optimization, bi-
level optimization or simultaneous optimization [23]. In this
particular case the sequential optimization approach is
selected, with the definition of the EMS in the first step, and
the subsequent definition of the power demand for each
component leading to the calculation of component number
and rating.

An EMS can be defined as a series of rules and controls that
allow to regulate the energy production, consumption, dis-
tribution and storage in a grid system. Each configuration uses
a different EMS and therefore a different load sharing strategy,
splitting the power between fuel cells and batteries. The EMS
needs to ensure a satisfactory performance level in addition to
ensuring a reliable power delivery. The selected EMSs are rule
based, with deterministic or fuzzy-logic approaches. All the
EMS considered in this study are online EMSs, defining the
power distribution at each instant during the stationary,
maneuvering and navigation phase of the ferry. Online EMSs
can be used in real-time applications as they do not require
knowledge of global informations, such as the complete
operational profile, and can make dynamic decisions.

Equation (2) defines the ideal condition for every single
operational point considered during the simulations. Ideally,
the power generated by the PEMFCs and the power generated
by the batteries is equal to the power demand (P,,) sampled
from the diesel electric ferry. In reality, this condition is made
more flexible to account for the dynamic behavior of the
components during the simulation. The term ¢ is introduced
to define the range of values that are considered acceptable for
the power-output of the power-plant. A lower 6 determines
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lower response time and higher performance, while a higher
¢ allows for smoother transitions with lower PEMFC and bat-
tery degradation. The value of ¢ is determined for each
simulation to define the range of acceptable values.

Pop — 8 < Pop <Pop +6 (1)

Pop = (Pte N/ Moe +Po M / Myi_air) /Msys 2

P.,: power demand (operational profile)

n: number of PEMFC

m: number of batteries

Py: power output single PEMFC

Py: power output single battery

nsys: On-board electric grid components efficiency.
e Efficiency boost converter

Mvi—air: Efficiency bi-directional converter

In this particular case study, by considering a ferry with a
scheduled route, it is possible to take advantage of the simi-
larities in power demand between crossings. By analyzing
multiple crossings sampled over a period of six months, only
small variations in power demand, due to weather conditions
and maritime traffic, were observed. For this reason it is
possible to evaluate the model and obtain meaningful results
on the performances of the power-plant configuration by
considering just one typical crossing operational profile (OP).
In this case a 1 h crossing carried out in mid November was
selected (blue curve in Fig. 2 and Fig. 3). If computational re-
sources are not limited or variability is observed between daily
or weekly operations, it is suggested to extend the time in-
terval considered.

System configuration

The Simulink model is configured for each one of the three
power-plant configurations, including the code relative to the
type of EMS selected and the correct number for PEMFCs and
batteries defined in the component sizing calculations. The
power-plant layout is based on the single line diagram pre-
sented in Fig. 1, with the EMS defining how the energy flows
from energy storage/energy conversion to electrical load.

To define the number of PEMFCs required to satisfy the
power demand for each case, itis necessary to analyze the load
sharing strategy that the EMS implements during operations.
For the PEMFC number there are limitations given by the fact
that producers create modularized stacks with defined power
levels. In this case the rated power of the considered unit is
equal to 100 kW (Table 1). Each fuel cell installed in the system
is identical and it is assumed that all have the same dynamic
behavior when delivering the same electrical load. In each
considered EMS the load share assigned to the fuel cells is
equally distributed between all units. No unit, in this study, is
controlled individually or switched on/off during operations.

The power output of the PEMFC can be expressed in
equation (3). The voltage and efficiency curves of the fuel cell
are obtained introducing the parameters found in Table 1 into
the parametric model. The obtained curves match the ones

reported in the PEMFC datasheet. These curves are obtained
experimentally and take into account the real voltage (Vi) and
current (Ig) output. If the voltage and current output is
considered ideal, or the fuel cell consumption needs to be
calculated, it is necessary to introduce the value n¢ repre-
senting the fuel cell efficiency.

Pre = Vic It = Vi ideal Ifc ideal Mtc ®3)

Unlike PEMFCs, Li-Ion batteries can be built to fit a specific
use case, by combining multiple individual cells in series or
parallel. The power delivery, determined by the load share of
the battery, can be satisfied using a combination of factors
such as number of units (m), battery capacity (Qp) and C-Rat-
ing. The only factor that is fixed, in this case, is the rated
voltage (V) set at either 400 or 800 V to reduce the number of
variables. This flexibility allows to compensate for the fixed
rated load of the fuel cell, and calculate the optimal battery
size for each considered EMS.

As for the fuel cells case, if multiple batteries are installed
in the system, each battery installed is identical and it is
assumed that all have the same dynamic behavior when
delivering the same electrical load. In every EMS the load
share assigned to the batteries is equally distributed between
all units. No battery, in this study, is controlled individually or
switched on/off during operations.

In general, the term representing the power drawn from
one battery can be expressed as Equation (4) where the term
Qpate is limited by the C-rate (factor of the cell internal
resistance).

Pot=Ep=VQ=VpIpt @)

Once the value of n,m, Q, are defined for each EMS, it is
possible to launch the model to simulate the amount of time
selected by the user. Once the simulation is finished the re-
sults can be compared and analyzed.

In this paper, when calculating a power-plant configura-
tion, specific safety class regulations regarding active and
passive redundancy of components are not considered. The
total power calculated in the configuration provides a con-
servative estimate but does not comply with any specific
regulation from maritime certification societies.

Load leveling EMS

Load leveling strategies are a common approach in large
land-based electrical grids but can also be used in marine
power-plants if the ICE generators are coupled with batteries
for energy storage. In a diesel-electric configuration, this
strategy is used to keep the diesel engine at the operational
point where the break specific fuel consumption is mini-
mum, compensating load transients with batteries. Main-
taining the diesel engine at the point of peak efficiency
reduces considerably the fuel consumption and the level of
emissions.

A load leveling strategy can also be adopted for the control
of a hybrid power-plant with PEMFC and batteries. In this case
the power demand is split almost equally between the fuel
cells and large battery packs, with the goal of maintaining the
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Fig. 2 — Operational profile and set output level with load
leveling EMS.

fuel cell profile as flat as possible to limit the degradation
given by load transients. The load leveling strategy is devel-
oped using an online deterministic rule-based approach.

The first step in the definition of the load leveling strategy
is the definition of the rules that the EMS follows. In this case,
the rules contained in Table 2 are formulated and imple-
mented into the EMS code. These rules are formulated taking
into consideration two variables: available power and the
state of charge (SOC) of the battery. Based on these rules, both
PEMFC and switchboard are controlled.

The second step in the definition of this strategy is the
calculation of an output level (Po;) defining the maximum
power output for the PEMFC units during navigation. This Pgy,
value is key in defining the rules of the EMS. In this case the
output value is calculated using Equation (5), integrating the
operational profile over the amount of time considered for the
study. The result is Po;, equal to 1217 kW.

t
/ OP dt =P t (5)
0

Considering the value obtained for Pqy it is possible to
calculate the number of PEMFCs n. The choice is to install in
the system enough PEMFCs to operate at Po; with 80% of
PEMFCs rated load. This choice was done based on the study of
Fletcher et al. [14] and the values are listed in Table 3, keeping
the PEMFC in low power operation and limiting degradation.

In addition, the calculation of n takes into account a value for
the efficiency of the boost converter (nyc) equal to 0.97%.

n= (POL 0.8 "Ibcnsys)/Pfc—rated (6)

The result of equation (6) can be rounded to 18 PEMFCs.
Setting the operational level to 80% of the rated load allows for
a conservative estimate on the power installed.

The third step in the definition of the configuration for the
load leveling strategy is the sizing of the battery. Because the
load leveling strategy is applied not only during navigation,
but also during the entire time interval considered, there are
limitations with respect to maintaining the PEMFC at Po;, at all
times. The main limitation is the amount of power that can be
stored by the battery when the difference between Po; and P,
is higher than the maximum value of Py,. A choice is made to
limit the size of the battery to the capacity calculated during
the discharge phase, represented by the area above the red
line of Fig. 2. This ensures a trade-off between performances
and battery size.

A first attempt at battery dimensioning is done by
measuring the difference between Po. and the peak power
demand sampled during the entire period of ferry data
collection (Ppax, 2425 kW). Considering this peak value and the
voltage level set to be constant at 400 V, it is possible to
calculate I, using Equation (7), derived from Equation (2).

Prnax Prnax
Premax N=—=—Pym=—"2_V-bl,m 7
Teys Teys

-

The value obtained for I represents the battery capacity for
1 battery considering a C-Rating of 1-C. With a battery rated
for 400 V, the calculated capacity is equal to approximately
3020 Ah at 1C. In this scenario, in the effort to maintain the
PEMFC output as close as possible to Pg;, and to contain the C-
rate at which the battery operates, the choice is to install 2
batteries rated at 400 V and 1750 Ah. Installing two batteries
allows for a basic level of active redundancy and also for a
small power reserve. The C-rate is limited at 2-C.

To check that the calculated capacity is adequate to the
crossing it is possible to integrate the section of the

Table 3 — Degradation values from Fletcher et al. [14].

Operating Conditions Degradation Rate

10.17 uV/h
11.74 uV/h
0.0441 uV/Akw
23.91 uV/cycle

Low power operation (<80%)
High power operation
Transient loading

Start/stop

Table 2 — Rule based energy management system instructions.

Power Available SOC Level Action Battery Action FC
Pyessel + Prec < Pfc-lim SOC < 80% Recharge connected; Py = defined rec. I FCrarget = Pvessel + Prec
Pyessel + Prec < Prcilim SOC > 80% No circuit connected; Prec = 0 FCtarget = Pvessel
Pyessel + Prec > Ptc lim; Pvessel < Pfelim SOC < 80% Recharge connected; Prec = Por - OP FCtarget = PoL

Pyessel + Prec > Ptc-lim; Pvessel < Pre-lim SOC > 80% No circuit connected; Prec = 0 FCtarget = Pvessel
Pyessel > Pre-lim SOC > 20% Discharge connected; Pgis = OP - OOL FCrarget = PoL

Pessell> Broim SOC < 20% No circuit connected; Pgis = 0 FCtarget = Pvessel
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operational profile above the value of Po;. In this case the
value calculated is lower than 3020 Ah and therefore the
battery size is defined by Equation (7).

Once the load leveling EMS is defined through the equa-
tions in Table 2 and the component sizing is carried out it is
possible to proceed with the simulation. With this particular
configuration the focus is on maintaining the PEMFC output
for as long as possible at the output level defined, producing
an almost flat PEMFC output if the conditions allow it. Keeping
the PEMFC flat is achieved by recharging the battery at con-
stant current when the surplus of power allows it, and then
switch to variable current until the output level is met. Values
above the operational level are compensated by releasing the
energy stored in the battery packs.

Peak shaving EMS

Peak shaving is the second EMS in this study and aims to
eliminate the high frequency load variations experienced by
the prime mover of the power-plant during operations. This
type of EMS is effective in reducing emissions of diesel-electric
power-plants as the high frequency transients are filtered out
using a low pass filter, reducing the load variation on the
diesel generators and therefore improving efficiency and
reducing emissions [24].

The peak shaving EMS can be applied to power-plants with
no energy storage solutions, but to achieve better response
time and overall performances it is usually applied to hybrid
power-plants where energy storage solutions can provide
extra power while the prime mover output is capped.

In this study, the hybrid power-plant configuration does
not have large individual prime movers, unlike a traditional
configuration with an ICEs, but the baseline electric power is
generated by the multiple PEMFCs that are connected in par-
allel. The PEMFCs all share the same load and provide power
along the entire operational profile. The power requested

Operational profile single crossing
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Fig. 3 — Operational profile and fuel cell expected output
with peak shaving EMS.

during the ferry's operations is filtered through a low pass
filter in real-time, smoothing the power demand allocated to
the PEMFCs.

The first step in the sequential optimization approach
selected for this paper is the definition of the EMS. In the peak
shaving strategy the power demand needs to be filtered in real
time using the data collected in the present (t) and in the past
(t-n) to define the power that is going to be delivered in the
operational point at t + 1. In this case the PEMFCs operational
points are defined through a 5 point weighted average calcu-
lated using the 5 points sampled in the 5 time steps leading up
to the present instant (Equation (8)) with each timestep being
equal to 15 s. The first 75 s of operations are unfiltered as the
buffer containing the power demand data fills up. This unfil-
tered interval does not impact the performances of the system
as this time interval is taken during Ro-Ro operations where
the power demand is low and practically constant.

This filtering approach is one of the simplest that can be
adopted, limiting the computational complexity but still
providing a smooth and relatively precise profile. It is possible
to limit the response delay introduced by the use of an average
modifying the weights in Equation (8). If the weights are
modified it is important to consider that there is an inverse
relation between suppressing high frequency transients and
reducing the delay for the specific application.

Py_swy + Pyqwy + Py 3wz + Py oWy + Py qWws
FCout = 8)
Ws + Wyq + W3 + Wy + Wq

Once the EMS approach is defined, it is possible to proceed
with the component sizing. In this strategy, the share of power
provided by the PEMFCs is always higher than the one pro-
vided by the batteries.

The PEMFC number is calculated using Ppay, limiting the
rated load to 80% according to Table 3, and considering neys €
Mbe. With the peak shaving strategy the PEMFC output provides
the baseline power to the ferry and the battery provides only
temporary compensation during transients. The PEMFC
number needs to be calculated taking into consideration that
it should be possible to operate the ferry on PEMFCs alone
without the battery pack. Similarly to the load leveling strat-
egy, the PEMFC output is limited to 80% of the rated load to
reduce degradation.

PmBX
" O e e Pt ®

The number of PEMFCs n can be rounded to 35 units.
Setting the power limit to 80% of the rated load provides a
large power reserve.

With the high frequency transients filtered out of the
PEMFC output, the battery packs are tasked with compen-
sating the high frequency oscillations to avoid power deficits.
Similarly to the load leveling case, the first attempt at
dimensioning the battery can be carried out by observing the
maximum difference between P, and FCoy:. In this case there
is no pre-set limitation to the maximum PEMFC output, so the
difference between P,, and FC,y: needs to be calculated by
calculating FCoy: for a series of profile, measuring the
maximum value found. The maximum difference is equal to
740 kW. This value of 740 kW, considering a set voltage of
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400 V, translates to a capacity of 1850 Ah if the C-Rate is
limited to 1C. In this case, a large storage capacity is not
required as the battery mostly provide short bursts of power
before the fuel cell output catches up with the demand. For
this reason, the battery C-rating in this case can be as high as
2C with a capacity set to 950 Ah. The excess capacity allows for
the compensation of losses in the converters and grid.

This power-plant configuration maximizes the share of
power allocated to the PEMFCs and reduces to a minimum the
power allocated to the battery. The smoother profile also re-
duces overall degradation as the battery can compensate the
fluctuation in load even below a defined output level.

Charge depleting/charge replenishing EMS

The charge depleting/charge replenishing (CDCR) strategy is
an approach derived from the charge depleting/charge sus-
taining (CDCS) EMS used in road transport. CDCS is normally
used in hybrid or plug-in hybrid vehicles as the trip length
(driving cycle) is not know at the time of starting the car.

In CDCS one or more batteries are discharged during the
charge depleting phase, where the vehicles uses only fully
electric propulsion. Once the lower limit for the SOC is
reached, a range extender turns on and supplies the power
demand while the SOC of the battery is kept at a constant
value in charge sustaining mode. The adoption of a charge
sustaining mode in cars is to ensure the completion of longer
trips, while keeping the possibility of running for shorter pe-
riods of time using batteries to save fuel or access city areas
where ICEs are not allowed. The battery is recharged, once the
trip is completed, at a charging station and the cycle can be
repeated again.

In this case, this type of EMS is selected to evaluate a
power-plant configuration relying primarily on battery
power for propulsion and auxiliary loads, with PEMFCs acting
as range extenders to include the capability for on-board
power generation. The implementation of a CDCS EMS
similar to the one applied for road transport would not be
optimal for the ferry as, once the battery is depleted, the fuel
cells would have to absorb all the high frequency transients
defined by the power demand, increasing degradation. The
use of CDCS would also mean that, once the battery is
depleted, there is the need to recharge using land based
infrastructure. For these reasons the CDCS strategy is
modified to include a charge replenishing mode, becoming
CDCR (charge depleting/charge replenishing). CDCR differs
from CDCS as, with the ferry, the length of the crossing is
known and the average power demand over time can be
calculated. This allows to schedule a battery recharge phase
(charge replenishing) onboard, without relying on expensive
land based infrastructure that needs to be connected to the
electrical grid. The recharging is carried out by the PEMFCs
installed on-board.

CDCR uses a deterministic rule-based approach like the
load leveling EMS, controlling the power delivery by operating
the switchboard connections. The variables used for the
control of the system are the power demand and the SOC of
each individual battery.

The first step in the definition of the configuration is to
specify how the EMS manages the power flow. In this case the
choice is made to include 4 batteries in the system. Splitting
the power draw between multiple batteries allows to limit the
current flowing through the bi-directional converters to
obtain better efficiencies. These batteries work alternatively to
supply power, and a series of PEMFCs operating as a range
extender and recharge energy source (Fig. 4). During normal
operations only two batteries from a specific group (1 & 3 or 2
& 4) are in charge depleting mode (m = 2), delivering the power
defined by the operational profile to the DC load. The other
batteries are disconnected from the DC load using the
switchboard and are connected to the PEMFCs for recharge
(Fig. 4). Disconnecting the battery from the DC load allows a
constant-current/constant-voltage (CC-CV) recharge of the
battery, replicating the recharging conditions that would be
encountered on land. This CC-CV recharging of the battery
allows for an easier balancing of the battery pack individual
cells therefore limiting degradation and maximizing capacity
retention.

Sizing the power-plant for operations with the CDCR EMS
starts from the battery packs. Batteries belonging to the same
branch of the diagram of Fig. 4 are set to have same dynamic
behavior during the simulations as they share the same power
demand when in charge depleting mode and are recharged
with the same amount of current when in charge replenishing
mode. To improve the efficiency of the bi-directional con-
verters that, in this case, need to stabilize the voltage on a
much wider range of current outputs, the voltage of the bat-
tery is increase from 400 V to 800 V (V}, = 800). The capacity of
the battery can be calculated using equation (10) and obtain-
ing the capacity from Iy.

Pmax

b= Neys Moi-dir Vb M (10)

It is common to increase the capacity calculated in
application where the battery is considered the primary
source of power for the vessel. The increase in capacity needs
to be measured as a trade of between footprint usage and
battery depth of discharge (leading to degradation). In this
case, a limit is imposed on the lower and upper level of the
SOC, with 80% being the upper limit and 20% being the lower
limit.

Bi-directional
Battery3 —
converter
Bi-directional
Battery 1 converter T Discharge circuit 1
Recharge circuit 1
Boost
Fuel Cell }— Fuel cell direct circuit
converter DCload
Bi-directi | Recharge circuit 2
i-directiona
Battery2 |—
converter Discharge circuit 2
Bi-directional
Batterys |—
converter

Fig. 4 — Layout configuration with CDCR EMS.
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Considering a DC-bus voltage of 1000 V, C-rate of 2-C, a
power electronic efficiency of 90% and the limit for the SOC, it
is possible to provide a first attempt solution for the battery
configuration. Each battery pack is configured for a capacity of
1500 Ah and a nominal voltage level of 800 V.

While the batteries in charge depleting mode are dis-
charged at various rates according to the power demand of the
vessel (blue line with different angular coefficients in Fig. 5),
the batteries in charge replenishing mode are charged in
constant current mode up until the maximum cell voltage is
reached (orange line with constant angular coefficient in
Fig. 5). It is necessary to specify that, in this case, due to the
limitations on the SOC with an upper limit at 80%, the
recharge of the battery is carried out only in constant current
as the recharge is cut out at 80% SOC before reaching the
maximum cell voltage.

The number of PEMFC n selected for this EMS is 18, the
same amount defined in the load leveling strategy using
equation (5). The calculation of the recharge current value, a
function of Py, is nontrivial as each crossing depletes the SOC
of the battery in a different way, not always consuming the
whole SOC in one crossing. The recharge current value is
therefore not unique and has to be recalculated by the EMS
each time a group of battery changes its status from charge
depleting to charge replenishing. The recharge current is
increased or decreased considering the SOC value of the bat-
tery group that switches to discharge mode. If this SOC is
lower than the maximum 80% it means that the recharge was
not fast enough and the recharge current needs to be
increased. This increase is calculated by the EMS using the
percentage difference between the initial SOC and the upper
limit. This approach is a simplified solution and can be
expanded in the future using predictive algorithms to opti-
mize the recharge current. The installation of 18 fuel cells
allows to have a wide range of possible recharging currents
considering the peak power of the fuel cell installation can
reach 1800 kWh. The goal is to obtain a SOC curve as similar as
possible to Fig. 5.

Battery ideal SOC
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Fig. 5 — Ideal SOC curves with the CDCR EMS.

For this simulation the first attempt solution is to impose a
recharge current of 550 A on each battery, that translates to a
total of 1100 A that needs to be produced by the fuel cells,
using 61% of the total PEMFC power installed.

Results
Results: load leveling strategy

The simulations for the load leveling EMS is carried out using
the configuration presented in Table 4.

The first necessary step is to verify that the selected power-
plant is capable of carrying out the crossing with no power
shortages. This is done comparing the power produced by the
modelled power-plant and the initial value of power demand
specified (OP). For this comparison the power produced and
the OP are considered overlapping if the two values are within
+1% in kW. To take into account transient loading and
response time, the aim is to have more than 90% of points
within +20% of the value defined by OP.

The power demand (OP) represented in Fig. 6 is overlapping
with the power delivered by the system to the DC bus (output
FC + Batt Bus) for 65% of the operational points. The number
of samples within the +20% range is 98%, well within the
threshold defined by the author to evaluate the performances
of the power-plant configuration. The DC-Bus voltage is stable
at the specified level of 1000 V and has slight variations only
during the connection and disconnection of the recharge cir-
cuit. These variations are quickly compensated by the feed-
back loop in control of the bi-directional converter, with a fast
response.

The difference between the power measured at the source
(orange line Fig. 6) and at the bus (yellow line Fig. 6) is equal to
the power lost in the converters simulated in the model. This
value is influenced by the number of fuel cells and batteries,
and therefore converters included in the system, and also by
the range of operational values that the converter has to sta-
bilize to 1000 V. In this case the efficiency of the boost con-
verter is equal to 92%. The efficiency of the bi-directional
converter is equal to 84%. The bi-directional converter has a
lower efficiency compared to the boost converter as it has to
stabilize a large battery pack with a wide range of current
levels passing through it.

It is assumed that all 18 PEMFC have the same dynamic
behavior as load is shared equally between all the units. The

Table 4 — Power-plant configuration for the load leveling
simulation.

Total power installed 3200 kW
Bus voltage 1000 V
Battery units 2

Battery nom. voltage 400 V
Battery rated capacity 1750 Ah
Initial SOC 50%
Number of fuel cells 18
Rated power PEMFC 100 kW
Response time PEMFC 15s
Response time Battery 2s
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Fig. 6 — Operational profile and power-plant output with
load leveling EMS.
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Fig. 7 — Single PEMFG output with load leveling EMS.

load of the single PEMFC can be observed in Fig. 7. In this case,
it is possible to observe that for large part of the operational
interval the fuel cell is operating at a constant value, defined
by the value calculated in Equation (5) divided by the number
of fuel cells. This value is on the limit of the low power oper-
ation threshold defined in the EMS description. While during
this interval at constant power output the degradation of the
PEMFC is low, the maneuvering phase has high frequency
transients that are filtered out by the battery pack, that is
charged with a variable current level.

Observing the state of charge (SOC) curve (see Fig. 8) it is
possible to conclude that the batteries included in the system
are capable or delivering the requested amount of power
during the crossing. In this simulation the recharge of the
battery was limited to a maximum value of 0.5C during
recharge and 1C during discharge. The final SOC level is also
slightly higher than the initial SOC level meaning that there is
no need for on-shore recharging during Ro-Ro operations and
this particular configuration can operate completely off-grid.

Battery state of charge
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Fig. 8 — SOG of the battery with load leveling EMS.

The degradation for the single PEMFC is equal to 327 uV.
The consumption per single FC is equal to 4.03 kg, meaning
that the total consumption for the entire crossing is equal to
72.5 kg of hydrogen. By considering the 18 daily crossings that
the ferry operates on a regular schedule and the hydrogen
quantity that can be stored in fiberglass pressure vessels of
commercial size, the ferry would need the equivalent volume
of 3.5 20’ containers to carry out daily operations. This
calculation considers a storage pressure of 350 Bar, and the
storage volume can be reduced even further by considering a
storage pressure of 700 Bar or cryogenic storage.

Results: peak shaving strategy

The simulations for this EMS is carried out using the config-
uration presented in Table 5.

As for the load leveling strategy, the first necessary step is
to verify that the selected power-plant is capable of carrying
out the crossing with no power shortages. This is done
comparing the power produced by the modelled power-plant
and the initial value of power demand specified (OP). For this
comparison the power produced and the OP are considered
overlapping if the two values are within +1% in kW. To take
into account transient loading and response time, the aim is to
have more than 90% of points within +20% of the value
defined by OP.

Table 5 — Power-plant configuration for the peak shaving
simulation.

Total power installed 3502 kW
Bus voltage 1000 V
Battery units 1

Battery nom. voltage 400 V
Battery rated capacity 400 Ah
Initial SOC 50%
Number of fuel cells 35
Rated power PEMFC 100 kW
Response time PEMFC 15s
Response time Battery 2s
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Fig. 9 — Operational profile and power-plant output with
peak shaving EMS.

The power demand (OP) represented in Fig. 9 is overlapping
with the power delivered by the system to the DC bus (output
FC + Batt (Bus)) for 74% of the operational points, and 90.5% of
the points are within +20%. This means that the power-plant
is appropriately dimensioned in this case according to the
defined criteria. Thanks to the smooth output of the fuel cell
and the controlled battery output when charging or dis-
charging, the DC-bus voltage is maintained constant
throughout the entire operational interval, with no spikes.

With this EMS the measured efficiency for simulated single
boost converters is equal to 95% and the efficiency of the bi-
directional converter is close to 98%. These high values for
the efficiency are obtained by re-tuning the bi-directional
converter to operate in conjunction with the smaller battery
capacity.

All 35 PEMFC included in the power-plant have the same
dynamic behavior as the load is shared equally between all the
units. The load profile of the single PEMFC can be observed in
Fig. 10. In this profile it is possible to observe how the high
frequency transients have been filtered out, in favor of
smoother power output. With a peak power supplied below
60 kW each PEMFC is well within the limit established for low
power operation. The degradation measured with this EMS for
the single fuel cell is equal to 488.84 uV.

The battery SOC is analyzed to monitor that neither the
upper or lower SOC limit, respectively 80% and 20%, are
reached. The SOC level for this EMS at the beginning and at the
end of the crossing should be equal to 50% as specified in the
initial operational profile. This is verified by the results pre-
sented in Fig. 11.

Fig. 11 shows how a single battery of just 400 Ah of capacity
is able to compensate the small high frequency oscillations
during the interval considered.

The hydrogen consumption measured for the single PEMFC
during the interval considered is equal to 1.608 kg. This means
that, to complete the crossing, 56 kg of hydrogen are required.
By considering the 18 daily crossings that the ferry operates on
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Fig. 10 — Single PEMFC output with peak shaving EMS.

a regular schedule and the capacity of a 20 feet container
equipped with fiberglass pressure vessel for storing hydrogen
at 350 Bar, the ferry would need the equivalent volume of
three containers to carry out operations. This storage volume
can be reduced even further by considering a storage pressure
of 700 Bar or cryogenic storage.

Results: CDCR strategy

The simulations for the charge depleting charge replenish-
ing EMS is carried out using the configuration presented in
Table 6.

Similarly to the two previous EMSs, the first necessary step
is to verify that the selected power-plant is capable of carrying
out the crossing with no power shortages. This is done
comparing the power produced by the modelled power-plant
and the initial value of power demand specified (OP). For this
comparison the power produced and the OP are considered
overlapping if the two values are within +1% in kW. To take
into account transient loading and response time, the aim is to
have more than 90% of points within +20% of the value
defined by OP.

The power demand represented in Fig. 12 is overlapping
with the power delivered by the system to the DC-bus for
99.6% of the samples obtained in the simulation. This high
precision in following the power demand set by the OP is

Table 6 — Power-plant configuration for the CDCR
simulation.

Total power installed 6600 kW
Bus voltage 1000 V
Battery units 4

Battery nom. voltage 800 V
Battery rated capacity 1500 Ah
Initial SOC 1 80%
Initial SOC 1 30%
Number of fuel cells 18
Rated power PEMFC 100 kW
Response time PEMFC 15s
Response time Battery 2s
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Fig. 11 — Battery SOC with peak shaving EMS.

thanks to the low battery response time, allowing to follow the
power demand very accurately, even during load spikes.

The bi-directional converters inductance and capacitance
value are recalculated for this specific case to take into
consideration the higher current flowing through the sub-
model. With the new values for inductance and capacitance
it is observed that the feedback loop controlling the bi-
directional converters allows an efficient voltage stabiliza-
tion to the predetermined value of 1000 V during the entire
simulation. The efficiency of the boost converter in this case is
around 97%, befitting from a constant output on the bus side,
while the bi-directional converter efficiency measured during
navigation is equal to just 81%, having to stabilize the voltage
for a quite wide range of current outputs.

All 18 PEMFC included in the power-plant have the same
dynamic behavior as the load is shared equally between all the
units. The load profile of the single PEMFC can be observed in

- 108 Operational profile and power output
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Fig. 12 — Operational profile and power-plant output with
CDCR EMS.
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Fig. 13 — Single PEMFC output with CDCR EMS.

Fig. 13. In this profile it is possible to observe that by dis-
connecting the PEMFC from the DC-bus and operating them
only during recharge complitely eliminates transients, with
benefits to the fuel cell degradation. The fuel cells supplies,
during the simulation, 1100 kW to recharge the battery at the
predetermined recharge current of 550 A, using 61% of the
total power installed. The degradation measured with this
EMS for the single fuel cell, excluding the initial stage at which
the fuel cell reaches its operational point, is equal to 45 uV.

The power-plant selected for this EMS is comprised of two
groups of batteries: group 1, comprised of battery 1 and 3, and
group 2 comprised of battery 2 and 4. All the batteries
belonging to a group have the same behavior in the simulation
as they are supplying or receiving the same amount of current.
This condition is also valid when considering the SOC, with all
the batteries in group 1 having the same SOC during the
simulation, and same for the batteries of group 2.

In Fig. 14 it is possible to analyze the performances of the
two groups of batteries. Group 1, comprised of battery 1 and 3
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Fig. 14 — Battery SOC with CDCR EMS.
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can deliver all the required power for the analyzed crossing. It
also shows that at the end of the crossing not all the capacity
is used, leaving a residual 5% capacity. Group 2, recharging
each battery with a constant 550 A, manages to reach only 67%
SOC at the end of the crossing. The fact that group 2 does not
reach the upper limit of 80% means that once group 2 is
switched to charge depleting mode, it will have a lower SOC
than the upper limit. This is taken into consideration by the
EMS and the recharge current is increased considering the
difference in percentage between the SOC at the time of the
connection of group 2 and the upper limit for the SOC.

The hydrogen consumption measured for the single PEMFC
during the interval considered is equal to 2.811 kg. This means
that, to complete the crossing, 52 kg of hydrogen are required.
By considering the 18 daily crossings that the ferry operates on
a regular schedule and the capacity of a 20 feet container
equipped with fiberglass pressure vessel for storing hydrogen
at 350 Bar, the ferry would need the equivalent volume of 3
containers to carry out operations. This storage volume can be
reduced even further by considering a storage pressure of 700
Bar or cryogenic storage.

Discussion

The discussion section focuses on the analysis of the results
obtained for the three EMS strategies. The pros and cons of
each power-plant configuration, including component sizing
and energy management strategy are discussed. The results
are compared and a score is assigned to different factors to
evaluate the overall efficacy of each EMS strategy.

Result analysis

The results obtained with the load leveling EMS show that this
strategy is effective in splitting the power demand equally
between the PEMFCs and the batteries. The PEMFC output is
flat for the majority of the operations, with no high frequency
transients (Fig. 7) allowing for a reduction in degradation.

The first limitations with this EMS can be observed in the
interval defined by the rule: Pyessei+ \ Prec > Pre.tim; Puessel < Pfe-tim-
In this interval, the PEMFC output is kept constant at the value
specified for Pr.m by regulating the recharge current of the
batteries. This means that the high frequency transients that
are observed in Fig. 2, below the red line, are compensated by
the batteries during recharge. The analysis of battery degra-
dation phenomena is not considered in this paper, but it is
important to specify that this strategy may lead to increased
degradation on the battery pack as, by changing the recharge
current frequently, it is difficult to perform a balanced recharge
of all battery cells. Dead cells in the battery pack result in high
maintanence costs that should be avoided if possible.

The results obtained with the peak shaving strategy show
how this strategy is effective in delivering the majority of the
power demand using the PEMFCs while keeping the degra-
dation value low thanks to the filtering of the power demand.
This strategy uses the power-plant with the highest possible
power output per unit of volume by reducing to a minimum
the size of the battery while still taking advantage of this type
of energy storage during high frequency transients.

The power-plant configuration selected for the peak
shaving strategy is, in this case, limited by a capped PEMFC
output equal to 80% of the rated load to be within the limits of
low power operations defined in Table 3. While performance
results are satisfactory with the limit on the PEMFCs output, if
this condition is eliminated at the expense of an increase in
degradation, it is possible to obtain the most energy dense
power-plant of all three cases, cutting the number of fuel cells
from 35 to 28. This high energy density configuration may be
the only viable solution if the footprint allocated for the ret-
rofitting operation of the ferry, or other vessels adopting this
EMS, is limited.

One drawback of the peak shaving strategy is that it relies
on a high number of low power unit (PEMFC) working in par-
allel. This increases reliability thanks to active redundancy,
but makes necessary to include a high number of boost con-
verters connected to the fuel cells, reducing the overall effi-
ciency of the system. Promising developments in the PEMFC
sector, where units of increasing power output are presented
regularly, is set to solve this problem when considering that
the switch from 100 kWh PEMFC to 200 kWh PEMFC could cut
in half the number of converters currently reducing the effi-
ciency of the system.

The results obtained with the charge depleting/charge
replenishing strategy highlight that this is the strategy with
the lowest possible value for PEMFC degradation while
obtaining the best performances when considering transient
loading. This configuration still maintains the capability of
operating independently from an on-shore recharging station.
The low degradation is achieved at the expenses of a large
portion of the vessel footprint dedicated to battery storage.
This strategy aims at keeping the operating costs for the ship
operators low by reducing the maintanence required by the
power-plant through low degradation of both batteries and
PEMFCs. One drawback of this strategy was evident during the
simulations where, with only two large battery packs
providing the entire power demand of the vessel, the overall
efficiency was impacted, with this strategy having the worst
efficiency value when considering the power delivery from
power source to DC-Bus. This aspect can be anyway solved
with a better re-design of the bi-directional converters or by
using multiple smaller batteries.

Comparison between EMSs

To compare the three EMSs is it possible to compile a table
that includes scores for each parameter considered. The pa-
rameters considered are: PEMFC degradation, single PEMFC
consumption, power-plant performance and footprint used.
For each parameter, a score ranging between Low to High is
assigned, taking into consideration the values presented in
the results section.

The PEMFC degradation parameter depends on the degra-
dation measured during the simulation. The degradation
considered is relative to the measurement for the single
PEMFC unit. The power-plant performance is a parameter
taking into consideration the difference between the power
supplied and the power demand. In this case a high number of
samples overlapping with the power demand determines the
highest score. Footprint usage is a parameter that takes into
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Table 7 — Table for the evaluation of key factors with
different EMSs.

Parameter Load Peak CDCR
Leveling  Shaving
PEMFC degradation Medium Medium  Low

PEMFC consumption (1 unit) High Medium  Medium
Power-plant performance Low Medium High
Footprint usage Medium Low High

consideration the space allocated to the power-plant. In the
footprint usage parameter the space required for the storage
of hydrogen is not taken into consideration as many different
approaches are possible, with very different possible energy
density values. The footprint usage is calculated using the
approximate dimensions of the PEMFC unit used in this case
(volume of 300 1 per PEMFC) and the typical energy density of
18,650 battery cells (231.5 Wh/kg [25]). The PEMFC consump-
tion parameter is a function of multiple factors, such as the
reliance of the power delivery on the PEMFC output and the
loading of the fuel cells in different EMSs. In this case the
PEMFC consumption score is not simply a function of the
amount of kg of hydrogen calculated in the simulation as this
parameter is not directly representative of the efficient or
inefficient usage of hydrogen in the power-plant.
The results of this comparison are listed in Table 7.

Conclusions

The simulations and the result analyses carried out in this
paper demonstrates that there is no single solution to the
optimization problem for a maritime hybrid power-plant
equipped with PEMFCs and batteries. The different configu-
rations tested allow for the optimization of primary selected
parameters, while assigning a lower priority to other sec-
ondary parameters. There is always a trade-off when
choosing which factors to optimize, with the resulting con-
figurations always being a compromise due to the limitation
of resources (e.g. budget, footprint).

In this paper, the limitations of the optimization process
are considered, and three different power-plant configura-
tions, including component sizing and energy management
strategies, are presented. These configurations offer different
approaches to the optimization of operations when consid-
ering the double-ended ferry service. Each configuration
considers a different set of primary parameters. In the peak-
shaving strategy, for example, the aim is to maximize the
energy and power density of the system leading to a mini-
mization of footprint usage, while with the CDCR strategy, the
aim is to limit degradation of PEMFCs and batteries to a min-
imum to reduce the costs of system maintanence. The simu-
lations carried out in these three cases have produced a
number of results that can aid the further work on the opti-
mization of the system both on the components sizing
perspective and on the EMS perspective.

In this paper the focus is on deterministic or fuzzy-logic
online rule-based EMSs, and it was observed that these ap-
proaches still have limitations when considering the overall

behavior of the system. Online rule-based strategies offer a
good trade-off between computational complexity, execu-
tion speed and implementation times allowing for real-time
application, but still lack the precision of strategies based on
dynamic programming. The adoption of online EMSs using
optimization based approaches or multi-scheme EMSs turns
out to be more complex as the definition of smart cost
functions is non-trivial. Optimization based EMSs may in-
crease the computational complexity, but will be the scope
of future analysis to further reduce fuel consumption,
PEMFC and battery degradation and improvement of per-
formances. The focus of future work is on this type of online
EMSs, such as equivalent consumption minimization strat-
egy (ECMS) or model predictive control (MPC). The imple-
mentation of these new EMSs can be based on the version of
the model that is used in this paper, as it shown that it is
possible to be quickly re-configured the layout to follow
both different component sizing solutions and energy
management strategies.

In this particular case, the ferry company is presented with
the required data to make a preliminary decision on which
components configuration and EMSs bests fits their use case.
This allows them to choose primary factors and secondary
factors, defining priorities in the optimization process.

The ultimate goal of this work is to promote the use of
clean energy carriers in the maritime industry, providing tools
and software that can be used to measure economical and
technical feasibility of clean hydrogen solutions to reduce
both pollution and greenhouse gas emissions.
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Abstract

The transport sector is investing in new technologies, shifting towards zero-emission propul-
sion systems. This shift can be observed in the automotive transport sector, but also in
maritime transport, where shipowners are evaluating new powertrain configurations and less
polluting energy carriers. The innovation in this field is aided by the development of software,
based on simulation models representing the powertrain. In this paper, a quasi-static model for
a hybrid powerplant is presented. The focus is on hybrid solutions utilizing proton exchange
membrane hydrogen fuel cells and batteries. This model can aid the design of powerplants for
new hybrid vehicles, or older ones waiting for a retrofit. The model is converted into a Matlab
software application for ease of use. Results produced by the model define the powerplant
composition and a series of factors, such as fuel cell degradation and hydrogen consumption,
that have an influence on running costs. The functionalities of the Matlab software appli-
cation based on the quasi-static model are demonstrated via one case study considering a
harbor tugboat. The results obtained can also be used to measure the technical and economic
feasibility of powertrain configurations. The presented model does not include effects related
to components aging as all the hardware is considered at beginning of life.

Nomenclature
Pop: Vehicle’s power demand [kW] Nbi-dir: Efficiency bi-directional converter
Py.: Power output single fuel cell kW] nge: Number of fuel cells

1

The transport industry has always focused on innovation to improve the design of vehicles, efficiency
of the powertrain, and reduce both production and running costs [1, 2]. In this paper the definition
of a vehicle is considered to be the most broad interpretation, where a vehicle is any machine able

Prcratea: Rated power fuel cell kW] ny: Number of batteries

Py,: Power output single battery kW] fror: Total simulation time [s]
ot

Py: Filtered power demand [kW]
ts: Sample time operational profile [s]
Py,: Constant power demand [kW]
Hpo: High power deg. rate [£Vh™]
Vie: Fuel cell voltage [V]
Lpo: L deg. rate [uVh™
Isc: Fuel cell current [A] po: Low power deg. rate [u ]

Ry: Fuel cell response time [s] Tl: Trans. loading deg. rate [uV/AkW]

Nie: Fuel cell efficiency thp: Time at high-power operation [s]
Nbe: Efficiency boost converter tip: Time at low-power operation [s]
Introduction

to transport people or cargo, including road, rail and sea transport.

Regulations on pollutants and greenhouse gas emissions [3, 4, 5] have recently influenced dif-
ferent sectors to gradually find alternative solutions to the internal combustion engines (ICE) for
power generation, and adopt hybrid or fully electric propulsion to improve the overall system

efficiency and reduce the environmental impact [6].



Electric drivetrains prove to be a versatile solution, allowing for the elimination of the me-
chanical connection between the prime mover and the wheels, or propeller, removing the direct
dependency between rotational speed of these elements and the engine crankshaft. This condi-
tion permits a more flexible load regulation, with the possibility to be as close as possible to the
maximum efficiency operational point, with consequent fuel savings [7].

The transition to electric drivetrains paves the way for the adoption of components such as
batteries, fuel cells and supercapacitors. These systems can be integrated into the vehicle’s electric
grid to replace ICEs for zero-emission operations. However, this transition presents many challenges
as these components do not have the same technological maturity as ICEs and are still being
developed at a fast pace. State of the art batteries still have relatively low energy density and are
limited by the recharge time [8, 9, 10]. Zero-emission vehicles requiring long range capabilities and
fast refuelling time need a more energy dense storage solution. For this use-case, hydrogen tanks
and a series of proton exchange membrane fuel cells (PEMFC) can be installed on the vehicle to
provide baseline energy or function as a complementary source of power when the batteries reach
a low state of charge (SOC) [11, 12].

The optimization of a hybrid powerplant with PEMFCs and batteries for different types of
vehicles is a non trivial task [13], as the choice of component sizing (CS) and energy management
strategy (EMS) heavily influences the performance of the vehicle, its running costs, and mainta-
nence intervals - among many other factors [14]. For this optimization it is important to consider
the power demand and the use-case of the vehicle in order to define the operational profile (OP).
The optimization also needs to comply with other design requirements such as footprint, weight
limitations, or budget limitations.

The quasi-static model presented in this paper was developed as the foundation for an software
application developed in Matlab. This software application aims to improve the design process
by providing the possibility to study powerplant configurations based on user selected parameters.
Different configurations can be saved and compared, verifying that they match with the require-
ments imposed for the powerplant, with the possibility to validate them in the dynamic model
presented in [15, 16].

The developed software application currently includes two Energy Management Systems (EMS)
both of the rule-based type, with 3 filters which are suitable for real-time control or hardware in
the loop testing. The presented version of the software application is tested via one case study
considering the operations of a harbor tugboat. The case study shows the capabilities of the model
including validation with real-world data and testing. In the case study, both the peak-shaving
strategy and the load-leveling strategy are tested. The model considers mostly ideal components
and does not include effects related to components aging. However, this could be included in a
later stage.

2 State-of-the-art for hydrogen powertrain models

The creation of models for the validation of a vehicle’s powertrain design through simulation of
the system is an area of strong interest in recent years. The access to cheap computational power
allows both researchers in academia, and engineers in the industry, to create digital models that
represent the system into consideration with different degrees of accuracy depending on the scope
of the model. Such digital models, when focusing on the powertrain, allow the study of power
generation, storage and distribution within the vessel’s electrical grid, in addition to the definitions
of factors that are impacted by the power flow.

Different types of models have been developed, over the years, to study powertrains including
proton exchange membrane fuel cells and batteries. Of particular interest are models developed
for the maritime industry with large power requirements, as the model described in this paper has
been developed to be used mainly for maritime vessels.

Several approaches consider a system with a predefined component sizing and mainly focus on
the study of operation optimization with different energy management strategies [17, 18, 19]. Other
approaches focus on the optimal sizing problem of the powertrain [20, 21] while neglecting the EMS
optimization or providing basic strategies [22]. There are publications where the component sizing
and energy management strategy were considered concurrently for the optimization of the entire
system [23, 24].

The large majority of these powertrain models are dynamic models, but quasi-static models
have also been developed as they offer faster computational time [25, 26].

The model described in this paper is a quasi-static model providing a platform for the quick-
sizing of the power system to be tested using the dynamic model developed in [15]. This model



also tries to fill the gap with respect to quasi-static models used for quick powertrain sizing before
validation on a dynamic model that is more resource intensive. The software application of a simple
quasi-static model can produce beneficial time saving effects when considering dynamic validation
through models or in laboratories for hardware in the loop testing.

3 Framework description

The presented software application was developed using Matlab, and compiled to operate as a
standalone software with graphic user interface (GUI). This software application is used to perform
the component sizing of a vehicle’s hybrid powerplant utilizing PEMFCs and batteries based on
the energy management strategy selected. The component sizing is here defined as the number
of powerplant components and relative rating or capacity. The focus is on the components that
produce, release and store electrical power. The sizing is performed evaluating a series of inputs
provided by the user (see Section 4). The sizing is also heavily dependent on the EMS adopted for
the considered use-case (see Section 5).

The software application is based on a quasi-static simulation model of the powerplant, en-
suring rapid execution time. The drawback of this approach is that the dynamic behavior of
the components is not taken into consideration and the results obtained represent a first-attempt
solution to the optimization problem that need to be validated in a dynamic simulation, before
implementation. Quasi-static simulations adopting the backward method are best suited for a fast
analysis and evaluation of the energy and power flow of the vehicle powerplant when computational
resources are limited (see Fig. 1).

This model was created to dimension hybrid powerplants, utilizing PEMFCs and batteries, for
different type of vehicles including cars, ships, transport trucks and locomotives. The possibility
to dimension powertrains in such different power ranges it is given by the inherent scalability
of hybrid systems. It is considered that to achieve the user-defined power level it is possible to
connect multiple PEMFCs stacks in parallel to reach the desired output. The same approach
with the parallel connection can be considered for commercial battery modules. This condition
determines a scalability relation that can be considered linear with respect to the power output.

Vehicle load (electrical
or mechanical)

Drive & load cycles Cycle inputs——»| Electrical power—— Powerplant

Figure 1: Flowchart representing the quasi-static energy based model (backward method) for
vehicle simulation

4 Inputs and configuration

The software application requires a series of user inputs that are typed or uploaded using the GUI
(see Fig. 5). The first input is the operational profile of the vehicle considered. The operational
profile is an array of values defining the power demand during a considered time interval. In this
paper, it is considered that the operational profile represents the power demand at the DC-Bus level,
before the distribution to propulsion motors and auxiliary loads. For this reason the efficiency of the
electrical grid is considered only up to the DC-Bus, including boost and bi-directional converters,
but no inverters, variable speed drives or induction motors.

If the software application is used to configure a new powerplant for the zero-emission retrofit
of a vehicle currently in active service, the operational profile can be sampled during operations
by measuring the power output required over a specific transit route. The collection of the power
data defining the OP sets a target power output for the hybrid zero-emission plant.

The second input needed is the sample rate of the operational profile. The sample rate influences
the accuracy of the calculated results, and should be in the order of seconds to allow a correct
calculation of the PEMFC transient response and degradation.

Further input is required to define the model of PEMFC selected for the specific system consid-
ered. As fuel cell stacks come in pre-packaged commercial units with pre-defined power outputs,
the choice was made to have the user specify the fuel cells parameters for the model taken into
consideration. The PEMFC characterization is carried out defining the voltage variation and the



efficiency against the current in the operational range of the unit (see Fig. 2). The resulting power
curve of the unit can be calculated from the obtained data. Such curves are available on datasheets
or can be obtained experimentally with simple measuring equipment.

The definition of a specific PEMFC type provides some boundary conditions for the optimiza-
tion of the powerplant, where the developed algorithm is tasked with the calculation of the number
of PEMFC stacks needed to perform the imposed power demand.
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Figure 2: Efficiency (left) and Voltage (center) curve of the selected model of PEMFC. Allows the
calculation of the PEMFC power curve (right)

The battery is not defined through user input and its capacity and C-rate is considered as a vari-
able of the optimization problem. The battery characteristics are therefore determined indirectly
once the PEMFC stacks output is calculated.

The PEMFC response time, considered as the time the unit needs to go back to stability after a
period of transient loading, is an optional user-input that allows to filter out solutions that produce
configurations where the required PEMFC response time is shorter than the one indicated by the
manufacturer.

The number of PEMFC units or the size of the battery can be limited taking into account
possible limitations in the available footprint of the vehicle or the relative cost of the powerplant.
The limitation is introduced, for the PEMFCs, by specifying the maximum number of units that
can be installed, and for the battery by specifying the maximum capacity.

5 Energy management strategy

The component sizing for the hybrid powerplant is dependent on the type of energy management
strategy (EMS) selected. The EMS controls the energy production, distribution, and storage in a
vehicle’s electrical grid. This control is performed through the definition of a load-sharing strategy.
The load-sharing strategy determines how the vehicle’s total power demand (P,p), defined by the
operational profile, is split between the PEMFCs and batteries. In this case the focus is on
determining the load-share allocated to the PEMFCs utilized by the system. The battery is used
to compensate the power deficit or surplus in the vehicles electrical grid during operations, ensuring
that the power demand is always met.

The EMSs considered in this study are categorized as rule-based deterministic strategies, and
are characterized through a series of pre-set rules that do not change during the simulation [27].
These rules determine the load-sharing strategy for each operational point.

The first EMS considered in this study is based on a load-leveling strategy. In this strategy
the power produced by all the PEMFC stacks in the system (Pfetot) is constant throughout the
simulation, fixed at a predetermined value (Pr). The value of P1, can be either calculated, using
Equation 1, to determine a balanced solution in terms of powerplant footprint, or defined by the
user, for sub-optimal solutions that comply with this condition.

n

1
Pretor = Pre nge = P, = — Z(Popts) (1)

t
tot =0

The second EMS considered is based on a peak-shaving strategy. In this strategy the power
output produced by all the PEMFCs of the system (Pfctot) is calculated by applying a low pass



filter onto the operational profile in order to smooth high frequency transients (see Equation 2).
The resulting filtered PEMFC power output is defined as Pk.

Prctor = Pe ne = Py = filtcT(Pop) (2)

In the current version of the software application three filters are included: Butterworth, Gaussian
or Chebyshev. Each filter has a different frequency response curve, providing different smoothing
options for the OP. For example, the Butterworth filter rolls off more slowly around the cutoff
frequency than the Chebyshev filter, but there is no ripple (see Fig. 3).
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Figure 3: Frequency response curves of Butterworth filter and Chebyshev filter compared, each
one as 5th order filter.

Each considered filter is defined by a two parameters that are considered as variables in the
model, iterating among possible combinations. For the Butterworth filter the parameters are
Order and Cut-Off frequency; for the Gaussian filter are Smoothing kernel and standard deviation
(default is 0.5); and for the Chebyshev filter are Normalized pass-band edge frequency and decibels
of peak-to-peak pass-band ripple. Each filter performs differently, with distinct responses to high
frequency transient loading conditions. The amount of possible solutions obtained using each filter
can be expanded or restricted by defining the range of variation for the filters parameters to be
considered.

A specific EMSs is chosen considering the primary factors that need to be optimized in the
powerplant configuration. A Load-Leveling EMS allows the fuel cell to operate at a constant output
producing extremely low values of degradation but requiring more footprint for large batteries
to compensate for the wider load range variations. The Peak Shaving EMSs, filtering out high
frequency transients allows for a smaller footprint than load-leveling, while keeping the degradation
values low.

6 Powerplant simulation model
In this section is described the set of equations upon which the model, and software application,

are built. These equations are used to perform a simulation of the system, processing the input
data provided by the user.
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Figure 4: Flowchart describing the simulation process



The PEMFC is modelled as a serial circuit of an ideal voltage source, Vicigeal and a total
internal resistance Rg.. The PEMFC behavior is defined, during the simulation, using the voltage
and efficiency data provided as input (see Fig. 2).

Pfc(t) = Vfc(t) Ifc(t) = Vfc-ideal(t) Ifc—ideal(t) Ntc (3)

The model for the battery, similarly to the one of the fuel cells, is a simplified model. The
battery is considered as an ideal energy storage, capable of storing and delivering power with
an instant response time. No serial resistance is considered in this case determining an Ohmic
efficiency of 100%. No thermal effects are considered. The choice of considering the battery
as an ideal energy storage was determined by the intention to not tie the calculation to any
specific battery technology, as each technology (e.g. Ni-Mh, Li-Ion, AGM) has different internal
characteristics and efficiency values.

The model is based on the assumption, represented by the system of Equations 4, that in an
isolated vehicle’s grid the power demand imposed determined by the OP at each time-step (Pop(t)),
is equal to the sum of the PEMFCs and batteries output, multiplied for the respective efficiency
factors that reduce the power output.

Pop(t) = Pre-tot(t) Mbe + Potot (t) Mvicdir

Pretor = Prenge = (Pre-ideal M) Nfe @)
Phtot = Punp = (Phideal 1) 1

0 < Pe < Prerated

The EMS strategy, selected by the user, is used to calculate the value of Pg.to1 at each instant
using Equation 1 in the case of the load-leveling strategy, or Equation 2 in the case of the peak
shaving strategy, after specifying the type of filter. The definition of Pyt allows the calculation
of the number of PEMFCs required to satisfy the load demand. This value is calculated using
Equation 5.

ngc = 7naw(Pfc—tot)/Pfc—rated (5)

The definition of the number of PEMFCs (npc) can be used to define the power output of the
single PEMFC (Ps.). This allows the estimation of the degradation for the single PEMFC unit.
The accurate calculation of the degradation is challenging as there is only a limited number of
articles in the literature presenting degradation studies for PEMFC stacks. The articles utilized
here for the estimation of the degradation are Fletcher et al. [28], considering a 4.8 kW PEMFC,
and Chen et al. [29], considering a 10 kW PEMFC. Both articles consider stacks with a lower
rated output than the one considered in the case studies presented (see Table 2). While the values
do not have an influence on the formulation of the equation used to calculate the degradation, it is
important to adapt these values to match the power output rating of the fuel cell stack considered
in the case-studies to obtain meaningful results.

The values considered for the stack described in Table 2 for low and high power operations
are the one obtained by Fletcher et al.; the value for transient loading degradation is recalculated
using the article Chen et al. as a baseline. In [29] the transient loading degradation is identified
using a value that defines the degradation produced at each cycle when passing from idling (10 <
% Load) to high power load conditions ( ~ 100 % Load). Considering the nominal power of the
stack (10 kW) and the load variation it is possible to obtain a value of 0.045 V/Akw in this case.

Table 1: Degradation values used in the developed model for the 100 kW PEM fuel cell

Operating Conditions Degradation Rate
Low power op. (80 < % Load) 10.17 pVhT
High power op. (> 80 % Load) 11.74 pVht

Transient loading 0.0042 pV/AKkW
Start /stop 23.91 uV /cycle

As it is possible to assume that the 100 kW stack considered in Table 2 is built combining multiple
identical cells with the same current density as the one utilized for the stack with a 10 kW output,
the value for transient loading degradation is recalculated. The new value has to take into consid-
eration that the nominal power output is 10 times higher, modifying the AkW range. With this



considered it is possible to determine a value over the new range that is equal to 0.0042 pV/Akw
(see Table 1).

The calculation of the degradation (ds.) using Equation 6 is done considering the low power
degradation interval, the high power degradation interval and transient loading degradation. The
total degradation value at the end of the considered time interval is equal to the sum of the three
components. No start/stop phase is considered.

n
dse = Hpo tuy + Lpo ty, + Y _(|Pec(t) — Pre(t — 1)| T1) (6)
t=0

The hydrogen consumption (Consy,) of the single PEMFC can be estimated using Equation 7.
The efficiency data provided as input are interpolated and used to calculate the efficiency value at
which the PEMFC operates at each time-step (7¢.) of the simulation. The value of the hydrogen
energy density, equal to 120 MJ/kg or 33.6 kWh/kg, is used to estimate the consumption for each

time-step.

n
Pfa(t) L
c = '
ot ; Hjy Energy Density nr(t) "

The battery capacity that needs to be installed in the powerplant to satisfy the power demand
at each time-step is calculated as a function of Pg. 0. The battery compensates for operational
conditions where the PEMFC output determines a power deficit by releasing power, and for con-
ditions where the PEMFC output determines a power surplus by storing power. The value for
battery power P}, at each time-step, calculated using Equation 8 can be either positive or negative
according to conditions of power surplus or deficit, determining a recharge state or a discharge
state.

Pop(t) - Pfc—tot(t) MNbe
Nb Mbi-dir

Py(t) = ®)
The value representing the quantity of energy stored inside the battery at each time-stem during
operations is calculated using Equation 9.

n
E(t) =Y (Py(t) ts) 9)
t=0
The minimum battery capacity C}y, required to satisfy the power demand imposed by the opera-
tional profile is calculated using Equation 10.

Cy, = maz(E(t)) + |min(E(t))| (10)

Knowing that the energy stored inside the battery cannot be negative, it is possible to calculate
the amount of energy that has to be stored in the battery at the beginning of operations (Esggart)-
This value determines the minimum initial state of charge (SOC) of the battery.

An optional function is included in the model to verify that the load variation happening during
a time-window that is equal to the PEMFC response time (R;), is compatible with the technical
limits of the unit imposed by the manufacturer, and specified by the user. This option is used with
the peak-shaving strategy.

To perform this evaluation the condition represented in Equation 12 needs to be satisfied. This
means that 2 or more power-data samples need to be available within the time-window considered
to analyze the load variation (U(n)).

2<fh_yyen (12)
ls
If the calculation of y does not return an integer number, the result is rounded to the nearest integer
greater than, or equal to that element. This produces a conservative evaluation with respect to
the PEMFC response as the length of each time window where U is evaluated is longer than the
actual PEMFC response time.

The load variation during the time-window defined by R; is calculated using Equation 13.

U(n) = |Pre(y +n) = Pre(n)]| (13)



Every element of the U(n) array has to be lower than the maximum acceptable U value specified
by the user for the case study, between 0 and the rated Pgc_;ated, for the solution to be considered
valid.
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Figure 5: GUI of the model based software application containing the simulation results

7 Case study

In this section is presented a case study where the software application is used to calculate two
possible powerplant configuration for the conversion of an harbor tugboat from diesel-electric to a
hybrid zero-emission system utilizing PEMFCs and batteries.

The PEMFC stack selected as the main power source for both cases has the characteristics listed
in Table 2. The data required for the characterization of stack are obtained from the datasheet of
the unit. The efficiency curve and the voltage curve are plotted and can be observed in Figure 2.
The PEMFC response time for this type of unit is assumed, with a conservative estimate, to be
around 8s.

The values used for the efficiency of the boost converter (nnc), connecting the PEMFC to
the grid, and relative to the bi-directional converter (fuiair), connecting the battery to the grid
are respectively 0.98 and 0.95. These values are considered constant during operations and are
determined using the efficiency of components in the analyzed power range, as an average between
conditions at low load, determining low efficiency, and conditions at high load, determining high
efficiency.

Table 2: Parameters from a commercial PEMFC model used to define the operational capabilities
of the unit in the quasi-static model

Rated power (Pfcrated) 100kW
Gross output at rated power 320 V / 350 A
Peak power EOL,OCV @QBOL 250,500 V

System efficiency (Peak, BOL) 62%
System efficiency (BOL) 50%
Response time (tg) 8s

The considered tugboat is currently propelled by two diesel engines with a combined output of
2648 kW, ensuring a cruising speed of approximately 14 knots and a bollard pull of 48 tons. The
operational profile considered in this case study is relative to 3 hours and 15 minutes of operations.
In this time interval the tugboat operates inside the harbor taking part in the procedure of pulling
a crude oil carrier leaving port.



The first powerplant configuration is calculated using the peak shaving EMS, with the OP
filtered using a Butterworth filter (see Fig. 7). The OP has a sample rate of 1 second.
The software application iterates through different combinations of filter’s order and cut-off fre-
quencies to find all the possible load-sharing solutions, defining Pgc t0t(t). The values found are
utilized in the model described in Section 6 to define the powerplant configuration. The solutions
that comply with the conditions imposed in Equation 12, where the maximum value of U is set
equal to Prepated, are considered suitable for this case.

Figure 6: Tugboat of the same class of the one used in the study.

One solution that complies with the requirements set by the user, is a configuration using the
Butterworth filter of order 5 and cut off-frequency of 0.01 Hz. The filtered operational profile can
be observed in Figure 7.
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Figure 7: Operational profile of the harbor tugboat before and after filtering

The loading conditions that the single fuel cell stack experiences during the simulation can be
observed in Figure 8. The number of fuel cell stacks needed to comply with the power demand
calculated is equal to 22 PEMFC stacks, for a total rated power output of 2200 kW.

Based on the operational conditions on the fuel cell stack, the single fuel cell experiences a
degradation that is equal to 83.74 pV. The hydrogen consumption of the single PEMFC stack is
calculated to be equal to 3.11 kg, for a total hydrogen consumption of approximately 68 kg of
hydrogen during the 3.2 hours of heavy operations considered.

With these filter parameters, the resulting minimum battery capacity calculated is equal to 81
kWh, with a peak power demand of 1303 kW. The power supply and demand can be observed
in Figure 9. The estimated variation of energy content insider the battery of the tugboat can be
observed in Figure 10. Considering the limitations in the depth of discharge it is recommended to
increase the battery capacity to 130.5 kWh. This recommended capacity is calculated considering
an interval for the state-of-charge between 20% and 80%, operating in the ohmic loss region of the
battery’s polarization curve, to reduce battery degradation.

Considering the peak power demand and the recommended battery capacity value, it is possible
to calculate the C-Rate value that is approximately 10C. The recommended battery capacity



calculated can be further increased by the user analyzing the results, to bring this value down and
to match the technical specifications of the battery cells that are considered for this use-case.

500 Voltage output single PEMFC stack
) ‘
= 400
S
s

2 25 3

0 05 1 15
Time [h]
Current output single PEMFC stack
_ T T T == T
<
£ 200
I3
E 100
o
0 I
0 05 1 15 2 25 3
Time [h]
100 Power output single PEMFC stack
g
=,
§ 50
E I/ AN NS ‘
0 05 1 15 2 25 3
Time [h]

Figure 8: Single PEMFC stack load during the simulation

The presented solution is just one of possible configurations that can be obtained with the

filtration of the OP using a Butterworth filter and comply with the user specifications.

The

execution time for the calculation is approximately 75 seconds, allowing the user to try multiple
configurations in a relative short time span.
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Figure 9: Power I/O for the battery of the tugboat with peak-shaving EMS
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As a comparison, the configuration of a powerplant utilizing the load-leveling EMS is presented.
In this configuration the 5 required PEMFC stacks operate at a constant 88.31kW at an efficiency
of approximately 53%. The stack degradation calculated during operations is equal to 35.13 uV.
The hydrogen consumption of the single PEMFC stack is calculated to be equal to 15.9 kg, for
a total hydrogen consumption of approximately 79 kg of hydrogen during the 3.2 hours of heavy
operations considered. The result is, in this case, higher in terms of total hydrogen consumption
as the fuel cell operates for a longer period of time at a lower median efficiency rate compared to
the one in the peak shaving strategy.

The resulting minimum battery capacity calculated is equal to 246.29 kWh, with a peak power
demand of 1762.7 kW. The power supply and demand can be observed in Figure 11. The esti-
mated variation of energy content insider the battery of the tugboat can be observed in Figure 12.
Considering the limitations in the depth of discharge it is recommended to increase the battery
capacity to 395 kWh. This recommended capacity is calculated considering an interval for the
state-of-charge between 20% and 80%. Considering the peak power demand and the recommended
battery capacity value, it is possible to calculate the C-Rate value that is approximately 4C.
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Figure 11: Power I/O for the battery of the tugboat with load-leveling EMS
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Figure 12: Energy variation in the battery of the tugboat with load-leveling EMS

8 Discussion

The presented case study shows how the developed software application, based on the presented
model, allows the user to evaluate different hybrid powerplant solutions starting from the opera-
tional profile and the selection of a commercial PEMFC. The obtained results are necessary to make
an evaluation on the technical and economic feasibility of a hybrid solution utilizing fuel cells and
batteries for a specific use case. Technical feasibility can be evaluated, for example, considering the
vehicles available space and weight for the engine compartment, and comparing it to the number of
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PEMFCs and the battery size calculated. Another technical factor that can be evaluated using the
results include the estimated size of the hydrogen storage based on the calculated consumption.
Economic feasibility can be estimated using, for example, the consumption of hydrogen to calculate
the cost of daily operations or the degradation values to estimate maintanence costs. The software
application is successful in its task in the two analyzed use cases, producing results in line with
pre-calculated estimates, and allowing the user to perform the aforementioned evaluations of the
powerplant.

Multiple are the developments possible for this type of software application,including the im-
plementation of additional types of EMS, the further development of the battery model to consider
the response time, efficiency, and polarization curve for the different battery models. The main
goal at the end of the software application development is to provide a tool with a comprehensive
set of option for designers and engineers in charge of the design of hydrogen vehicles.

9 Conclusions

The development of a software application which defines powerplant configurations based on the
operational profile is an important step towards simplifying the design process of zero-emission
vehicles. This current version of the software application is targeted at vehicles equipped with
proton exchange membrane fuel cells and batteries across different transport sectors.

Being able to quickly calculate the number of fuel cells and the size of the battery allows the
user to assess the footprint needed on the vehicle for the power generation and storage components.
This is important in the design of new vehicles, but particularly relevant for zero-emission retrofit
projects where the usable footprint may be limited.

Calculating the number and type of components also plays an important role in the quantifi-
cation of the initial investment needed for the installation of such components. Running costs can
be estimated as a function of hydrogen consumption, and maintenance costs can be quantified by
taking into consideration the degradation of the PEMFCs.

The developed software application provides results that are useful both in a research envi-
ronment and in an industrial environment. Values calculated can be used by researchers working
on topics influenced by the composition of the powertrain, such as those considering the vehicle
weight distribution or aero/fluid dynamic performances. In an industrial environment the results
can be used to evaluate the feasibility of an investment and the time needed to realize a return on
investment.

Future work can be dedicated to improve the software application, introducing new features
and functions to extend it’s capabilities. The ultimate goal is to create a comprehensive tool that
can aid in the transition to clean energy carriers or energy sources, thus reducing pollution and
greenhouse gas emissions in cities and coastal areas and helping to preserve the environment and
the health of the human population.
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Control of Marine Propellers. From Normal to
Extreme Conditions. (Dr.Ing. Thesis)

Experimental Investigation of Wave Induced
Vibrations and Their Effect on the Fatigue Loading
of Ships. (Dr.Ing. Thesis)

A Boundary Element Method Applied to Strongly
Nonlinear Wave-Body Interaction Problems. (PhD
Thesis, CeSOS)

Modelling and Control of Top Tensioned Risers.
(PhD Thesis, CeSOS)

Modelling flexible slender system for real-time
simulations and control applications

Modelling and control of tensegrity structures.



IMT-
2007-26

IMT-
2007-27

IMT-
2007-28

IMT-
2008-29

IMT-
2008-30

IMT-
2008-31

IMT-
2008-32

IMT-
2008-33

IMT-
2008-34

IMT-
2007-35

IMT-
2008-36

IMT-
2008-37

IMT-
2008-38

IMT-
2008-39

IMT-
2008-40

IMT-
2008-41

Aronsen, Kristoffer Hoye

Gao, Zhen

Thorstensen, Tom Anders

Refsnes, Jon Erling Gorset

Berntsen, Per Ivar B.

Ye, Naiquan

Radan, Damir

Thomassen, Paul

Pékozdi, Csaba

Gryteyr, Guttorm

Drummen, Ingo

Skejic, Renato

Harlem, Alf

Alsos, Hagbart S.

Graczyk, Mateusz

Taghipour, Reza

(PhD Thesis, CeSOS)

An experimental investigation of in-line and
combined inline and cross flow vortex induced
vibrations. (Dr. avhandling, IMT)

Stochastic Response Analysis of Mooring Systems
with Emphasis on Frequency-domain Analysis of
Fatigue due to Wide-band Response Processes
(PhD Thesis, CeSOS)

Lifetime Profit Modelling of Ageing Systems
Utilizing Information about Technical Condition.
(Dr.ing. thesis, IMT)

Nonlinear Model-Based Control of Slender Body
AUVs (PhD Thesis, IMT)

Structural Reliability Based Position Mooring.
(PhD-Thesis, IMT)

Fatigue Assessment of Aluminium Welded Box-
stiffener Joints in Ships (Dr.ing. thesis, IMT)

Integrated Control of Marine Electrical Power
Systems. (PhD-Thesis, IMT)

Methods for Dynamic Response Analysis and
Fatigue Life Estimation of Floating Fish Cages.
(Dr.ing. thesis, IMT)

A Smoothed Particle Hydrodynamics Study of
Two-dimensional Nonlinear Sloshing in
Rectangular Tanks. (Dr.ing.thesis, IMT/ CeSOS)

A Higher-Order Boundary Element Method and
Applications  to Marine Hydrodynamics.
(Dr.ing.thesis, IMT)

Experimental and Numerical Investigation of
Nonlinear ~Wave-Induced Load Effects in
Containerships considering Hydroelasticity. (PhD
thesis, CeSOS)

Maneuvering and Seakeeping of a Singel Ship and
of Two Ships in Interaction. (PhD-Thesis, CeSOS)

An Age-Based Replacement Model for Repairable
Systems with Attention to High-Speed Marine
Diesel Engines. (PhD-Thesis, IMT)

Ship Grounding. Analysis of Ductile Fracture,
Bottom Damage and Hull Girder Response. (PhD-
thesis, IMT)

Experimental Investigation of Sloshing Loading
and Load Effects in Membrane LNG Tanks
Subjected to Random Excitation. (PhD-thesis,
CeSOS)

Efficient Prediction of Dynamic Response for
Flexible amd Multi-body Marine Structures. (PhD-

10



IMT-
2008-42

IMT-
2008-43

IMT-
2008-44

IMT-
2009-45

IMT-
2009-46

IMT-
2009-47

IMT-
2009-48

IMT-
2009-49

IMT-
2009-50

IMT-
2009-51

IMT-
2009-52

IMT-
2009-53

IMT-
2009-54

IMT
2009-55

IMT
2009-56

IMT
2009-57

IMT
2010-58

Ruth, Eivind

Nystad, Bent Helge

Soni, Prashant Kumar

Amlashi, Hadi K.K.

Pedersen, Tom Arne

Kristiansen, Trygve

Ong, Muk Chen

Hong, Lin

Koushan, Kamran

Korsvik, Jarl Eirik

Lee, Jihoon

Vestbestad, Tone Gran

Bruun, Kristine

Holstad, Anders

Ayala-Uraga, Efren

Kong, Xiangjun

Kristiansen, David

thesis, CeSOS)

Propulsion control and thrust allocation on marine
vessels. (PhD thesis, CeSOS)

Technical Condition Indexes and Remaining Useful
Life of Aggregated Systems. PhD thesis, IMT

Hydrodynamic Coefficients for Vortex Induced
Vibrations of Flexible Beams, PhD
thesis, CeSOS

Ultimate Strength and Reliability-based Design of
Ship Hulls with Emphasis on Combined Global and
Local Loads. PhD Thesis, IMT

Bond Graph Modelling of Marine Power Systems.
PhD Thesis, IMT

Two-Dimensional Numerical and Experimental
Studies of Piston-Mode Resonance. PhD-Thesis,
CeSOS

Applications of a Standard High Reynolds Number
Model and a Stochastic Scour Prediction Model for
Marine Structures. PhD-thesis, IMT

Simplified Analysis and Design of Ships subjected
to Collision and Grounding. PhD-thesis, IMT

Vortex Induced Vibrations of Free Span Pipelines,
PhD thesis, IMT

Heuristic  Methods for Ship Routing and
Scheduling. PhD-thesis, IMT

Experimental Investigation and Numerical in
Analyzing the Ocean Current Displacement of
Longlines. Ph.d.-Thesis, IMT.

A Numerical Study of Wave-in-Deck Impact usin a
Two-Dimensional Constrained Interpolation Profile
Method, Ph.d.thesis, CeSOS.

Bond Graph Modelling of Fuel Cells for Marine
Power Plants. Ph.d.-thesis, IMT

Numerical Investigation of Turbulence in a Sekwed
Three-Dimensional Channel Flow, Ph.d.-thesis,
IMT.

Reliability-Based Assessment of Deteriorating
Ship-shaped Offshore Structures, Ph.d.-thesis, IMT

A Numerical Study of a Damaged Ship in Beam
Sea Waves. Ph.d.-thesis, IMT/CeSOS.

Wave Induced Effects on Floaters of Aquaculture
Plants, Ph.d.-thesis, CeSOS.
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IMT
2010-59

IMT
2010-60

IMT
2010- 61

IMT
2010-62

IMT
2010-63
IMT
2010-64

IMT
2010-65

IMT
2010-66

IMT
2010-67

IMT
2010-68

IMT
2011-69

IMT -
2011-70

IMT —
2011-71

IMT —
2011-72

IMT —
2011-73

IMT —
2011-74

IMT —
2011-75

Ludvigsen, Martin

Hals, Jorgen

Shu, Zhi

Shao, Yanlin

Califano, Andrea

El Khoury, George

Seim, Knut Sponheim

Jia, Huirong

Jiao, Linlin

Abrahamsen, Bjorn Christian

Karimirad, Madjid

Erlend Meland

Yang, Limin

Visscher, Jan

Su, Biao

Liu, Zhenhui

Aarsather, Karl Gunnar

An ROV-Toolbox for Optical and Acoustic
Scientific Seabed Investigation. Ph.d.-thesis IMT.

Modelling and Phase Control of Wave-Energy
Converters. Ph.d.thesis, CeSOS.

Uncertainty Assessment of Wave Loads and
Ultimate Strength of Tankers and Bulk Carriers in a
Reliability Framework. Ph.d. Thesis, IMT/ CeSOS

Numerical Potential-Flow Studies on Weakly-
Nonlinear Wave-Body Interactions with/without
Small Forward Speed, Ph.d.thesis,CeSOS.

Dynamic Loads on Marine Propellers due to
Intermittent Ventilation. Ph.d.thesis, IMT.
Numerical Simulations of Massively Separated
Turbulent Flows, Ph.d.-thesis, IMT

Mixing Process in Dense Overflows with Emphasis
on the Faroe Bank Channel Overflow. Ph.d.thesis,
IMT

Structural Analysis of Intect and Damaged Ships in
a Collission Risk Analysis Perspective. Ph.d.thesis
CeSoS.

Wave-Induced Effects on a Pontoon-type Very
Large Floating Structures (VLFS). Ph.D.-thesis,
CeSOS.

Sloshing Induced Tank Roof with Entrapped Air
Pocket. Ph.d.thesis, CeSOS.

Stochastic Dynamic Response Analysis of Spar-
Type Wind Turbines with Catenary or Taut
Mooring Systems. Ph.d.-thesis, CeSOS.

Condition Monitoring of Safety Critical Valves.
Ph.d.-thesis, IMT.

Stochastic Dynamic System Analysis of Wave
Energy Converter with Hydraulic Power Take-Off,
with Particular Reference to Wear Damage
Analysis, Ph.d. Thesis, CeSOS.

Application of Particla Image Velocimetry on
Turbulent Marine Flows, Ph.d.Thesis, IMT.

Numerical Predictions of Global and Local Ice
Loads on Ships. Ph.d.Thesis, CeSOS.

Analytical and Numerical Analysis of Iceberg
Collision with Ship Structures. Ph.d.Thesis, IMT.

Modeling and Analysis of Ship Traffic by
Observation and Numerical Simulation.
Ph.d.Thesis, IMT.
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Imt —
2011-76

Imt —
2011-77

IMT —
2011-78

IMT-
2011-79

IMT-
2011-80

IMT-
2011-81

IMT-
2012-82

IMT-
2012-83

IMT-
2012-84

IMT-
2012-85

IMT-
2012-86

IMT-
2012-87

IMT-
2012-88

IMT-
2012-89

IMT-
2012-90

IMT-
2012-91

IMT-
2013-1

Wu, Jie

Amini, Hamid

Nguyen, Tan-Hoi

Tavakoli, Mohammad T.

Guo, Bingjie

Chen, Qiaofeng

Kota, Ravikiran S.

Sten, Ronny

Berle, @yvind

Fang, Shaoji

You, Jikun

Xiang ,Xu

Dong, Wenbin

Zhu, Suji

Zhou, Li

Ushakov, Sergey

Yin, Decao

Hydrodynamic Force Identification from Stochastic
Vortex Induced Vibration Experiments with
Slender Beams. Ph.d.Thesis, IMT.

Azimuth Propulsors in Off-design Conditions.
Ph.d.Thesis, IMT.

Toward a System of Real-Time Prediction and
Monitoring of Bottom Damage Conditions During
Ship Grounding. Ph.d.thesis, IMT.

Assessment of Oil Spill in Ship Collision and
Grounding, Ph.d.thesis, IMT.

Numerical and Experimental Investigation of
Added Resistance in Waves. Ph.d.Thesis, IMT.

Ultimate ~ Strength  of  Aluminium  Panels,
considering HAZ Effects, IMT

Wave Loads on Decks of Offshore Structures in
Random Seas, CeSOS.

Dynamic Simulation of Deep Water Drilling Risers
with Heave Compensating System, IMT.

Risk and resilience in global maritime supply
chains, IMT.

Fault Tolerant Position Mooring Control Based on
Structural Reliability, CeSOS.

Numerical studies on wave forces and moored ship
motions in intermediate and shallow water, CeSOS.

Maneuvering of two interacting ships in waves,
CeSOS

Time-domain fatigue response and reliability
analysis of offshore wind turbines with emphasis on
welded tubular joints and gear components, CeSOS

Investigation of Wave-Induced Nonlinear Load
Effects in Open Ships considering Hull Girder
Vibrations in Bending and Torsion, CeSOS

Numerical and Experimental Investigation of
Station-keeping in Level Ice, CeSOS

Particulate matter emission characteristics from
diesel enignes operating on conventional and
alternative marine fuels, IMT

Experimental and Numerical Analysis of Combined
In-line and Cross-flow Vortex Induced Vibrations,
CeSOS
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IMT-
2013-2

IMT-
2013-3

IMT-
2013-4

IMT-
2013-5

IMT-
2013-6

IMT-7-
2013

IMT-8-
2013

IMT-9-
2013

IMT-10-
2013

IMT-11-
2013

IMT-12-
2013

IMT-13-
2013

IMT-14-
2013
IMT-15-
2013

IMT-16-
2013

IMT-17-
2013

IMT-18-
2013

IMT-19-
2013

Kurniawan, Adi

Al Ryati, Nabil

Firoozkoohi, Reza

Ommani, Babak

Xing, Yihan

Balland, Océane

Yang, Dan

Abdillah, Suyuthi

Ramirez, Pedro Agustin Pérez

Chuang, Zhenju

Etemaddar, Mahmoud

Lindstad, Haakon

Haris, Sabril

Shainee, Mohamed

Gansel, Lars

Gaspar, Henrique

Thys, Maxime

Aglen, Ida

Modelling and geometry optimisation of wave
energy converters, CeSOS

Technical condition indexes doe auxiliary marine
diesel engines, IMT

Experimental, numerical and analytical
investigation of the effect of screens on sloshing,
CeSOS

Potential-Flow Predictions of a Semi-Displacement
Vessel Including Applications to Calm Water
Broaching, CeSOS

Modelling and analysis of the gearbox in a floating
spar-type wind turbine, CeSOS

Optimization models for reducing air emissions
from ships, IMT

Transitional wake flow behind an inclined flat
plate-----Computation and analysis, IMT

Prediction of Extreme Loads and Fatigue Damage
for a Ship Hull due to Ice Action, IMT

Ageing management and life extension of technical
systems-

Concepts and methods applied to oil and gas
facilities, IMT

Experimental and Numerical Investigation of Speed
Loss due to Seakeeping and Maneuvering. IMT

Load and Response Analysis of Wind Turbines
under Atmospheric Icing and Controller System
Faults with Emphasis on Spar Type Floating Wind
Turbines, IMT

Strategies and measures for reducing maritime CO2
emissons, IMT

Damage interaction analysis of ship collisions, IMT

Conceptual Design, Numerical and Experimental
Investigation of a SPM Cage Concept for Offshore
Mariculture, IMT

Flow past porous cylinders and effects of
biofouling and fish behavior on the flow in and
around Atlantic salmon net cages, IMT

Handling Aspects of Complexity in Conceptual
Ship Design, IMT

Theoretical and Experimental Investigation of a
Free Running Fishing Vessel at Small Frequency of
Encounter, CeSOS

VIV in Free Spanning Pipelines, CeSOS

14



IMT-1-
2014

IMT-2-
2014

IMT-3-
2014

IMT-4-
2014

IMT-5-
2014

IMT-6-
2014

IMT-7-
2014

IMT-8-
2014

IMT-9-
2014

IMT-10-
2014
IMT-11-
2014

IMT-12-
2014

IMT-13-
2014
IMT-14-
2014

IMT-1-
2015

IMT-2-
2015

IMT-3-
2015

IMT-4-
2015

Song, An

Rogne, Qyvind Ygre

Dai, Lijuan

Bachynski, Erin Elizabeth

Wang, Jingbo

Kim, Ekaterina

Tan, Xiang

Muliawan, Made Jaya

Jiang, Zhiyu

Dukan, Fredrik

Grimsmo, Nils L.

Kvittem, Marit 1.

Akhtar, Juned

Syahroni, Nur

Beckmann, Eirik

Wang, Kai

Fredriksen, Arnt Gunvald

Jose Patricio Gallardo Canabes

Theoretical and experimental studies of wave
diffraction and radiation loads on a horizontally
submerged perforated plate, CeSOS

Numerical and Experimental Investigation of a
Hinged 5-body Wave Energy Converter, CeSOS

Safe and efficient operation and maintenance of
offshore wind farms ,IMT

Design and Dynamic Analysis of Tension Leg
Platform Wind Turbines, CeSOS

Water Entry of Freefall Wedged — Wedge motions
and Cavity Dynamics, CeSOS

Experimental and numerical studies related to the
coupled behavior of ice mass and steel structures
during accidental collisions, IMT

Numerical investigation of ship’s continuous- mode
icebreaking in leverl ice, CeSOS

Design and Analysis of Combined Floating Wave
and Wind Power Facilities, with Emphasis on
Extreme Load Effects of the Mooring System,
CeSOS

Long-term response analysis of wind turbines with
an emphasis on fault and shutdown conditions, IMT

ROV Motion Control Systems, IMT

Dynamic simulations of hydraulic cylinder for
heave compensation of deep water drilling risers,
IMT

Modelling and response analysis for fatigue design
of a semisubmersible wind turbine, CeSOS

The Effects of Human Fatigue on Risk at Sea, IMT

Fatigue Assessment of Welded Joints Taking into
Account Effects of Residual Stress, IMT

Wave Propulsion of ships, IMT

Modelling and dynamic analysis of a semi-
submersible floating vertical axis wind turbine,
CeSOS

A numerical and experimental study of a two-
dimensional body with moonpool in waves and
current, CeSOS

Numerical studies of viscous flow around bluff
bodies, IMT
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IMT-5-
2015

IMT-6-
2015

IMT-7-
2015

IMT-8-
2015

IMT-9-
2015

IMT-10-
2015

IMT-11-
2015

IMT-12-
2015

IMT-13-
2015

IMT-14-
2015

IMT-15-
2015

IMT-16-
2015

IMT-1-
2016

IMT-2-
2016

IMT-3-
2016

IMT-4-
2016

Vegard Longva

Jacobus De Vaal

Fachri Nasution

Oleh I Karpa

Daniel de Almeida Fernandes

Bo Zhao

Wenting Zhu

Amir Rasekhi Nejad

Arturo Jesus Ortega Malca

Dagfinn Husjord

Anirban Bhattacharyya

Qin Zhang

Vincentius Rumawas

Martin Storheim

Mia Abrahamsen Prsic

Tufan Arslan

Formulation and application of finite element
techniques for slender marine structures subjected
to contact interactions, IMT

Aerodynamic modelling of floating wind turbines,
CeSOS

Fatigue Performance of Copper Power Conductors,
IMT

Development of  bivariate extreme  value
distributions ~ for  applications in  marine
technology,CeSOS

An output feedback motion control system for
ROVs, AMOS

Particle Filter for Fault Diagnosis: Application to
Dynamic Positioning Vessel and Underwater
Robotics, CeSOS

Impact of emission allocation in maritime
transportation, IMT

Dynamic Analysis and Design of Gearboxes in
Offshore Wind Turbines in a Structural Reliability
Perspective, CeSOS

Dynamic Response of Flexibles Risers due to
Unsteady Slug Flow, CeSOS

Guidance and decision-support system for safe
navigation of ships operating in close proximity,
IMT

Ducted Propellers: Behaviour in Waves and Scale
Effects, IMT

Image Processing for Ice Parameter Identification
in Ice Management, IMT

Human Factors in Ship Design and Operation: An
Experiential Learning, IMT

Structural response in ship-platform and ship-ice
collisions, IMT

Numerical Simulations of the Flow around single
and Tandem Circular Cylinders Close to a Plane
Wall, IMT

Large-eddy simulations of cross-flow around ship
sections, IMT
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IMT-5-
2016

IMT-6-
2016

IMT-7-
2016

IMT-8-
2016

IMT-9-
2016

IMT-10-
2016

IMT-11-
2016

IMT-12-
2016

IMT-13-
2016

IMT-14-
2016

IMT-15-
2016

IMT-16-
2016

IMT-17-
2016

IMT-18-
2016

IMT-1-
2017

IMT-2-
2017

IMT-3-
2017

Pierre Yves-Henry

Lin Li

©ivind Kéare Kjerstad

Xiaopeng Wu

Zhengshun Cheng

Ling Wan

Wei Chai

Qyvind Selnes Patricksson

Mats Jorgen Thorsen

Edgar McGuinness

Sepideh Jafarzadeh

Wilson Ivan Guachamin Acero

Mauro Candeloro

Valentin Chabaud

Mohammad Saud Afzal

Peng Li

Martin Bergstrom

Parametrisation of aquatic vegetation in hydraulic
and coastal research,IMT

Dynamic Analysis of the Instalation of Monopiles
for Offshore Wind Turbines, CeSOS

Dynamic Positioning of Marine Vessels in Ice, IMT

Numerical Analysis of Anchor Handling and Fish
Trawling Operations in a Safety Perspective,
CeSOS

Integrated Dynamic Analysis of Floating Vertical
Axis Wind Turbines, CeSOS

Experimental and Numerical Study of a Combined
Offshore  Wind and Wave Energy Converter
Concept

Stochastic dynamic analysis and reliability
evaluation of the roll motion for ships in random
seas, CeSOS

Decision support for conceptual ship design with
focus on a changing life cycle and future
uncertainty, IMT

Time domain analysis of vortex-induced vibrations,
IMT

Safety in the Norwegian Fishing Fleet — Analysis
and measures for improvement, IMT

Energy effiency and emission abatement in the
fishing fleet, IMT

Assessment of marine operations for offshore wind
turbine installation with emphasis on response-
based operational limits, IMT

Tools and Methods for Autonomous Operations on
Seabed and Water Coumn using Underwater
Vehicles, IMT

Real-Time Hybrid Model Testing of Floating Wind
Tubines, IMT

Three-dimensional streaming in a sea bed boundary
layer

A Theoretical and Experimental Study of Wave-
induced Hydroelastic Response of a Circular
Floating Collar

A simulation-based design method for arctic
maritime transport systems
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IMT-4-
2017

IMT-5-
2017

IMT-6-
2017

IMT-7-
2017

IMT-8-
2017

IMT-9-
2017

IMT-10-
2017

IMT-11-
2017

IMT-12-
2017

IMT-13-
2017

IMT-14-
2017

IMT-15-
2017

IMT-1-
2018

IMT-2-
2018

IMT-3-
2018

IMT-4-
2018

IMT-5-
2018

Bhushan Taskar

Mohsen Bardestani

Fatemeh Hoseini Dadmarzi

Michel R. Miyazaki

Giri Rajasekhar Gunnu

Kevin Koosup Yum

Zhaolong Yu

Martin Hassel

Astrid H. Brodtkorb

Kjersti Bruserud

Finn-Idar Gretta Giske

Stian Skjong

Yingguang Chu

Sergey Gavrilin

Jeevith Hegde

Ida M. Strand

Erlend Kvinge Jorgensen

The effect of waves on marine propellers and
propulsion

A two-dimensional numerical and experimental
study of a floater with net and sinker tube in waves
and current

Direct Numerical Simualtion of turbulent wakes
behind different plate configurations

Modeling and control of hybrid marine power
plants

Safety and effiency enhancement of anchor
handling operations with particular emphasis on the
stability of anchor handling vessels

Transient Performance and Emissions of a
Turbocharged Diesel Engine for Marine Power
Plants

Hydrodynamic and structural aspects of ship
collisions

Risk Analysis and Modelling of Allisions between
Passing Vessels and Offshore Installations

Hybrid Control of Marine Vessels — Dynamic
Positioning in Varying Conditions

Simultaneous stochastic model of waves and
current for prediction of structural design loads

Long-Term Extreme Response Analysis of Marine
Structures Using Inverse Reliability Methods

Modeling and Simulation of Maritime Systems and
Operations for Virtual Prototyping using co-
Simulations

Virtual Prototyping for Marine Crane Design and
Operations

Validation of ship manoeuvring simulation models

Tools and methods to manage risk in autonomous
subsea  inspection,maintenance  and  repair
operations

Sea Loads on Closed Flexible Fish Cages

Navigation and Control of Underwater Robotic
Vehicles
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IMT-6-
2018

IMT-7-
2018

IMT-8-
2018

IMT-9-
2018

IMT-10-
2018

IMT-11-
2018

IMT-12-
2018

IMT-13-
2018

IMT-14-
2018

IMT-15-
2018

MT-16-
2018

IMT-17-
2018

IMT-18-
2018

IMT-19-
2018

IMT-20-
2018

IMT-21-
2018

IMT-22-
2018

IMT-23-
2018

Bard Stovner

Erlend Liavag Grotle

Borge Rokseth

Jan Vidar Ulveseter

Chenyu Luan

Carl Fredrik Rehn

Qyvind Odegérd

Stein Melvaer Nornes

Petter Norgren

Minjoo Choi

Ole Alexander Eidsvik

Mahdi Ghane

Christoph Alexander Thieme

Yugao Shen

Tianjiao Dai

Sigurd Solheim Pettersen

Thomas Sauder

Jan-Tore Horn

Aided Intertial Navigation of Underwater Vehicles

Thermodynamic Response Enhanced by Sloshing
in Marine LNG Fuel Tanks

Safety and Verification of Advanced Maritime
Vessels

Advances in Semi-Empirical Time Domain
Modelling of Vortex-Induced Vibrations

Design and analysis for a steel braceless semi-
submersible hull for supporting a 5-MW horizontal
axis wind turbine

Ship Design under Uncertainty

Towards Autonomous Operations and Systems in
Marine Archaeology

Guidance and Control of Marine Robotics for
Ocean Mapping and Monitoring

Autonomous Underwater Vehicles in Arctic Marine
Operations: Arctic marine research and ice
monitoring

Modular Adaptable Ship Design for Handling
Uncertainty in the Future Operating Context

Dynamics of Remotely Operated Underwater
Vehicle Systems

Fault Diagnosis of Floating Wind Turbine
Drivetrain- Methodologies and Applications

Risk Analysis and Modelling of Autonomous
Marine Systems

Operational limits for floating-collar fish farms in
waves and current, without and with well-boat
presence

Investigations of Shear Interaction and Stresses in
Flexible Pipes and Umbilicals

Resilience by Latent Capabilities in Marine
Systems

Fidelity of Cyber-physical Empirical Methods.
Application to the Active Truncation of Slender
Marine Structures

Statistical and Modelling Uncertainties in the
Design of Offshore Wind Turbines
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IMT-24-
2018

IMT-1-
2019

IMT-2-
2019

IMT-3-
2019

IMT-4-
2019

IMT-5-
2019

IMT-6-
2019

IMT-7-
2019

IMT-8-
2019

IMT-9-
2019

IMT-10-
2019

IMT-11-
2019

IMT-12-
2019

IMT-13-
2019

IMT-14-
2019

IMT-15-
2019

IMT-16-
2019

IMT-17-
2019

Anna Swider

Zhao He

Isar Ghamari

Hékon Strandenes

Siri Mariane Holen

Ping Fu

Vladimir Krivopolianskii

Anna Maria Kozlowska

Hans-Martin Heyn

Stefan Vilsen

Finn-Christian W. Hanssen

Trygve Olav Fossum

Jorgen Bremnes Nielsen

Yuna Zhao

Daniela Myland

Zhengru Ren

Drazen Polic

Endre Sandvik

Data Mining Methods for the Analysis of Power
Systems of Vessels

Hydrodynamic study of a moored fish farming cage
with fish influence

Numerical and Experimental Study on the Ship
Parametric Roll Resonance and the Effect of Anti-
Roll Tank

Turbulent Flow Simulations at Higher Reynolds
Numbers

Safety in Norwegian Fish Farming — Concepts and
Methods for Improvement

Reliability Analysis of Wake-Induced Riser
Collision

Experimental Investigation of Injection and
Combustion Processes in Marine Gas Engines using
Constant Volume Rig

Hydrodynamic Loads on Marine Propellers Subject
to Ventilation and out of Water Condition.

Motion Sensing on Vessels Operating in Sea Ice: A
Local Ice Monitoring System for Transit and
Stationkeeping Operations under the Influence of
Sea Ice

Method for Real-Time Hybrid Model Testing of
Ocean Structures — Case on Slender Marine
Systems

Non-Linear Wave-Body Interaction in Severe

Waves

Adaptive Sampling for Marine Robotics

Modeling and Simulation for Design Evaluation

Numerical modelling and dyncamic analysis of
offshore wind turbine blade installation

Experimental and Theoretical Investigations on the
Ship Resistance in Level Ice

Advanced control algorithms to support automated
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