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1. Introduction

Nowadays, everyone is aware of the impact human activities have on the
environment and the world is changing towards a greener and more sustainable future.
The demand for environmental protection and decarbonization has become significant,
and the whole industry is heading in this direction. In respect of this, the pressure is
also placed on the shipping industry, which is responsible for about 2% to 3% of global
greenhouse gas emissions (GHG), with the greatest percentage being carbon dioxide
emissions (COz) produced by fossil fuel combustion. Some other pollutants are also
sulfur oxides (SOx), nitrogen oxides (NOx), and some marine pollutants caused by oil
spills and ballast water discharge.

The International Maritime Organization (IMO) actively targets and reduces
this percentage by enforcing regulations and implementing new strategies that can lead
to net-zero emissions in the future. Some of these strategies are to minimize fossil fuel
use by enhancing the technologies that produce power from renewable sources, i.e.
wind power, solar power, etc., and switch to cleaner alternatives such as liquefied
natural gas (LNQ), battery-electric or hybrid systems, methanol, and ammonia. At the
same time, there is an optimization in overall ship design to improve efficiency, and
implementations of new technologies such as scrubbers and carbon capture that
mitigate the emissions and slow steaming for reduced fuel consumption are becoming
increasingly popular. Moreover, the provision of shore power during the vessel’s stay
at ports and a well-trained crew along with shipping professionals are enhancing the
efforts towards lowering the GHG emissions in shipping. All these initiatives are
backboned by the dynamically changing regulations with programs like the Efficiency
Existing Ship Index (EEXI), the Carbon Intensity Indicator (CII), the Emission Control
Areas (ECAs) creation, and the record-keeping of the fleet’s energy usage by the Ship
Energy Efficiency Management Plan (SEEMP).

1.1 Background of the study

As the need for a greener and more sustainable future increases, the demands
upon the shipping industry become greater, forcing ship owners to comply with new
regulations. Thus, EU funding is distributed to various alternatives, such as new
technologies and changes regarding propulsion systems and power plants, to regulate

global greenhouse gas emissions.



Major differences in maritime transport were made when Annex VI of the 1997
MARPOL Protocol was enforced in May 2005, which marked the Baltic Sea, the North
Sea, North America, and U.S. Caribbean coasts as Sulfur Emission Control Areas
(SECA) [1]. The regulation controlled the sulfur oxides and dioxides in shipping,
restricting the level of sulfur content in fuels to a maximum of 1% when crossing these
borders. Thus, many companies had to change their fuel from HFO to a combination
with alternative fuels and proceed to install new technologies such as scrubber systems.

Hybridization is becoming increasingly popular, particularly in applications that
require low-power operations and the short-sea shipping sector. Hybrid propulsion
systems have several advantages, including decreased CO2 emissions and minimal
noise and vibration production [2]. By using batteries as an Energy Storage System, in
combination with internal combustion engines, significant fuel consumption reduction
can be achieved in vessels such as OSVs, ferries, etc.

At the same time, wind-produced power is becoming increasingly attractive as
a form of renewable energy in the field of green electrical power production. This can
lead to a carbon-neutral future and cover a fraction of the population’s power demands.
However, the challenge has always been to optimize the means to produce it. Therefore,
offshore wind farms are becoming an attractive solution, and the reason lies in the
significantly increased wind turbines’ energy production at an offshore wind platform
compared to a shore-based wind farm.

The wind farms’ development has sparked the market’s interest in more
competitive Offshore Support Vessels such as Service Operation Support Vessels which
cover the transfer and operation needs of a wind farm and simultaneously can comply
with IMO emission regulations [3]. Offshore support vessels’ role is to provide safe
access to offshore wind farms [4, 5]. Their main characteristics are their usually above
76-meter-long length and their ability to host up to 60 crew members and wind farm
technicians [3]. These mid-sized vessels cater to the specific needs of a wind farm,
region, and wind farm operators [4].

Wind farm support vessels have a wide range of power demands that must be
met promptly. These vessels require a redundant power supply to enable dynamic
positioning, maintain precise positions, and perform sensitive maneuvering, even in
challenging conditions such as strong winds, currents, and waves. They also usually

operate at low speeds, and the typical maximum speed they reach when traveling is 13
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knots [6]. In this thesis, their operation profile is thoroughly analyzed in an effort to be
improved and optimized.

Batteries as Energy Storage Systems (ESS) are also examined in this system
with respect to whether their implementation has an impact on the overall system’s
efficiency and in which way they contribute to a more efficient power management
profile. Specifically, Offshore Support Vessels (OSVs), whenever they are deployed for
wind farm operations, typically perform two transit scenarios. The first is the trip
between the harbor and the wind turbines, and the second is the daily transit between
these turbines. During the journey from the harbor to the wind farms and back, the
vessels operate at higher speeds, which means that the Energy Storage Systems (ESS)
are less important. However, engine fuel consumption can be significantly reduced
during the daily transits closer to the wind farm [6]. It is important to note that there
can be significant variations in day-to-day transit operations inside the wind farm [6].
Variable-speed vessels can benefit from batteries that replace diesel-powered
generators on board, particularly during short-term transit, maneuvering between

turbines, and station-keeping.
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2. Theoretical background
2.1 Offshore Wind Platforms

The offshore wind sector is continuously growing according to global demands
for clean energy, accelerating the energy transition, especially in electrifying and
decarbonizing energy systems and meeting the EU’s environmental goals. A vast
amount of energy is currently produced in onshore and offshore wind farms, with
further analysis showing that over 380 GW of offshore wind capacity across 32 markets
is going to be added in the next ten years [7].

Offshore wind farms are rather challenging regarding their Operation and
Maintenance (O&M) due to their restricted accessibility and their significant cost [8].
As the years go by, more and more European offshore wind farms tend to move deeper
and further away from the shore waters [9]. The goal is to achieve an optimal trade-off
between O&M costs and 95% availability or more. To reduce operational costs,
logistics, and maintenance strategies (such as access methods), optimization is
necessary. For near-shore wind farms, medium-sized Crew Transfer Vessels are suitable
for daily transits from the port. For far-offshore wind farms, it is important to build an
offshore base to host technicians and spare parts. A commonly used O&M base is
Service Operation Vessels (SOVs) and Walk-to-Work (W2W) vessels. These are
Dynamic Positioning (DP or DP2) vessels, typically longer than 50 m, that can host up

to 75 technicians and sometimes offer services as a helicopter landing platform [10].

2.1.1 Access vessels and systems

Offshore wind farm development has led to a significant development in access
vessel technologies [10]. There are several factors that need to be considered when
choosing an access vessel, such as distance from shore, costs, maximum payload,

weather restrictions, and emissions factors.

2.1.1.1. Crew Transfer Vessels (CTVs)

In the last ten years, the crew transfer market has experienced a significant
expansion in design to become more competitive. Originally, small Crew Transfer
Vessels (CTVs) were used to transport wind farm technicians and other personnel close
to a port base. These vessels usually carry 12 to 24 technicians and small spare parts

and equipment. Their ability for seakeeping at different distances from the shore



12

separates them into four categories: monohull, catamaran, trimaran, and SWATH, or
Surface Effect Ship (SES). Usually, they are also equipped with built-in cranes for
several works [10].

CTVs are usually aluminum catamarans with a design focused on passengers’
comfort and a maximum transit speed of 15-25 knots. The accommodation has to be
adequately comfortable for the crew and the technicians to minimize fatigue and stress
caused by vessel motions [11]. Small equipment and components are being transferred
on-site, so foredeck space as well as deck cranes for lifting cargo are required.
Moreover, they are fixed to a seabed, so it is hard to avoid relative movement between
the vessel and the foundation, and vessels use sufficient thrust to remain stationary and
allow the crew to transfer. Most CTVs are limited to a 1.5-meter significant wave height

maximum, so occasionally, strong waves lead vessels to lose position [11].
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Image 2:"Solutions for Crew Transfer Vessels, CTVs" by Wartsila

2.1.1.2. Walk-to-Work Vessel/ Service Operation Vessel (SOVs)

The limited accessibility that CTVs provide, the impact of safety risks,
especially when it comes to motion-induced fatigue, and the thought of a more cost-
efficient accommodation near offshore wind farms have led to Walk-to-Work (W2W)
solutions. These Dynamic Positioning vessels have an elevation from the sea of around
15 m to 20 m, providing safety and comfortable access to the TP platform with a
motion-compensated gangway to reduce relative motions between the wind turbine and
the vessel [10]. They are primarily used during the installation process of wind turbines
and infield cables, but eventually, they are used as substations and during frequent wind
farm maintenance. In 2015, Service Operation Vessels were introduced to the market,
a W2W ship subcategory. They are purpose-designed vessels with better performance
in terms of transferring technicians and cargo since they are designed with motion-
compensated gangways and cranes on board.

SOVs have several advantages that make them necessary for every offshore
wind farm. One of them is that the productive working time of the technicians is
significantly increased since SOVs are based near the wind farm. Europe’s legislation
requires technicians’ work to be rotated every two weeks. Therefore, SOVs are
employed for the wind farm’s daily operation, and the workflow is not interrupted. After
two weeks, the wind farm to port trip occurs, usually at nighttime (to prevent
interruption to their daytime work), which aims to change crew, reload cargo, and
bunkering, which often lasts one day long [10].

Furthermore, the actual working hours of the technicians are extended because
SOVs used for wind farm O&M can transfer multiple teams to their bases at different

times during the day. In this way, their working time is not diminished because of the
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vessel’s trip or team transfers due to the staggered working schedules. In shore-based
access, their working schedule would start only when they reached wind turbines,
regardless of the wasted time to reach them.

SOVs are often employed during the installation (commissioning) phase
(CSOVs), even close to the shore activities of wind farms. This happens due to SOVs'
enhanced accessibility in longer weather windows and their motion-compensated
gangway, which offers considerably easier and safer transfer of technicians and cargo
compared to access by boat landing. Furthermore, a new "step-less" method is adopted
that restricts crews’ motion from the cargo deck or the accommodation to the wind
turbine TP platform, which enhances efficiency and the crew's safety. This method and
the integrated lift help during the transfer of small cargo on board. Lastly, the better
see-keeping compared to CTVs leads to a better working environment for the
technicians and fewer cases of motion-induced tiredness among the technicians.

Though SOVs have many advantages, CTVs are still more cost-effective for
near-shore applications. Moreover, transportation inside the wind farm might take
longer than with a daughter vessel, and especially in cases of emergency, vessels that

reach higher speeds must be employed for fast transit [10].
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2.1.1.4. Service Accommodation Transfer Vessels (SATVs)

SATVs provide a balance between the capabilities of CTVs and SOVs since
they are designed to stay offshore longer for further-located wind turbines. They can
make weekly transits to and from the wind farm, lowering the cost of energy, and
technicians can spend the night on board. So, the design is better, they are larger, and
they perform better than CTVs. However, they still must press against the dock to
transfer technicians, but in terms of cost, design complexity, and operational variety,

they are better than CTVs and worse than SOVs [10].

Image 4: SATV designed by BMT

2.1.1.5. Wind Turbine Installation Vessels (WTIVs)

Wind Turbine Installation Vessels (WTIVs) are specialized vessels to transport
and install wind turbine components. According to their operational needs, they are
adequately equipped with systems like heavy-duty cranes and dynamic positioning
systems to provide a safe and efficient offshore platform for the installation of wind
turbines in demanding environments. There are a few WTVIs' different categories,
separated based on their tasks. The most common category is jack-up vessels that have
legs that can reach the seabed for extra stability when the waters are shallow, self-
elevating vessels that can raise themselves above the waterline for the same reason, and
heavy lift vessels with cranes for heavy weights.

WTIVs are usually equipped with heavy-duty cranes for lifting and installing
heavy wind turbine components and a dynamic positioning system that provides excess

stability in demanding offshore environments. Moreover, they can accommodate
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installation personnel and crew during the installation process, so their design has to be
comfortable. They also own a helideck, so they can host helicopters for the scheduled
crew change and in case of an emergency [12].

As wind farms move to deeper waters, WTIVs face several challenges as they
are exposed to extreme environmental conditions, and the demands for operational
efficiency are increasing. They have to minimize the impact of the weather conditions
on the workflow, enhance their dynamic positioning by becoming larger, and improve
their logistics with better planning and coordination. At the same time, it is important
to increase safety measures since the heights constitute a significant risk and reduce the
cost of operation and maintenance [12]. Moreover, they are working in the renewable
energy sector, so they must constantly consider their environmental footprint and

contribute by reducing their emissions.

Image 5: Wind Turbine Installation Vessel (“WTIV") by Scorpio Bulkers Inc.

2.1.1.6. Cable Laying Vessels (CLVs)

Offshore structures need a way to connect with different areas and even
continents [13]. Cable-laying vessels serve this purpose by laying cables underwater on
the ocean or seabed to connect different areas. Cables are separated into different
categories according to their sizes, uses, and characteristics, such as telecommunication
and electric power transmission. The depth at which they are laid is different and

defines the operation area in which the vessel will be designed [13].
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CLV's main feature is large pulley wheels onboard, which lead the cables over
the vessel’s bow or stern and stern sheaves. Cable-laying vessels’ demand for stability
and maneuverability is high. They have two main operations: cable-repairing vessels,
which have to be small and maneuverable to repair broken cables, and cable-laying
vessels, which are larger and less maneuverable to lay new cables. CLVs can also
operate as research vessels, collecting data [14]. Their main features are that these
vessels can usually lay 1600 km of cables and reach a maximum speed of 15 knots. The
bigger ships lay up to 9000 tons, and modern ones can lay two or three lines of cable.
Their operation is mainly in deeper waters because it is difficult to operate near the
coast in shallow waters [14].

Cables are coiled and stored in the vessel's hold. During their cable-laying
operation, their speed is usually around 8 knots, to be placed and adjusted well. They
also have grapple systems, a powerful linear cable engine to remove damaged cables, a
fleeting drum, and plows that help bury the cable. They are also equipped with dynamic
positioning systems like DP2, which help them remain stable and safe in harsh weather
conditions [14].

The main design features that have to be optimized are -capabilities,
functionality, and efficiency in the way the cables are laid, in the gentlest way possible.
Their dynamic positioning system has to ensure low fuel consumption at a low cost and

a minor environmental footprint [13].

Image 6: Nexans Cable-Laying Vessel (CLV) by Ulstein Group
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2.2 Battery Energy Storage Systems

Batteries are electricity production and storage devices that convert chemical
energy to electrical through electrochemical oxidation reactions. During load demands,
it produces energy until reactants are depleted. Several categories classify a battery:
these are the primary cells, which are used once and later they are discarded; secondary
cells, which are rechargeable and are used as a secondary source to back up other
primary power sources; reverse batteries, which can be stored and activated as needed
and consist of one component; and lastly, fuel cells, which are fuel supplied from an
outside source and continue to operate as long as they are supplied with fuel. The main
interest is in the secondary cells, also referred to as rechargeable batteries [15].

Batteries consist of three basic components: a positive electrode (cathode), a
negative electrode (anode), and an ionic conductor (electrolyte), which form a single
cell and/or multiple cells and can create a battery pack [15]. The basic battery operation
is based on the ions flowing through, causing an electron transfer. When there is a load
demand and the battery discharges, the negative ions flow through the electrolyte to the
anode, and the electrons cover the load demand and later return to the battery at the
cathode, and the cations flow through the electrolyte to the cathode. When the battery
is charging, the process is reversed, and instead of a load, there is a DC source [15].

For a Battery Energy Storage System, the term State of Charge (SOC) describes
the energy that the battery has stored and can be provided to the system, and it ranges
between 100% when fully charged and 0% when fully discharged [16]. The SOC’s
calculation is a demanding operation during which various factors have to be
considered, such as voltage, temperatures, and power (current flow) in and out. In order
to execute these complex calculations that depend on many factors, a Battery

Management System (BMS) is necessary [16].
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Figure 1: Lithium-ion battery components and principles by DNV
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The battery’s health is highly affected by the times of use and the constant
charge and discharge of the cells. The term State of Health (SOH) is used in order to
describe a battery’s performance compared to a new one and mainly refers to its
capacity to store and provide a specific amount of energy, and in some cases, due to
constant use, the power capability might decrease [16]. The battery’s capacity is highly
dependent on the cell’s chemistry and design. Marine batteries are mainly built out of

thousands of lithium-ion chemistry cells.

2.2.1. Types of Marine Battery Chemistries

The main battery chemistries existing are lead-acid batteries, alkaline batteries,
and the most commonly and majorly used in marine applications, lithium-ion batteries.
The lithium-ion batteries (LIB) have been a fast and well-established technology due
to the major advantages they offer with regard to technical performance, size, and
reliability required for marine applications [17].

Lithium-ion batteries (LIBs) are classified according to the chemistries of their
anodes and cathodes, with their nomenclature often indicating the composition of the
cathode. Examples comprise lithium iron phosphate (LFP), lithium manganese oxides
(LMO), lithium cobalt oxides (LCO), and mixed nickel-cobalt-manganese/aluminum
oxides (NMC and NCA). When lithium titanate (LTO) substitutes graphite as the anode,
the battery is classified according to the anode chemistry [17]. The anode’s material is
usually carbon or graphite, and the electrolyte's material is usually carbonates (ethylene,
dimethyl, etc.) [16]. However, the cathode’s composition plays an important role in

determining the battery’s capabilities, such as power, lifetime, safety voltage, etc. [16].

2.2.1.1 Lithium Cobalt Oxide, LiCoQO> (LCO)
For more than 30 years, Lithium Cobalt Oxide (LCO), represented by the

chemical formula LiCoO>, served as the primary cathode material in commercial
lithium-ion batteries (LIBs) due to its elevated voltage and specific energy [17].
Although the main advantage LCO type cells have is their significant energy
density, their relatively limited power rates, and the restricted life cycle make them
useful only as small rechargeable batteries in small electronics applications whose

lifespan is limited to three years and a few hundred cycles to 80% of their capacity [16].
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Particularly, LCO cathodes have significant drawbacks regarding the elevated
expense of cobalt, inadequate thermal stability, and capacity degradation over extensive
charge-discharge cycles. Moreover, safety issues may occur due to oxygen release at
elevated temperatures, potentially resulting in thermal runaway, increased flammability,
and explosion hazards. In addition, deep charging may result in excessive lithium
extraction from the structure, causing lattice distortion and performance deterioration
over a comparatively short life cycle [17]. These are the reasons why Lithium Cobalt

Oxide (LiCo00O3) has no applications in the maritime industry.

2.2.1.2 Lithium Manganese Oxide spinel, LiMn>O4 (LMO)

Lithium Manganese Oxide spinel (LMO) cell chemistry has a spinel structure
and great power capabilities. It is a relatively rare cathode chemistry with the chemical
formula LiMn2O4 which offers significant thermal stability and safety and can
sufficiently replace LCO cathode as an alternative low-cost and environmentally
friendly solution [17]. Nonetheless, some negative aspects are that this chemistry is
characterized by lower energy capacity but somehow good specific power, its behavior
deteriorates at higher temperatures, and the cycle life span is short. In order to improve
these characteristics, various material modifications have been introduced [16].

Moreover, some issues originate from the LiMn2O4’s layered structure, which
faces partial transformation into spinel during Li-ions extraction and subsequently leads
to voltage and capacity fade. In addition, the LiMn2O4 undergoes some chemical
reactions in the electrolyte, and the free Manganese ions destabilize the protective
passivation layer existing in the anode. These phenomena and the cathode structural
alternations result in limited resistance during charge and discharge and gradually lead
to cell aging [17]. These are some reasons why LMO cell chemistry does not have

applications in the maritime industry [18].

2.2.1.3 Nickel manganese cobalt oxide, LiNij.x-,Mn,Co,0> (NCM or NMC)

Nickel Manganese Cobalt oxide (NMC) cathode chemistry has predominantly
replaced LCO cathodes [17]. It is a relatively new cathode chemistry, with the most
common chemical formula being LiNii;3Co153Mn1302 (NMC111), and it applies to
many larger applications [16]. In order to provide stability to this structure, the

Manganese ions are partially replaced by Cobalt and Nickel ions, and in general, NMC
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offers high electrochemical potential depending on the type of electrolyte used. The
electrolyte is where oxidation happens, which sometimes can lead to oxygen loss from
the cathode and some of the materials dissolving in the structure [17].

The main advantages NMC cell chemistry offers are the high specific energy
due to the nickel and cobalt element’s properties, and the manganese element offers
stability to the structure. The cells also have the flexibility to be customized according
to the application’s needs, and NMC’s properties can be mixed with other cell
chemistries like LCO or LMO as an adjustment to the system’s characteristics [16].
These alternatives are more economical owing to their diminished cobalt concentration
and provide an increased number of charge cycles. They offer superior safety due to
their higher thermal stability relative to LCO [17]. In the industry, NMC is also
preferred in electric vehicle production and the maritime industry, as their life cycle and

energy density are satisfying [18].

2.2.1.4 Lithium iron phosphate. LiFePQO4 (LFP)

Lithium Iron Phosphate (LFP) cell chemistry has a significantly different
structure compared to the other cathode chemistries that look more like phosphorus-
olivine, and they offer better temperature stability due to the covalent PO4 bond that
minimizes oxygen release in high temperatures [17]. The risk level of thermal runaway,
explosion and flammability is reduced due to the lack of oxygen source, and they offer
high resistance to temperature variations. However, the LiFePO4’s chemistry specific
energy levels and voltage are relatively low compared to other cathodes, which leads to
an inherited lower power rate that has to be supported and enhanced by other materials
in order to be increased [16]. Their low electronic conductivity and electrochemical
performance are also a barrier [17]. The battery life is longer and the charging rates are
better compared to the LCO. The high safety and the low-cost environmentally
acceptable materials used in addition to an acceptable specific capacity make LiFePO4

an appealing option for applications with medium specific energy values.
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Table 1. Comparison of different LIB types and uses in marine industry by Energies 2014, 17, 1019
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Similar to other energy storage systems, lithium-ion batteries deteriorate over
time as a result of aging. Calendar aging is the progressive decline in capacity over
time, independent of usage, whereas cycle aging pertains to capacity diminution
resulting from repeated charge-discharge cycles. Both types of aging originate from
chemical alterations in the electrodes and electrolyte, influenced by operational
conditions and external causes, resulting in diverse degradation processes [17].
Calendar aging is affected by elements including ambient temperature, humidity, and
the battery's state of charge (SoC) during storage, leading to degradation even in a
dormant state. In contrast, cycle aging is predominantly influenced by the way the

battery is utilized [17].

2.2.2 Battery Management System (BMS)

The Battery Management System (BMS) is the battery’s electronic control
system, which controls the voltage, current, temperature limits and when the system’s
functions need to be restrained [16]. The BMS is also responsible for calculating actual
power limits and SOC, which is vital for marine applications since it provides important
information on how far the vessel can go with the remaining power, and in a hybrid
system, the knowledge of SOC can assist in creating a better and more efficient power

management plan according to the vessel’s needs and the minimum fuel consumption.
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Moreover, SOH calculation indicates the battery's health in a specific timeframe and
how much it has deteriorated [16]. Thus, BMS has to be perfectly adjusted to the
batteries’ specifications.

In order to ensure safety and performance, voltage and temperature sensors are
the most important equipment for the system. Temperature must be monitored in every
cell, and in case of any detected temperature increase it must be quickly removed, and
for safety reasons malfunctioning sensors have to be quickly identified. Moreover, the
cell’s voltage has to be balanced, and in the event of a voltage difference in the cells, it
poses a risk of abnormal charging leading to either overcharging or over-discharging.
BMS’s responsibility is to detect these behaviors and actively correct voltage in order
to provide cell balance. A standard configuration for battery modules, like a pack, is to
dedicate a layer to BMS control, which, in case of a detected dysfunctionality, owns
control of contractors that isolate the whole battery string [16].

A battery also needs a monitoring system dedicated to the voltage and power
between the battery packs. This is named “Master-BMS” and is directly associated with
the Power Management System (PMS)/Energy Management System (EMS) or directly
controlled by it. The BMS has to ensure that in any case, either in normal operation or
in case of emergency, it is directly connected to the power management system in order
to cover the system’s needs and set limits so that the power flow does not exceed power
needs. A suggested master BMS configuration is a dynamic master-slave configuration,
where each slave BMS unit can also perform as a master BMS, which increases
availability in case of a failure [16]. All these and many more indicate the BMS's
importance as a battery system's overall quality indicator, and different qualities of

BMS systems exist according to the system’s needs.

2.2.3 Marine Batteries Specifications

Specifications from different battery manufacturers were searched and batteries
available in the market were examined in order to turn the existing propulsion system
into hybrid electric. The Battery Energy Storage Systems (BESS) has to be chosen
based on the vessel type and operational profile (in this case OSV). The main criteria
which will influence the final battery selection are an overall evaluation of the cost of

installation and operation, the main dimensions according to the vessel’s drawings in
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order to be able to fit in the existing space, and the added weight which influences the

vessel’s stability and the displacement.

2.2.3.1 Corvus Orca Energy System

The first battery option is from Corvus, named Corvus Orca ESS, which was
introduced on the market in 2016 and is widely used [19]. It is designed for different
vessel types, like ferries, Ro/Ro-Ro/Pax vessels, yachts, offshore support vessels, rigs,
tugs, merchant ships, etc. It combines safety, efficiency, and reliability; thus, it is
installed in over 400 vessels worldwide.

Corvus Orca ESS has some advanced features in terms of safety. The integrated
Passive Single-cell-level Thermal Runaway Isolation ensures the thermal runaway does
not propagate to neighboring cells, and the thermal runaway gas venting system safely
exhausts gases. It complies with stringent standards, and its ingress protection rating is
1P44, ensuring durability and reliability in harsh marine environments.

Corvus Orca ESS technical specifications are high C-rate performance, up to
3C continuous discharge and charge. The system is modular, with every module being
5.6 kWh at 50 VDC, single packs ranging from 38 to 136 kWh, and voltage levels from
350 to 1200 VDC, allowing pack combinations and customized configurations
according to the vessel's needs. This flexibility is vital for more sustainable energy
storage and high power at a low cost. The maximum volumetric density per pack is 88
Wh/1, and the gravimetric density is 77 Wh/kg, or 13 kg/kWh.

An example pack offers 124 kWh of energy at a maximum of 1100 VDC, a
nominal 980 VDC, and a minimum of 800 VDC. The space it takes over inside the
engine room differs between vertical packs that have a height of 2241 mm, a width of
865 mm, 738 mm depth, and a weight of 1628 kg, and horizontal packs with a 1260
mm height, 1730 mm width, 738 mm depth, and an overall weight of around 1726 kg.
An example 8 x 124 kWh vertical pack system reaches 992 kWh of energy at a
maximum of 1100 VDC, a nominal 980 VDC, and a minimum of 800 VDC. The
dimensions are 2241 mm in height, 6990 mm in width, and 738 mm in depth, with an

overall weight of 13024 kg [19].
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Figure 2: Corvus Orca ESS by Corvus Energy

2.2.3.2 Echandia Energy Storage Solution

Echandia Energy is pioneering in maritime electrification, with its energy
solution systems being used in numerous maritime applications. They are designed to
serve heavy-duty applications in demanding environments. They are flexible and
modular and offer adjustable capacity and voltage levels to meet the specific needs of
various vessels. Moreover, they combine safety and high performance. Echandia’s
Lithium Titanate Oxide (LTO)-based battery systems comply with high industrial
standards. They comply with all classification societies, which reveals their reliability
and compliance with stringent regulations.

The high-power system is used for hybridization applications with high power
demands over a shorter period, under 5 minutes per cycle. It utilizes LTO cell
technology to maximize the installed capacity and offer a more compact, lightweight,
and cost-effective solution. It is most commonly used for applications requiring high
power over shorter durations, like spinning reverse, peak shaving, load leveling, cranes,
etc.

In terms of performance, Echandia Energy supports a peak maximum current of
550 A for both discharge and charge over 100 seconds, with continuous operation at a
maximum current of 400 A for 300 seconds. The system has a lifetime of 70000 cycles
at 50% Depth of Discharge (DoD). The usable capacity is up to 90%, with an example
weight of about 4770 kg for 274 kWh at 1000 Vmax [20]. Emphasis is given to safety
as well, with cell-level thermal runaway anti-propagation and fault detection systems
that detect off-limits voltage and temperature conditions. Cooling is managed by forced

air, and noise and vibrations remain at a low level [20].
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Figure 3: Heavy-Duty ESS by Echandia Energy & Echandia Power

2.2.3.3 mtu EnergyPack OL

The mtu EnergyPack QL by Rolls-Royce offers an advanced Battery Energy
Storage System for numerous applications. Its' factory-tested plug-and-play design
ensures optimized system integration and the highest power density. The system is
housed in a 40-foot-high cube container and emphasizes safety and reliability with
features such as floodability with extinguishing water and aeration for gas detection. It
offers black start capability, owns grid-supporting and grid-forming nodes, and
controlled switching between these two. Supervising the point of common coupling
includes control of the external main switch, detection of power outages, and
resynchronization after grid recovery. The mtu EnergyPack QL offers widely adjustable
power and capacity to meet specific customer and project needs. It has CE conformity
certification and gives options like ambient temperatures up to 50 °C, a fire suppression
system, 50% overload capacity, redundant cooling, and internal or external transformers
[21].

The mtu EnergyPack QL, according to its technical data, uses NCM (Nickel
Cobalt Manganese) cell chemistry, and the nominal capacity reaches up to 2084 kWh.
The cooling system has a maximum ambient temperature of 40°C or 50°C, optional,
and a minimum ambient temperature of -20°C. As far as its electrical capabilities are
concerned, it offers a nominal apparent power of up to 2000 kVA, ensuring robust
performance for various applications. The system has an AC short circuit capability of
50 kA for resilience and reliability, and the grid frequency is set to 50 Hz, with an option
to adjust to 60 Hz if required. Additionally, the system can handle up to 110% of its
nominal power for one minute, with an optional peak capacity of 150%. The nominal

voltage is 450 V, which can be adjusted to 400 V with an internal transformer.
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The housing of the mtu EnergyPack QL is designed to ensure reliability and
protection under various environmental conditions. It features corrosion protection
rated at C3, with an optional upgrade to C5. The main housing dimensions are 2896
mm in height, 12192 mm in length, and 2438 mm in width. The system can operate in
environments with humidity levels up to 95%, non-condensing, and at altitudes up to
2000 meters. The nominal round-trip efficiency of the system is up to 90%, excluding
HVAC losses, highlighting its energy efficiency and cost-effectiveness. The weight of
the system can reach up to 38,000 kg [21].

The mtu EnergyPack QL is adequately equipped with advanced communication
interfaces and supports a variety of communication protocols such as Modbus-IP,
Modbus-RTU, IEC 60870-5-104, IEC 61850, and DNP3, providing compatibility with
a wide range of control systems and devices. Furthermore, the mtu EnergyPack is
available in different sizes: The QS and the QL range from 200 kVA to 2000 kVA and
from 312 kWh to 2084 kWh, and the QG for grid-scale storage needs ranges from 4400
kVA and 8900 kWh to virtually any size [21].

|
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Figure 4: mtu EnergyPack QL by Rolls-Royce

2.2.4 Marine Batteries Application Areas

Marine Batteries have multiple applications according to the system’s
requirements. Their main purpose is to enhance safety in case of emergency as an extra
power source, improve overall efficiency, assist the vessel in meeting environmental
regulations, and lead to emissions reduction. The main applications analytically
described below are zero-emission applications, hybrid applications, dynamic

applications, and harvest energy applications [22].
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2.2.4.1 Zero-Waste applications

The first case is a fully battery electric application, during which the battery is
employed full-time. This application depends on multiple operational factors such as
the size of the battery, the sailing distance, and the power demands. It is common in
vessels operating at short distances and usually at low speeds and less common in larger
vessels since the power demand is high [22]. The main advantages of this application
are zero carbon emissions, simpler technology, and relatively low operational costs. The
main disadvantages are the size of the battery energy system, which has to be
compatible with weight and space limitations; the difficulty in finding charging
infrastructures; and the long charging time, which might reduce the operation time [22].

The second case is partly battery-electric operation, during which the operation
to and from the port is done with the use of batteries that have to be charged during the
transit or the port stay [22]. Especially in direct shaft-driven propellers, electrically
driven thrusters supplied by the batteries on board can be installed and used during
maneuvering. The major advantages of this application are compliance with some ports’
regulations that, due to their dense population, require zero emissions to enter, possibly
better performance during maneuvering, operational cost savings as diesel engines
consume more in low power demand operations, and less noise production. Some
disadvantages are the maintenance and investment costs are relatively high, complexity,
and low energy storage capacity.

Another application is cold ironing, which is the onshore power supply to
operate the batteries and the power system with shore-based energy remaining plugged
in during the vessel’s stay at the port. Auxiliary engines can be switched off, the
consumers can be supplied with this energy, and the batteries can prevent blackouts,
perform peak savings, and make needed transitions. The main advantages of this
application are emissions reduction during their stay at the port, operation cost savings
as the pilot fuel is not used, and noise reduction. As for the disadvantages, the cost of

this type of infrastructure is relatively high, and there is limited availability.

2.2.4.2 Hybrid applications

The conventional engines are set to operate at an optimal performance of 60-
85% depending on the load. The hybrid application allows the engines to constantly

operate at an optimum point with minimum consumption and emissions, and the load
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variations can be received by the energy storage system [ESS]. Hybrid applications are
beneficial in cases of blackout prevention, load optimization, and power system
availability [22].

Load optimization can be initially achieved by the appropriate selection of the
engine's size, taking into account the operation at an enhanced optimal set point by the
additional power provided by the battery. The engines are preferable to constantly
operate at this optimal point; thus, the excessive power in case of lower power demands
can be used to charge the battery energy storage system. Additionally, in the event of
very low power demands, the vessel can operate exclusively on the power produced by
the batteries.

The main advantages of this application are the system’s overall improved
performance, fuel savings, and emissions reduction. The main disadvantages are the
higher CAPEX and costs and the complexity it adds to the system due to battery size
and extra weight. In general, the battery may be beneficial only in specific routes and
weather conditions; however, their limited battery life due to the finite number of
charges and discharges is quite challenging [22].

Another operation mode is cyclic operation, which is described by the
implementation of an on-off power strategy. The engines are again operating at an
optimal point, which is calculated with the additional power produced by the batteries
and charging the batteries. Once they are charged, the engines shut off, and the power
demands are covered solely by the battery until it is fully discharged. Then the engines
are on again, and the battery is charged the same way. The main advantage is the
minimization of the engines’ running hours. The main disadvantage is the multiple start
and stop cycles, which have a negative impact both on engines and battery life. This
application also works best at specific routes and in specific weather, and in order to
maintain a healthy battery life, it has to be of a significant size.

Lastly, spinning reverse is a mode when the power demand is increased,
especially in vessels with Dynamic Positioning (DP) systems. The machinery in
operation must ensure that it can cover all power demands, anytime, even at low loads.
The batteries, according to DNV DP rules, can sufficiently provide the power required
for this operation in order to avoid running the engines at very low loads, which
increases consumption and emissions. The advantages are that the system operates with
an additional power supply to cover extra needs, the cost is considerably lower as the

engines run fewer hours, the fuel consumption is reduced, and additionally, the power
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management system can be adjusted to the vessel’s needs. The drawbacks are the same
as in the previous operation modes: higher CAPEX and more complexity to the system

[22].

2.2.4.3 Dynamic applications

On some occasions, Battery Energy Storage Systems (BESS) can be employed
in order to assist the internal combustion engines. The first application is dynamic load
transitions, where the main engines, especially the Otto-cycle ones, in the event of fast
changes in power demand, may face abnormal combustion due to the air intake rate.
Batteries can help soften the rate of load demands to the main engine and improve
dynamic operability. In this way, the engines operate at lower loads and might have
better durability. However, it requires expertise in dealing with these systems, and
BESS has higher CAPEX and complexity.

Peak shaving mode is also a way to ensure smooth engine load transitions in
case of rapid increases and decreases in power demand. A Battery Energy Storage
System can assist the main engines in maintaining a steady engine base load by
receiving the engine load transients and covering the extra needs. The main advantages
are stable engine operation, lower fuel consumption and maintenance costs, and fewer
engines employed for specific operations. The main disadvantages are that peak
shaving is beneficial only in some circumstances and requires expertise to operate this
system [22].

The immediate power mode is in case of a major load demand when the main
and/or the auxiliary engines cannot cover the increased power needs; the BESS can be
employed and operated as an extra power supply system. This can provide additional
flexibility to the system, but larger batteries are required based on the operational
profile, and operability limitations must be taken into consideration.

Moreover, a BESS can provide additional power in case of emergency. They
can generate power to cover the electrical needs onboard as backup power in case of
genset failure. This operation increases reliability and safety, but the additional cost,

complexity, and lifecycle of the batteries have to be thoroughly considered [22].



31

2.2.4.4 Harvest energy applications

The Battery Energy Storage System can also be employed in order to harvest
energy both onboard and ashore. The energy that can be harvested onboard is usually
wind, solar, and wave energy, which require an available storage system in order to
cover some extra power demands during the vessel’s operation. The advantage of this
application is the option to utilize power generated by alternative energy sources;
however, the power generation is limited, and ship designs are not yet ready to exploit
alternative energy sources to their fullest. On the other hand, the shore-based
applications are related to the vessels’ shore connection during their stay at port. It is
an environmentally friendly way of charging since no fuel consumption is involved in
order to generate power. Some limitations it may have are port infrastructure’s

complexity and unavailability [22].

2.2.5 Marine Batteries System Topologies

Typically, in commercial vessels, the main propulsion needs are covered by the
main engine, and the electrical load power demand is provided by generator sets driven
by combustion engines. These are auxiliary engines and are connected to an electrical
grid that covers the accommodation power needs and the auxiliary systems onboard. In
this electrical power system, the BESS is integrated in order to operate according to the
system’s needs. There are multiple different ways to integrate an energy storage system

onboard, and some of the suggested topologies are presented below [16].

2.2.5.1 Traditional Mechanical Propulsion

In traditional mechanical propulsion applications, the battery is only useful for
leveling hotel electrical loads or large load steps and peaks, for which, in case of using
a larger than 50 kWh battery capacity, class notation Battery (Safety) is necessary.
Additionally, fewer auxiliary engines are required when the number of large load steps
is reduced. This configuration also has applications in collecting the energy from load-
regenerated power, for example cranes, where both the battery’s and the converter’s
efficiency determine the charge-discharge efficiency. Moreover, the battery can provide

power during standby without employing extra gensets [16].
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Figure 5: Traditional Mechanical propulsion on large vessels by MAN

2.2.5.2. Diesel Electric Propulsion

In diesel electric propulsion topology, the batteries are in parallel with the
generator sets connected to the switchboard and supply the large propulsion motors
with power. The system has the flexibility to operate solely with the generator sets, only
with the batteries, or with a combination of batteries and gensets. The batteries can
cover the propulsion power needs and smooth the load variations on gensets by
collecting the peaks. This configuration offers a significant decrease in noise and

vibration levels and offers the choice of zero-emissions operation near the harbor [16].
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Figure 6: Full hybrid diesel-electric propulsion by MAN
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2.2.5.3 Distributed storage

The distributed storage topology, presented in Figure 7, suggests that the
batteries are positioned directly connected to the propulsion converters in order to avoid
the electric converters’ power losses. Electrical propulsion needs several converters to
control the speed, torque, and power transmitted to the propulsion motors, which
inevitably reduces the system’s overall efficiency and leads to approximately 2% power
losses. In this topology, the propulsion units are also indirectly connected, which is
beneficial in the event of high-power demands where reliable power provision in high

loads is required, for example, in dynamic positioning vessels [16].
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Figure 7: Semi-hybrid diesel mechanic propulsion by MAN

2.2.5.4 Full hybrid with PTO/PTI

The hybrid with front-end PTO/PTI topology is a version of the traditional
system, with the addition of a shaft generator/power take off (PTO) adjusted in the
propeller shaft. This configuration allows the battery and the auxiliaries to assist in the
propulsion, while the main engine in normal operation charges the battery with PTO.
Consequently, during a limited stay at ports, there is a capability for zero emissions

operation [17].
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Figure 8: Full-hybrid diesel-mechanic propulsion by MAN

Another topology worth mentioning is the electrical/mechanical hybrid solution
with DC power distribution which offers a plug-in option along with DC distribution.
The major advantage the DC distributed system offers is the ability to tune the load
with the speed of the prime movers for the generators based on fuel optimization, which
subsequently leads to minimized fuel consumption and less pollution. This
configuration also gives the option to cover the electricity demands onboard either from
the main engine or the gensets and the batteries, which is enhanced when the main

engine and batteries are in parallel configuration [16].

2.2.5.5 Full Electric Propulsion

The fully electric propulsion topology, as shown in Figure 9 below, is a fully
battery-driven system where all propulsion needs are covered by the batteries. The
batteries can be charged by an AC converter, which can be found onboard or onshore.
As aresult, an external power source for charging is necessary; thus, this configuration
is more often encountered in vessels that operate on a specific route and for a short

term, such as ferries, where the shore-based infrastructure is also adequate [16].
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Figure 9: Pure Battery-electric propulsion by MAN

2.2.5.6 Hybrid/Electric architecture

The way to choose the optimal BESS size is by maximizing fuel savings and
minimizing genset running hours, maintenance costs, and operational costs. There are
two main configurations, in series and parallel. In the first configuration, mechanical
energy from the engines is used to charge the batteries by converting it to electricity
and/or going to the motor that drives the wheels. In parallel, they are both coupled to
the wheels [23]. The serial configuration of hybrid propulsion for ships is a mature
system that connects all power generators, including fuel cells, renewable energy
sources, and diesel generators, to a main electrical grid [24]. The propellers are driven
by AC motors with variable frequency, and a DC/AC drive connects them to the DC
main electrical bus bar. Multiple combinations of power sources and energy storage
systems can be used with this configuration, depending on the ship's specifications. The
system's major advantage is having various operation modes, allowing for the use of
one or a combination of power supplies. Other energy sources, such as ESS, FC, or
RES, allow diesel engines to operate within their range of high-efficiency operation

zones [24].

2.2.6 Energy Storage Systems vessel applications
Hybrid / electric system is a mature concept with numerous R&D research and
studies, and its efficiency is well-proven in many cases. Some of the completed

applications of marine batteries installations are presented below, with vessels that are
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still in operation and have tested this system in various conditions and simulations.
These projects are also supported by a developed set of rules by the Classification
Societies, so the feasibility study has been already done for other similar vessels in the

past.

2.2.6.1 Hybrid/Electric Offshore supply vessel

One of the first hybrid diesel-electric vessels was Viking Lady, a commercial
vessel that was one of the first to utilize ESS with a Li-ion battery installation [25]. It
was a case study conducted by DNV with the support of a hybrid—electric propulsion
model simulation in COSSMOS. Particularly, it is a 92 m length offshore supply vessel
whose major operation routes are back and forth to the North Sea offshore wind
platforms. It is mainly responsible for supplying and supporting the offshore platform
and also performing Dynamic Positioning to remain steady and stand-by during its stay

there [25].

Figure 10: The Viking Lady by DNV

Some of the main system’s specifications are that the system’s powertrain
consists of four Wirtsild 32DF Dual-Fuel diesel engines that drive the main generator
sets, which are four (4) in total. The generated electrical load is distributed by the
switchboards and covers the main hotel load needs and the propulsion needs, such as
driving two propulsion pods, two tunnel thrusters, and an azimuth thruster. The system’s
DC link includes a DC part with the MCFC fuel cell, battery, switchboard, and Energy

Storage System (ESS) can be found in a containerized form onboard [25].
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The vessel was modeled and simulated in COSSMOS, and the Electrical Energy
Storage System (EES) operated in peak-shaving mode. Peak-shaving mode assists in
balancing the load demands. The battery specifications on this occasion were pack 68
x 6.5 kWh Corvus AT6500 Battery Modules with 442 kWh capacity and 856 VDC
voltage. Moreover, this EES can operate at a 2C rate and a maximum power of 900
kWh because the active rectifier is set to operate at a maximum of 810 kWh power, so
power demands in gensets are restricted to 810 kWh, and during peak-shaving the SOC

remains steady and no charging cycle is needed [26].
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Figure 11: Hybrid-Electric propulsion model flowsheet in COSSMOS by DNV
The simulation results revealed a 10-20% reduction in fuel consumption, less
NOx emissions, and enhanced machinery performance and overall system flexibility

[27]. The engines’ running hours reduction also led to decreased maintenance and

maintenance costs.

2.2.6.2 Electric and Hybrid/Electric Ferries

One of the world’s first electric vessel conversions in Norway was the ferry “MF
Ampere” which needed at least a 20% efficiency improvement compared to a
conventional propulsion system. Its first operation was in 2015, and the installed
battery’s specification had a 1090 kWh capacity and a charging time of 9 minutes for a
route duration of around 20 minutes and thirty-four trips daily [27]. Its single-line

diagram is presented below [27]. The savings of the BESS application were estimated
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at about 1000 m? compared to a conventional ferry, accompanied by a carbon footprint

reduction and lower maintenance costs.
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Figure 12: MF Ampere Single Line Diagram by Corvus Energy

Other hybrid/electric RoPax vessels are MF Prinsesse Benedikte and MF
Schleswig Holstein. MF Prinsesse Benedikte was a former diesel/electric ferry
converted to a battery hybrid vessel with a Corvus Energy Storage System installation
whose battery pack specifications were 399 x 6.5 kWh, with a capacity of 2.6 MWh
and bus voltage of 932 VDC [27]. Following these successful projects, in more ferries,
the propulsion system was converted from marine gas oil to all-electric with BESS
installation [28].

Hybrid propulsion is popular especially in emission-controlled areas. Roll-
on/roll-off ships of 238 m length and 20.8 knots service speed ordered by Italian
shipping achieved reduced carbon dioxide emissions by 50% and zero emissions at the

port only with the installation of lithium batteries of total capacity of 5 MWh [27].

2.2.6.3 Hybrid/Electric Tugboats

Hybrid propulsion systems in tugs usually offer many benefits with regard to
performance and environmental footprint compared to conventional ones. The
propulsion system responds quickly to general vessel needs, and also the maintenance
costs are significantly reduced. One of the first tugboat applications was conducted by
Kotug. The main propulsion system consists of three 360° azimuth thruster propellers

and three Caterpillar 3512C-HD main engines, which achieve the highest efficiency
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when operating at 80% to 100% of maximum power [27]. The system rarely reaches
these high loads (only 5% of the total time in operation), thus hybrid systems operate
in two different modes: the first is with the conventional propulsion system during
towage, and the second is by enabling the BESS in low power demands during transit
or maneuvering in the harbor.

Some of the tug’s battery system specifications are that each pack consists of 18
cells in series, with 6.5 kWh of energy stored and a total of 117 kWh capacity. It is
manufactured by Corvus Energy, and the cell’s chemistry is lithium nickel manganese
cobalt oxide and a lifetime energy storage of 32,500 kWh at 5000 cycles [27]. Their
weight is 70 kg, and the dimensions are 59 x 38 % 33 cm. The continuous rate is 450 A,
and the operating voltage is 48 V. This system, in comparison to the conventional one,
is estimated to have cut down the engines’ running hours in approximately half (from
2000 h running hours per year to 1000 h running hours annually) [26].

In the following figure, the CO2, NOx, SOx, and particulate differences in
hybrid and conventional propulsion are compared, and it can be observed that the

emissions are significantly less in the hybrid. The running hours are reduced by 58%.
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Figure 13:Emission comparison of hybrid vs conventional propulsion system by WARTSILA
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3 System Description and Data analysis

In order to initiate the study, data from existing Service Operation Vessels
(SOVs or CSOVs) were collected and examined during a specific timeframe. These
data, collected from similar Dynamic Positioning offshore support vessels, assist with
the initial calculations of the finally examined vessel whose propulsion system
undergoes modifications. Moreover, the data given cannot be utilized at their initial
form, thus they are modified and filtered to provide important information that will be

used in order to compare them with the modified one.

3.1 Initial analysis of the propulsion system

In an effort to understand the flow of the electric load, from the main engine to
the consumers, the CSOV’s initial single line diagram is provided. It is consisted of
three 4-stroke Caterpillar Engines, 3 gensets and one emergency, 2 propellers and 3
thrusters. The plan also suggests modifications that can be applied in the system, such
as the addition of three 712k Wh batteries and later 3 fuel cells with a nominal suggested
capacity of 1000kW. The propulsion system according to the initial single line diagram

is given below:

Table 2: System's Characteristics

Main Engine 3 x Caterpillar, Inc
Gen-Set 3x1700 kW
Main Propeller 2 x 1900 kW, D =2650mm
TunnelThrusters 3x1300 Kw, D =2500 mm
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Figure 14: CSOV, Service Operation Vessel, Initial Single Line Diagram

3.2 Main Engines and performance analysis

A data preprocessing was conducted for the main components of the system,

based on the manufacturer given Specification sheet on Marine Auxiliary Engines. The

engine manufacturer is Caterpillar, Inc and refers to a 4-stroke engine.

The main characteristics are given in tables as follows:

Table 3: Main Engine Data as given from Specification sheet

P nominal 1700 kw
N nominal 1800 rpm
f 60 Hz
BSFC (ref Pb)

Load e fLe Pe (kW) Pb (kW) eff gen fLb (gr/kwh) fBSFC
100 1.00 1700 1789 0.9503 1.0000 197.10 1.000
90 0.90 1530 1609 0.9509 0.8994 198.50 1.007
80 0.80 1360 1430 0.9510 0.7993 198.40 1.007
70 0.70 1190 1251 0.9512 0.6993 198.50 1.007
60 0.60 1020 1074 0.9497 0.6003 199.80 1.014
50 0.50 850 897 0.9476 0.5014 204.20 1.036
40 0.40 680 722 0.9418 0.4036 212.10 1.076
30 0.30 510 546 0.9341 0.3052 225.90 1.146

Where:




fre=Load e/ 100

Generator efficiency: eff gen=Pe / Pb
fLb =Pb / Pbioo%Load

fesrc = BSFCb / BSFCbi00%Load
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A WFH technical file for 3512B Marine Auxiliary Engine at 1800 RPM was

used in order to calculate the NOx emissions as estimated during the engine tests. The

results are presented in the following tables:

Table 4: Data from NOx Technical File, 3512B (2005)

mfl air BSAC
Load b Pb fLb | BSFC (ref Pb) | fBSFC (kg/h) (kg/kWh) | fBSAC
100 1425.1 1.000 204 1.000 8180 5.7399 1.0000
75 1068.9 0.750 2104 1.031 6870 6.4272 1.1197
50 712.6 0.500 222.7 1.092 5302 7.4404 1.2962
25 356.3 0.250 255.8 1.254 3797 10.6567 1.8566
10 142.1 0.100 345.2 1.692 3078 21.6608 3.7737

NOx
Texh (°C) | Texh (K) fTexh CO; (kg/hr) fCO, NOx (kg/hr) | (g/kWh) fNOx
464 737.15 1.000 896.79 1.000 12.876 9.034 1.000
411 684.15 0.928 690.69 0.770 7.633 7.141 0.790
415 688.15 0.934 484.33 0.540 4.488 6.297 0.697
349 622.15 0.844 274.8 0.306 2.172 6.096 0.675
250 523.15 0.710 146 0.163 1.821 12.815 1.419

Where:

BSAC= Pb / mfla;
fBSAC = BSAC/ BSACblOO%Load

Exhaust gas temperature factor: frexn = Texh / TexhioooLoad

COz and NOx factors: fco2=CO2/ CO2_100%Load, fNox = NOx/ NOX100%Load

The final Lookup table (or Performance table) which results from the previous

calculations and is about to be used in the model at a later stage, is the following:

Table 5: Main Engine Performance Table

A/A fLb "Speed" "BSFCLFM" | MFLair LFM "Texh LFM"
1 1.00 30 197.10 2.8524 737.15
2 0.90 30 198.48 2.3688 715.95
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3 0.80 30 198.46 2.3797 694.74
4 0.70 30 198.40 2.3728 684.95
5 0.60 30 199.91 2.1786 686.55
6 0.50 30 204.23 1.8487 688.15
7 0.40 30 212.50 1.5328 661.74
8 0.30 30 226.85 1.3569 635.34
9 0.20 30 252.29 1.3005 589.21
10 0.10 30 299.45 1.0748 523.34

e “Speed” = Nnominal / 60 (rps)
e BSFC results from a polynomial interpolation of fb and BSFCb values

from the specification sheet

PbxLoad*BSAC
3600

from NOx technical file

e MFLair LFM= , Pb from specification sheet and BSAC

e Texh LFM is an interpolation of load factor and Texh from technical file

3.3 Data analysis of existing vessels’ operational profiles

Initially, in order to understand and depict the actual profile of an offshore
supply vessel’s operation, data from two sister SOVs: Edda Mistral and Edda Passat
were recorded and processed. These data were time, distance, main engine consumption
of MGO fuel, the quantity of MGO left at the end of a trip, and, most importantly, speed.
Their operational profiles were recorded for several dates and moments for the period
between the 1% of January 2020 and the same date in 2023 (3 years later). The results
of these collected data for each vessel separately were processed in excel and their

histograms are presented in the following figures.

Edda Mistral:
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Figure 16: Histogram of MGO ROB, Edda Mistral

From these two figures, it can be observed that Edda Mistral, in the vast
majority, operated at very low speeds, as out of 3213 data recorded, 2765 (86% of the
time) speed data were between 0 to 2 knots, and then it had two peaks in speeds of 3
and 7 knots (about 2% of the time at each speed). The rest of the time, the percentage
of time spent on speeds from 4 knots to 9 knots is relatively equal, and the percentage
of time it reached speeds above 10 knots is 1% (only 23 times). The maximum speed

reached was 17 knots, but only once, and the immediately preceding recorded speed

was 12 knots.
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As far as MGO ROB is concerned, the histogram shows that MGO ROB values

range have a peak at values around 190 to 230, and before and after these values, the

frequency with the rest of them appears to decrease.

Edda Passat:
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Figure 17: Histogram of speed, Edda Passat
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Figure 18: Histogram of MGO ROB, Edda Passat

For Edda Passat’s data results, it can be concluded that it, similarly to Edda

Mistral, operated at very low speeds as out of 5072 data recorded, 4239 (84% of the

time) speed data were between 0 to 3 knots. The percentage of time spent on speeds

from 4 knots to 11 knots is relatively equal and relatively low, and the percentage of
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time it reached speeds above 10 knots is 1% (only 42 times). The maximum speed
reached was 13.6 knots, but only once and the immediately preceding recorded speed
was 12 knots.

As far as MGO ROB is concerned, the histogram shows that MGO_ROB values
range have a peak at values around 240 to 260, and before and after these values, the
frequency with the rest of them appears to decrease. From 142 to 442, the MGO ROBs
have relatively the same frequency, but outside of these values, the frequency is a lot
lower.

SOVs’ main operations are in harbor, standby in wind farms, performing
Dynamic Positioning (DP) during various works and transits to and from the port and
between sites. During harbor and standby operation, the vessel is responsible for
docking - loading and stationary respectively, as a result the speed in these modes is
relatively low and so are the energy demands. The Dynamic positioning mode is usually
a station-keeping mode when the vessel has a very low speed or is held stationary, but
the energy demands are usually higher (due to constant employment of the thrusters to
adjust the vessel’s position), so the consumption is increased. During transits, the vessel
might develop higher speeds with moderate power demand, but the amount of time

spent in those speeds is insignificant compared to the other operation modes.

3.4 Power Management System of the vessel

In order to conduct this study, operational data from a Service Operation Vessel
(SOV) already in service were collected in a month period of time and analyzed in order
to come to conclusions and a better understanding of these vessels’ operational profile.
Some graphical representations were used in order to point out this system’s challenges

and create or propose different Power Management systems.

Power Demand (kW)
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Figure 19: System's Power Demand
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The data were processed in Excel, and the system’s power demand was recorded
every 60 seconds. In terms of the system’s power demand, it can be observed that the
load exhibits several high-demand peaks that the engines must cover, with the demand
changing quickly over time.

In addition, the actual PMS was provided along with these power per minute
data, which led us to derive conclusions and compare them with an improved Power
Management System in terms of efficiency. In this model, the initially provided Power
Management System was named actual, and it can be characterized as a safe way to
manage the power demand.

In order to be able to suggest and implement two more Power Management
Systems, it should be taken into account that the following is feasible only with the use
of Electrical Energy Storage onboard.

Initially, with the data given and the knowledge of the engine’s maximum load
at 1700 kW, the number of engines operating was based on the minimum number of
engines that can endure this load demand. Specifically, the load was divided by 1700
kW, which is the maximum load, and was rounded in the values 1, 2, and 3 (the system
has 3 engines). In order to create a more realistic Power Management System, if there
were peaks of moments when 2 or 3 machines operated for a minute, the number of
engines operating was smoothed for the whole hour, as it is not realistic for a captain to
foresee and operate an engine just for a minute. This Power Management system was
named optimal correction.

Another Power Management System that was also examined was the actual
PMS minus one engine, when possible, and smoothed when needed. In this way, the
results of three different Power Management systems could be compared and assessed.
Following, the number of engines operating, according to each PMS as well as the load

profile, is depicted in diagrams.
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Figure 22: Number of Engines operating in PMS actual (N-1)

The diagrams above indicate the number of engines that have to be employed
in the different power management system scenarios. In particular, the actual Power
Management, as already mentioned, has almost all 3 engines running most of the time,
regardless of the load demand. The Power Management System for optimal correction
of the overall system’s efficiency generally suggests one engine operating for the
majority of time and fewer moments with two engines in operation. The last Power
Management system has more engines operating than the optimal correction but still
less than the actual Power Management. However, the logic is similar to the previous
one, so one or a maximum of two engines operate.

A consolidated table with the previously mentioned PMS strategies, including
the names given and a small description, is presented below to be easily recognized in

the diagrams presented later is the following:

Table 6: PMS names and description

Name Description
PMS_00 | PMS actual
PMS_#01 | PMS actual with battery
PMS_#02 | PMS actual with N-1 employed engines
PMS_#03 | PMS optimal correction
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4 Model Analysis

4.1 PML:s and Sense Library creation

The entire energy management system was modeled in “gPROMS
ModelBuilder” which is a digital process design and operation tool widely used in the
industry. It mainly utilizes PML libraries, which are basic components and their
features, such as PMLs that calculate measurements like Electric Current and identify
connection types, control PMLs, etc., and these are later used to compose any model
simulation needed. These PMLs can also be included in the System’s Library, which is
the basis where the system is built, and every component and its functions can be
programmed there.

Initially, in order to achieve a simulation, a system structural analysis has to be
conducted to identify and create the main components that set and initialize the system,
like PMs or Models, Connection types, Variable types, Tasks, Processes, and Materials.
The system, which is constructed later on, is mainly based on the “Sense library v02”
which is a library that provides these main structural components. Specifically, the
system’s Variable types are electric current, frequency, voltage, power, and speed,
which are all given default values and boundary conditions according to the
manufacturer. Furthermore, the system is formed by both mechanical and electrical
connections, which are defined and initialized. The main Models used for the operations
are Batteries, BMS, electric load, and switchboard. The battery tasks are programmed
in the “BMS Logic”, and some processes are tested with the assistance of some
Miscellaneous files. Lastly, different Materials in the fuels, whose behavior is affecting
the system, like Fuel Cells, are initialized and defined. The system’s PMLs and Library

is displayed in the Image 7 below, showing all the main components as described above.
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Image 7: gPROMS PMLs and Sense_Library

4.2 Projects and models description

The main project, which includes the final system, is the project named “SHIP-
AH20Y System v02 AR Operation Data” where the Variable Types such as time,
temperature, electric current and voltage, mass flow rate and fraction, pressure, power
active, rotational speed, torque, etc., are reinitialized and set with default values and
boundary conditions. The connection types are redefined specifically for this system
and categorized into electric and mechanical connections, PMLs responsible for the
control and materials. The modeling process is done in the project’s subproject Models,
where the visual tools, already defined and initialized earlier, are put together in a
connection sequence that imitates the actual energy flow and powertrain in the studied

vessel.

4.2.1 Conventional diesel model

The system’s powertrain is built starting with the Main Engines, which are 3
Caterpillar 4-stroke engines whose nominal power output is set to 1789 kW, and the
engine speed is set to 30 rpm. The main performance data, which determine the load
speed and consumptions, are imported as calculated at the beginning in Excel, and so
are the fuel chemistry data. Each engine is directly connected to the Diesel generators

whose nominal electrical power output is set to 1700 kW. All these lead to the main
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switchboard, which distributes the electric load to the main consumers. The model’s
main consumers are the propeller and the general electricity demands onboard.

The main switchboard is taking the Power Management Strategy as an input
that defines the main loads. A schematic example of this process is presented in the
following figure 10, where an offshore supply vessel’s powertrain is presented [29]. It
shows the conventional diesel propulsion system, which includes the conventional
internal combustion engines, the gearboxes that lead to the propellers, and the auxiliary

power generators supplying electricity onboard [29].
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Figure 23:Model of a Diesel-Propeller CTV powertrain in Modelica by Andrzej Lebkowski

The system’s topology developed in gPROMS Language is presented in the
Figure 24 below:
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Figure 24: Conventional Diesel System's Model

The main components of the system’s powertrain are set and defined from a
topology point of view, but the model’s main body is written and described in gPROMS
language. At first, some system parameters are determined, such as the engine load limit
and the low flow limit as default numbers, the load demand profile and the PMS table
which are set as foreign objects externally defined in miscellaneous files, and the results
of the load and power which are set as the requested model’s process output. The main
units are later defined by matching the names of the units employed in the model with
the initially defined PMLs’ library. Then the system’s variables are defined and
represent every value that has to be calculated by the equations used. These are the time
variable that runs all the timetables when the operational data are collected, the results
load variable, the results power variable, and some Energy efficiency indexes (KPI)
such as instant and cumulative fuel consumption, instant and average efficiency, instant
carbon dioxide (CO.) emissions calculation and factor, the cumulative power, and the

instant and cumulative Heat Input.
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The project, in order to be initialized, has to read the files defined by the user,
which are the demand power profile data and the PMS lookup table based on the choices
described previously. The load results are split into the 3 main engines and named
accordingly. The power results are split into the propeller power demand, the power
active that ends up at the main switchboard from the engines, and in this system covers
the power demands and the power provided by the battery, which in this application
(the conventional diesel model) is set to 0. The topology is described again in gPROMS

language based on the system’s power flow. The main equations are given below:

Time: [Time=1 where Time,_os =0
e [nstant Fuel Consumption : Myioy fuer = Zﬁi? Melow fuel i

e Cumulative Fuel Consumption : [ Mgum_flow fuel = Mflow fuel

where  Mgym flow fuel t=0s = 0

Wp

o Instant Ef ficiency : N = P

k i
where Hu = 42700.4é and Wp: Power Demand

o Instant COyemissions : €O, . = Mflow e -EF

where EF = 3.114
e Cumulative Power : [ Power,,, = Power_Demand
e Instant Heat Input : Heat_Input;,s = Zii Heat_Input;,

e (Cumulative Heat Input : f Heat_Input_,,, = Heat_Input;,q

.. . _ Y Power_Demand
o Average Efficiency: 71 = > Heat Input
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4.2.2. Hybrid Diesel Electric model

The hybrid Diesel Electric model’s topology is similar to the conventional
topology described above but with the addition of an Energy Saving System (ESS)
which in this case is the battery. The main engines and the diesel generators that end up
on the main switchboard are the same. Therefore, the switchboard’s main consumers
are now the propeller’s power demand and the general propulsion needs, the electricity
demands onboard, and an extra consumer which is the ESS. The EES is connected to
the main switchboard with an input and an output unit, depending on whether it
provides or consumes energy from the system, which is determined by the system’s
power demand. Also, inverters and power converters are incorporated into the system
in the battery configuration.

To create the PMLs library for the hybrid diesel-electric configuration, a simple
ESS (battery) and a BMS model with specific tasks are required. The Battery Energy
Storage System (BESS) is defined by the State of Charge (SOC) variable, the charge
actual, maximum, and charge limit, the current voltage, and the actual power. Moreover,
the three states of battery status are distinctly defined and separated to normal operation
by setting the SOC limits as determined by the manufacturer for the safety and the
health of the BESS and the charging and discharging state where the limits are also
defined.

The BMS PML’s strategy chosen is peak saving operation, and it is set to take
as an input the network signal, the battery status, and the battery demand. When the
BMS operates in peak shaving mode, then the user defines the battery reset time and
the system calculates the average power demand at this specific period of time. Based
on this average power value, the battery is either charged when the value of the State
of Charge (SoC) is above 0.5 or discharged when the SOC value is below 0.5. Another
BMS operation is the ON_OFF status, which provides a very large positive or very low
negative value as a set point to the battery so that the battery gives maximum or
minimum capacity with respect to SoC limits, which are checked by the battery model
internally. In order to reset the battery power required in each operation status, during
the normal operation, if the power desired is above the actual, then it is reset to the
actual; if it is below, then it is reset to the desired, etc. The same process is applied to
all three BMS statuses (normal operation, charging, discharging).

The BMS logic is also programmed at the system’s tasks, where the first task is

the average step change. Within a defined "Reset Step" time interval, the average power
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demand is determined dynamically by calculating the total accumulated energy demand
up to that point. At the end of each interval, the averaging calculations are reset. The
second task is the Battery Management System (BMS) supplies the battery with the
calculated average power demand at a preset frequency, which may differ from the reset
frequency for the power average calculations. The last task operates for the complete
time interval of the process.

In the system’s topology, the battery is set to normal operation mode, and the
initial capacity is set to 1424 kW, a capacity suggested by the initial line diagram.
Moreover, the voltage is set to 400 V, the maximum charge limit to 0.85, and the
minimum to 0.15. Finally, the initial battery charge is adjusted to 0.5. The BMS control
unit is set to operate in peak shaving mode, with the power crate limit set to 1424 kW,
and the minimum and maximum State of Charge (SoC) are set to 0.2 and 0.8,
respectively.

Following, in Figure 12 below, a schematic example of a Crew Transfer Vessel
hybrid electric propulsion system topology is presented. It mainly consists of two
gensets, electrical energy storage, and the same configurations as the example in the
conventional configuration. It also includes the driving propellers, a charger block, a
power converter that supplies the system with a power network, and the PMS block

[29].
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Figure 25:Model of a hybrid Diesel-Battery-Electric CTV powertrain in Modelica, by Andrzej Lebkowski
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The hybrid system’s topology created in gPROMS is presented in Figure 13
below. A SoC and a Load Engines diagram are added to the topology in order to monitor

the overall running process and correct any errors that might occur during the

simulations.
121 SHIP_AH20Y System v02_ARS 2 battaries (SHIP-AH2OY System v02 AR Operational Data) =)
V- QQRE| ik rone~ |Eaig~ | £ -0 S0 @ Show v

e

Interface Interface language Topology gPROMS language Properiies

Figure 26: Hybrid Diesel/Electric System's Model

The gPROMS language for the hybrid system is the same as the conventional
one with the addition of the units mentioned above, such as battery (BESS), BMS, and
inverters. The equations and the parameters remain the same, as do the demand profile

tables and the operational data.

4.3 Processes and Simulations results

4.3.1 Conventional Diesel simulation results

The model’s simulations are achieved when the processes are adequately
defined. In the processes, each unit’s specifications are already set and assigned, and
the same applies to the initial data. The schedule command determines the way the

simulation runs regarding the time interval, which for the conventional diesel system is
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simply in a sequence, and with a reporting interval of 60 minutes, it presents the
simulation results for the whole month.

In the initial model, with the configuration as described above, three different
Power Management System scenarios were examined regarding the overall efficiency
and other factors that were calculated in order to be compared. These Power
Management Systems (PMS) are the PMS actual, which is the real operational profile
the vessel performs; the PMS optimal correction, which is created with the minimum
number of engines operating according to the power demand; and last is the PMS actual
with (N-1) number of engines operating. The more stringent the Power Management
System which means fewer engines are employed, the harder the simulation process, as
it takes longer to be completed, and the simulation errors are increasing. Some results
are presented in Table 7 below, which indicate that the implementation of a better Power

Management System can lead to a notable difference in the system’s overall efficiency.

Table 7: Cumulative Heat Input of Conventional Diesel simulations

Name Cumulative Heat Input
PMS actual 6593.89
PMS actual (N-1) 6088.12
PMS optimal correction 5988.55

It can be observed that in the 26-day duration of the vessel’s operation, the
overall system’s efficiency is improved with a better Power Management strategy.
However, the last two PMS are not realistic scenarios and feasible in the existing
conventional system. It is a theoretical comparison of the created PMS with the last two
PMS (optimal correction and actual with (N-1) number of engines employed) that can

only be implemented with a BESS application.

4.3.2 Hybrid Diesel/Electric simulation results

The hybrid diesel/electric model simulations in gPROMS were divided into two
categories. The first group of simulation processes aimed at an enhanced understanding
of the influence different Power Management Systems have on the system’s overall
performance and being able to compare these Power Management Systems with the
vessel’s original data. The simulations’ results will later assist in a more specified

examination of the effect different-sized battery alternatives have on the system in the
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second set of simulations. The different Battery Energy Storage System capacities,
either bigger or smaller than the initial, will be reviewed to assess the influence this

feature has on the system’s overall performance.

4.3.2.1 Hybrid Diesel/Electric PMS comparison and results
The load is shared between the main engines and the BESS, and the BMS

operates at a peak saving mode. In this mode, the battery is charged and discharged
when the power demand is above the initially expected value in the BMS or below it,
respectively. This value is checked and set in the Battery Management System
according to the user-programmed processes. In this simulation, the processes were
scheduled to check the system’s load demand every {300, 600, 900, 1200, 1500, 1800}
seconds, also called battery reset time. The battery reset time impact on the system is
also examined along with the different PMS. Theoretically, it is expected that the more
periodical the checking of the expected power demand value, the less overcharged or
undercharged states the battery can experience, which is helpful for its life cycle. On
the other side of the coin, efficiency-wise, the more time spent maintaining a particular
power management strategy, the better for the overall efficiency, since the engines and
the battery do not have to rotate modes often and have a more stable operation, creating
also a more realistic scenario. The simulation runs for 10 days, and the three PMS
compared are the actual, the optimal correction, and the actual with (N-1) number of
engines employed.

The variable results exported from the gPROMS and analyzed later are time,
load (per engine), the battery’s BMS State of Charge (SOC) signal, and the cumulative
Heat Input. The criteria are set to compare the different processes described above and
later the three different Power Management Systems and the system's overall
performance and efficiency without a battery and with the battery installation.

The first criterion concerns the time spent with engines' loads exceeding 90%,
which is practically a state where the engines are overloaded and cannot operate in this
condition for long. With some “IF” conditions in Excel and the trapezoidal integration
of the values that satisfy this requirement, the overall time is calculated. This overall
time with loads above 90% is divided by the overall simulation time, which in this case
is 10 days, and the percentage of time when engines' loads are above 90% is estimated.

This criterion is important in order to assess the impact each PMS and battery reset time
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has on engines' lives; for instance, an engine that spends a significant amount of time
overloaded might need more frequent maintenance, and its life cycle might deteriorate.

Furthermore, the running hours are calculated as the fewer the running hours
for the engines, the less overall fuel consumption, and thus the better the efficiency. The
percentage of running hours compared to overall simulation time, which is 10 days or
240 hours, is calculated for an easier comparison.

The second criterion is about the battery’s life and health since the
manufacturers propose that the battery is not recommended to operate in a State of
Charge below 0.2 and above 0.8, so the time spent out of these limits is calculated.
Moreover, the battery is preferred to operate in a State of Charge equal to 0.5, since it
is easier to receive the excessive engine loads or cover the load demands, so the average
State of Charge and the standard deviation for this operation are calculated and
compared. The initial SOC value is set to 0.5.

The third criterion refers to the overall efficiency compared to the initial state—
the no-battery conventional system—by calculating the difference in the Heat Input
final cumulative values with the initial system. In this way, the most efficient system is
indicated. In the final Heat input values, the excessive SOC (above or below 0.5) value
after the 10-day simulation is corrected and translated to the Heat input value since the
battery-stored energy at the end of the simulation process has to be considered and
calculated.

This simulation aims to examine two different parameters, which are the effect
of different Power Management Systems (PMS) and battery reset time. This is achieved
with the implication of the same BESS size, which, as suggested in the initial line
diagram, is 1414 kW, maintained throughout all simulations and collecting the data to
be compared as described above. The simulations are conducted in gPROMS, and the
results are exported and processed on an EXCEL sheet, where the criteria are calculated
and later plotted for easier assessment and review. The simulation’s results as described

above are presented in the following tables.

Table 8: Hybrid diesel/electric system, PMS actual results

PMS_#01
Battery Reset 1t 1" criterion Running Hours
Time criterion percentage Running Hours percentage

300 1470.01 0.17% 541 2.2541




61

600 1470.00 0.17% 542 2.2598
900 3029.99 0.35% 540 2.2501
1200 4828.62 0.56% 538 2.2408
1500 4559.99 0.53% 538 2.2421
1800 5459.05 0.63% 533 2.2196
SoC<=0.2and | average standard 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 SoC dev. Hlbat)/HIno_bat A(HIno_bat-Hlbat)

0 0.5294 0.0605 0.52% 15.22

0 0.5283 0.0800 0.46% 13.53

11 0.5303 0.0820 0.54% 16.01

42 0.5349 0.0916 0.65% 19.23

91 0.5404 0.1109 0.65% 19.25

63 0.5422 0.1076 0.90% 26.40

Table 9:Hybrid diesel/electric system, PMS actual with (N-1) number of engines employed results

PMS_#02
Battery Reset 1t 1"t criterion Running Hours
Time criterion percentage Running Hours percentage
300 12964.15 1.50% 347 1.4462
600 9739.03 1.13% 348 1.4493
900 12503.01 1.45% 346 1.4435
1200 20979.39 2.43% 344 1.4352
1500 22243.77 2.57% 347 1.4459
1800 27302.54 3.16% 344 1.4351
S0C<=0.2 and average standard 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 SoC dev. Hlbat)/HIno_bat A(HIno_bat-HIbat)
0 0.5294 0.0605 9.03% 265.90
0 0.5283 0.0801 9.04% 266.15
11 0.5302 0.0820 9.07% 267.13
42 0.5346 0.0916 9.07% 267.06
91 0.5394 0.1099 9.01% 265.32
63 0.5424 0.1074 9.09% 267.68

Table 10:Hybrid diesel/electric system, PMS optimal correction results

PMS_#03
Battery Reset 1t 1" criterion Running Hours
Time criterion percentage Running Hours percentage
300 15940.33 1.84% 297 1.2395
600 13440.03 1.56% 299 1.2459
900 17875.43 2.07% 298 1.2397
1200 25233.54 2.92% 297 1.2363
1500 30347.92 3.51% 297 1.2369
1800 30908.12 3.58% 296 1.2338
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So0C<=0.2 and average standard 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 SoC dev. Hlbat)/HIno_bat A(HIno_bat-Hlbat)

0 0.5294 0.0605 11.06% 325.60

0 0.5283 0.0801 11.01% 324.27

11 0.5303 0.0820 11.05% 325.28
42 0.5347 0.0918 11.04% 325.19
59 0.5458 0.1127 11.04% 325.06
63 0.5422 0.1074 11.03% 324.85

The simulation results are graphically presented in the following diagrams. The

diagrams also include the PMS actual, in the conventional diesel configuration. In this

configuration, the running hours are 552, which represents 2.3% of the total time, and

the rest of the criteria are zero (0) regardless of the battery's average reset time.
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In hybrid diesel/electric application, the PMS actual has fewer values with loads

above 90% compared to the PMS optimal correction and the PMS actual with (N-1)

engines operating. This indicates that in the actual application, more engines are

employed to cover the power needs; consequently, the engines are rarely overloaded.

The lower the number of engines employed in each power management strategy, the

more load peaks occur during the simulation process. In comparison to the same Power

Management System actual in the conventional propulsion system, the values are

slightly increased, but this happens due to the Battery Energy Storage System’s capacity

to receive these load peaks. As far as the battery average reset time is concerned, the
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value equal to 600 seconds has the least amount of load peaks (reaching above 90

percent of the maximum load) for both PMS.
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Figure 29: Engines Running Hours per Calendar Hours

The Running Hours remain relatively stable for all the battery average reset time
values {300, 600, 900, 1200, 1500, 1800} for all PMS. This means that the battery’s
average reset time does not affect engines’ running hours. However, in PMS optimal
correction (PMS_#03) and PMS actual with (N-1) engines in operation (PMS_#02),

running hours are almost half the PMS actual running hours, with the minimum running
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hours being in PMS optimal correction. This has a positive impact on the overall

system’s efficiency, fuel consumption and maintenance costs.
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Figure 30: Number of Instants when SOC value is below 0.2 or above 0.8

It can be observed that for all PMS, the SOC values remain inside the SOC
limits (0.2, 0.8) when the battery average reset time is set to 300 seconds and 600
seconds throughout all 10 days of operation. For battery average reset times of {900,
1200, 1500} seconds, the number of values outside SOC limits is increasing, and for
PMS #01 (actual) and PMS #02 (actual with (N-1) number of engines in operation),
there appears to be a maximum at battery reset time equal to 1500 seconds. Moreover,
PMS #01 and PMS_#02 seem to have an identical curve, and when battery reset time
is set to 1800 seconds, the times when SOC is outside limits are significantly decreased.
In addition, PMS_ #03 (optimal correction) seems to have fewer values outside the SOC
limits only for the battery reset time of 1500 seconds; the rest of the values are the same.
The simulation results indicate that the safer battery average reset time is either 300 or
600 seconds since the SOC is inside the limits, and also PMS_#03 seems to have better

results regarding SOC values.
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Figure 31: Average battery SOC diagram per battery reset time
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Figure 32: Battery SoC Standard Deviation

The average SOC value has a minor deviation for battery average reset time of
300, 600, and 900 seconds in all PMS. For the rest of the battery average reset time, the
average SOC value is greater for PMS #03 (optimal correction) and PMS #01 (actual).
The minimum is again in battery average reset time equal to 600s. The same applies to

the standard deviation, as the values are very close for all battery reset times, and the
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minimum appears to be in the value of 300 sec, which gradually increases for the rest
of the values. The maximum appears to be in the battery reset time equal to 1500 sec.
The gPROMS simulations reveal these SOC variations in the following diagram, where

the peaks and deviations are visible.

Figure 33: Battery SOC deviation in PMS_#02, battery reset time set to 600 sec.
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Figure 34: 3rd criterion Heat Input percentage

The Heat Input simulation’s results indicate that the values remain relatively
stable for a specific PMS regardless of the average reset time; however, the minimum
value for all PMS appears to be in 600 seconds. The declinations become greater as the
PMS gets stricter with the least possible engines in operation. This indicates the impact
on efficiency an improved Power Management system has, as the improvement can be
up to 9% or 11% in PMS_#02 and PMS_#03, respectively, with the most efficient PMS
being the PMS #03 (optimal correction).
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In general, the above plots lead to some conclusions about these simulations.
The first conclusion is that for battery average reset time values above 900 seconds, the
simulation process becomes difficult with more errors to correct, and most of the criteria
results indicated that these values were not satisfactory. Moreover, the PMS optimal
correction had an increased percentage of time when engines were operating overloaded
(with a load above 90%), but the impact on the overall efficiency compared to the rest
since the running hours was significant, almost cut to half. As far as the battery is
concerned, the SOC deviation and values outside of the limits were significantly less
when the battery's average reset time was scheduled to 300 or 600 seconds. The second

PMS (PMS_#02) was in the middle but closer to the optimal correction.

4.3.2.2 Hybrid Diesel/Electric different EES capacities comparison and results

The second category is the comparison of different BESS sizes, for which the
BESS capacity is increased and decreased by 20% accordingly in order to compare the
initial BESS with a smaller and a bigger capacity. The capacity calculated is 1708.8
kWh and 1138.2 kWh, respectively. The simulations are conducted only for battery
reset times of 300, 600, and 900 seconds since the previous simulations indicated that
these three values give better results than the values above them. The simulation results
for each PMS and Electrical Energy Storage (EES) are presented below. The criteria
according to which the different battery capacities are compared are the same as in the
previous simulations, and the results exported from the gPROMS simulations have to
be compared based on the effect their application has on the system. The data
processing was conducted in an Excel data sheet, and the results are presented in table

form and graphically for an easier comparison.

For PMS actual the simulation results are the following:

Table 11: PMS #01 (actual) - EES 1424 kWh

Battery Reset 1" criterion Running Hours
Time 1 criterion percentage Running Hours percentage
300 1470.01 0.17% 541 2.2541
600 1470.00 0.17% 542 2.2598
900 3029.99 0.35% 540 2.2501
S0C<=0.2 and 3" criterion A(HIno_bat- 3" criterion
So0C>=0.8 average SoC | standard dev. Hlbat)/HIno_bat A(HIno_bat-HlIbat)
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0 0.5294 0.0605 15.22 0.52%
0 0.5283 0.0800 13.53 0.46%
11 0.5303 0.0820 16.01 0.54%

Table 12: PMS #01 (actual) - EES 1708.8 kWh

Battery Reset 1" criterion Running Hours
Time 1"tcriterion percentage Running Hours percentage
300 2976.32 0.34% 538 2.2427
600 1470.01 0.17% 539 2.2467
900 4290.00 0.50% 537 2.2384
S0C<=0.2 and average 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 SoC standard dev. Hlbat)/HIno_bat A(HIno_bat-HIbat)
0 0.5317 0.0590 0.59% 17.39
0 0.5293 0.0716 0.57% 16.78
0 0.5266 0.0902 0.62% 18.39

Table 13: PMS #01 (actual) - EES 1139.2 kWh

Battery Reset 1" criterion Running Hours
Time 1"t criterion percentage Running Hours percentage
300 2449.81 0.28% 547 2.2784
600 1469.97 0.17% 546 2.2761
900 1320.00 0.15% 543 2.2622
S0C<=0.2 and 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 average SoC standard dev. Hlbat)/HIno_bat A(HIno_bat-Hlbat)
0 0.5292 0.0652 0.31% 9.16
0 0.5277 0.0899 0.37% 10.76
42 0.5350 0.0961 0.48% 14.12

For PMS actual with (N-1) number of engines in operation, the results are the

following:

Table 14: PMS #02 (actual (N-1) engines in operation) - EES 1424 kWh

Battery Reset 1" criterion Running Hours

Time 1™ criterion percentage Running Hours percentage

300 12964.15 1.50% 347 1.4462

600 9739.03 1.13% 348 1.4493

900 12503.01 1.45% 346 1.4435
S0C<=0.2 and 3" criterion A(HIno_bat- 3" criterion

S0C>=0.8 average SoC standard dev. Hlbat)/HIno_bat A(HIno_bat-Hlibat)
0 0.5294 0.0605 9.03% 265.90
0 0.5283 0.0801 9.04% 266.15
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Table 15: PMS _#02 (actual (N-1) engines in operation) - EES 1708.8 kWh

Battery Reset 1" criterion Running Hours
Time 1'criterion percentage Running Hours percentage
300 14138.48 1.64% 345 1.4388
600 11325.20 1.31% 346 1.4437
900 16803.79 1.94% 344 1.4330
So0C<=0.2 and standard 3" criterion A(HIno_bat- | 3™ criterion A(HIno_bat-
S0C>=0.8 average SoC dev. Hlbat)/HIno_bat Hibat)
0 0.5318 0.0590 9.12% 268.64
0 0.5293 0.0716 9.08% 267.32
0 0.5265 0.0904 9.15% 269.45

Table 16: PMS #02 (actual (N-1) engines in operation) - EES 1139.9 kWh

Battery Reset 1" criterion Running Hours
Time 1tcriterion | percentage Running Hours percentage
300 10251.04 1.19% 351 1.4637
600 11280.86 1.31% 352 1.4654
900 17244.82 2.00% 349 1.4555
So0C<=0.2 and average standard 3" criterion A(HIno_bat- 3" criterion A(HIno_bat-
S0C>=0.8 SoC dev. Hlbat)/HIno_bat Hibat)
0 0.5292 0.0652 8.93% 263.09
0 0.5277 0.0898 8.92% 262.61
42 0.5348 0.0963 8.96% 263.88

For PMS optimal correction the simulation results for each EES are the

following:

Table 17: PMS #03 (optimal correction) - EES 1424 kWh

1" criterion Running Hours
Time 1"'criterion percentage Running Hours percentage
300 15940.33 1.84% 297 1.2395
600 13440.03 1.56% 299 1.2459
900 17875.43 2.07% 298 1.2397
S0C<=0.2 and 3" criterion A(HIno_bat- 3" criterion
S0C>=0.8 average SoC standard dev. Hlbat)/HIno_bat A(HIno_bat-HlIbat)
0 0.5294 0.0605 11.06% 325.60
0 0.5283 0.0801 11.01% 324.27
11 0.5303 0.0820 11.05% 325.28




Table 18: PMS #03 (optimal correction) - EES 1708.8 kWh
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Battery Reset 1" criterion Running Hours
Time 1" criterion percentage Running Hours percentage

300 16104.95 1.86% 299 1.2475

600 13862.58 1.60% 300 1.2518

900 18653.60 2.16% 298 1.2423
So0C<=0.2 and standard 3" criterion A(HIno_bat- | 3™ criterion A(HIno_bat-

S0C>=0.8 average SoC dev. Hlbat)/HIno_bat Hibat)

0 0.5319 0.0591 11.02% 324.39

0 0.5293 0.0716 10.98% 323.30

0 0.5265 0.0904 11.05% 325.27

Table 19: PMS #03 (optimal correction) - EES 1139.2 kWh

Battery Reset 1" criterion Running Hours
Time 1tcriterion | percentage Running Hours percentage

300 12765.28 1.48% 304 1.2668

600 12624.51 1.46% 304 1.2663

900 21201.67 2.45% 302 1.2578
So0C<=0.2 and average standard 3" criterion A(HIno_bat- 3" criterion A(HIno_bat-

S0C>=0.8 SoC dev. Hlbat)/HIno_bat Hibat)

0 0.5292 0.0652 10.84% 319.20

0 0.5277 0.0899 10.85% 319.48

42 0.5349 0.0962 10.87% 320.00

The tables are plotted in order to assist in forming conclusions. The three PMS

are presented in the same figure in order to be easily compared. The different colors

indicate different PMSs. The red color represents the PMS #01 (actual), the blue color

the PMS #02 (actual with (N-1) number of engines in operation), and finally the green

color the PMS #03 (optimal correction). The different Electrical Energy Storage (EES)

are presented with different line types. The legend beside the figures reveals the way

the EES are classified in the plots. The diagrams are presented below.




71

1st criterion - Load>90%

3.00%

2.50%

2.00%

1.50% — -EES_1708.8 kwh

—e&— EES_1424 kwh

--#--EES_1139.2 kwh
1.00%

Percentage of time Load>90%

0.50%

0.00%
0 100 200 300 400 500 600 700 800 900 1000

Battery Average Reset Time (s)

Figure 35: Ist criterion - Overall time when engines' load exceeds 90%

In the first diagram, the first criterion, which is the cumulative time the engines
spent running at loads exceeding 90% of maximum, suggests that the different EES
capacities are not capable of drastically changing the initially concluded results with
the battery implementation. Particularly, PMS #01 has the minimum number of values
that comply with the first criterion, which is significantly increased in PMS #02 and
PMS #03, with PMS #03 having more values overall. This is justified by the least
number of engines in operation. An exception to this rule is the simulation with
PMS #03, EES 1139 kWh, and battery average reset time of 300 seconds, where values
exceeding 90% load are less compared to PMS_ #02, battery average reset time of 300
seconds, EES 1424 kWh, and EES 1708.8 kWh. This can be explained by the fact that
even a smaller capacity EES combined with the stricter PMS, if the load checking is
periodical and often, it can still receive a significant amount of load peaks, more than
with a better PMS and bigger capacities.

Moreover, with regard to the battery average reset time, comparing the 300, 600,
and 900 seconds, for EES 1708.8 kWh and EES 1424 kWh, the minimum values appear
to be in 600 seconds for all PMS. On the contrary, with the smaller battery capacity
(EES 1139.2 kWh) it depends on the PMS since for PMS #01 the minimum is in 900
seconds, for PMS #02 the minimum is in 300 seconds, and for PMS #03 the minimum

appears to be in 600 seconds.
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Additionally, regarding the different EES capacities, it is not clear if one of these
three is better than the rest, and the system's behavior highly depends on the PMS and
the average reset time. Specifically, for PMS #01 (actual) the bigger capacity battery
(EES_1708.8 kWh) results in more values when engines are overloaded for all battery
average reset times. On the contrary, the smaller capacity battery (EES 1139.2 kWh)
seems to depend on the different battery average reset time, since the values linearly
decrease from 300 to 600 and 900 seconds. The EES 1424kWh capacity gives
satisfactory results to all battery average reset values.

Furthermore, for PMS #02, although the EES 1139.2 kWh in battery average
reset time equal to 300 seconds results in the least number of values that comply with
the first criterion, in 900 seconds it has the most. The bigger capacities are better for all
battery average reset times, as they have a more stable behavior. On the contrary, the
EES 1708.8 kWh overly leads to more engine peaks compared to the EES 1424 kWh.
This means that the bigger battery capacity does not necessarily imply fewer peak loads
in the system,; it highly depends on other factors too, like PMS and battery average reset
time and also the system’s BMS.

For PMS #03, the EES 1424 kWh and EES 1708.8 kWh have very close
simulation results, with the bigger capacity generally allowing more engine peaks. For
EES 1139.2 kWh, the accumulative values exceeding 90% increase from the battery
average reset time of 300 to 900 seconds, where it appears to reach a peak value, greater
than any other value. This is justified because PMS #02 and PMS_#03 suggest fewer
engines in operation, which is translated to an EES that has to handle bigger power

demands.
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Figure 36: Running Hours
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Figure 37: Running Hours per Calendar Hours

In the running hours figure, it can be observed that the different battery
capacities make a minor difference to the engines' overall running hours. This is due to
the fact that the EES implementation majorly aims at the peak leveling of the load
demands rather than replacing an engine's operation. In particular, for all PMS, the
results reveal that the EES 1139.2 kWh has slightly increased the overall engines'
running hours, compared to the EES 1708.8 kWh, which for all PMS seems to slightly
decrease the running hours. EES 1424 kWh values are in the middle.
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Figure 38: 2" criterion - Number of instants when SOC is below 0.2 or above 0.8

The diagram that indicates the number of instants when the SOC value exceeds
0.8 or is below 0.2 leads to a first conclusion that the different EES capacities give the
same results for the same PMS since the curves are overlapped. As far as the battery
average reset time is concerned, at 300 and 600 seconds the values are 0, regardless of
the EES. However, for 900 seconds EES 1708.8 kWh values remain zero, EES 1424
kWh values are increased, and EES 1139.2 kWh values are significantly higher. This
is justified by the fact that the bigger battery capacity can cover the load variations and
extreme power demands without getting overcharged or undercharged (outside the SOC
limits); the medium capacity battery’s ability is slightly decreased therefore, some
moments might get overcharged or undercharged; and for the smaller capacity battery,
in 900 seconds, the ability to bear with load peaks is limited, so the overcharged and

undercharged states are significantly higher than the rest.
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Figure 39: Average SOC values in different EES capacities

In the average SOC diagram, it can be observed that the different PMS do not
make any difference to the results, since the three PMS curves are overlapped in the
same EES. With regard to the different EES, each one of them has different behavior in
different battery average reset times. In particular, the EES 1139.2 kWh has an average
SOC closer to 0.5 at a battery average reset time equal to 600s; in 300s the average
SOC is higher but still less than the rest of EES, but in 900s the curve reaches the peak
value of 0.535, which is the highest of all EES. The EES 1424 kWh also has a
minimum at battery average reset time of 600 seconds and a maximum value of average
SOC at 900 seconds. Compared to the other two EES, the average values are always in
the middle, and the curve is relatively smooth. As far as the EES 1708.8kWh is
concerned, the average SOC values appear to linearly decrease when the battery's
average reset time is increased. Particularly, the average SOC values decrease from
0.5319 at 300 seconds to a minimum of all simulations average SOC value of 0.5265.
Overall, the 600 average reset time simulation results seem acceptable for most batteries

and PMS, and the EES 1424 kWh appears to be a good option.
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Figure 40: SOC values standard deviation in different EES capacities

In the SOC standard deviation diagram, the results are also independent of the
PMS since the curves are not distinguished. As far as the EES capacities are concerned,
for all EES capacities, the battery average reset time of 300 seconds generates minimum
variation values from the average SOC, and in the 900 seconds maximum. Moreover,
for 300 and 600 seconds, the EES 1708.8 kWh has the minimum SOC standard
deviation, the EES 1424 kWh curve is in the middle, and the EES 1139.2 kWh has the
maximum SOC deviation for all battery average reset times. In the last values, for
battery average reset time equal to 900 seconds, EES 1424 kWh lowers beyond
EES 1708.8 kWh, which reveals that EES 1424 kWh has a different behavior at 900s,

better for the system.
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Figure 41: 3rd criterion - Heat Input difference in different EES capacities

As far as efficiency is concerned, it is observed that the different battery
capacities do not lead to substantial differences in the results. In particular, for all PMS,
the small battery capacity EES 1139.2 kWh offers the minimum efficiency
improvement to the system compared to the conventional one; the EES 1424 kWh
curves seem to be in the middle for all PMS, and the maximum improvement in
efficiency is made with EES 1708.8 kWh. Moreover, the battery's average reset time
has no impact on the percentage Heat Input difference.

In a system overall assessment, the different battery capacities have a minimum
influence on the system's efficiency compared to the difference an improved Power
Management System can make. It is observed that the better the PMS, the better the
system’s overall efficiency, and the PMS’s effect is greater than the effect of a bigger
BESS.

4.3.2.3 Running Hours Equal

Normally, in the actual vessel operation around the offshore platform, the
captain is responsible for making the most crucial decisions. One of these decisions is
which and how many of the main engines are going to operate in order to adequately
cover the vessel’s needs and also ensure the engines’ safe operation. In the examined
Offshore Supply Vessel, the actual power management with system real-time data

indicated a safer and more conservative way to cover the power needs. Particularly, for



78

most of the time the vessel was in operation, two or three engines were deployed, even
if the load was relatively low. In this way, not only was the load equally distributed
between the main engines but also the overall engines’ running hours were equivalent.
Achieving equivalent or similar running hours in all three of the system’s main engines
is important in the engines’ lifetime cycles and health since all three of them are equally
overloaded, and the maintenance is going to be the same. This suggests that all engines
have the same chance of failing or needing repairs.

In the hybrid propulsion system modeled in COSSMOS, the simulations were
run based on the fact that in case one engine is in operation, the load demand is covered
by the first in-line main engine; in case the load demand requires two engines in
operation, these two are by default going to be the first and the second main engine in
line based on how they were defined in the system’s topology. Consequently, the
simulation results lead to exaggerated running hours in the first main engine compared
to the other two. This could not be fixed in the power management system, especially
in the hybrid propulsion system simulations, due to the errors caused by the often
battery reset time.

In order to balance it, the most realistic power management system would have
been if the engines were deployed in rotation, which means that if one engine needs to
be deployed, then that would be the first one for a specific period of time (e.g. an hour)
and later rotate with the rest of the engines. In this way, the running hours are equally
distributed between the engines. This is something that the vessel’s operator can

manually perform when needed.
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5. Conclusions

Offshore supply vessels often have to operate under very demanding conditions
and have to cover the power needs for operations like dynamic positioning and other
services to meet the offshore platforms and personnel’s needs. In the described system,
a BESS implementation has a great impact on overall efficiency, and the simulation
results indicate this. The most important benefit is the system’s overall efficiency
improvement of almost 10%, which is a considerable number regarding fuel savings
and performance advancement. Moreover, the system has the flexibility of a zero-
emission operation around the harbor or Emission Controlled Areas. However, the
higher CapEx and OpEx can be limiting for some owners, but hybrid systems can serve
as a low carbon emissions operation.

More specifically, the efficiency gains and fuel savings are significant, since the
Power Management System optimal correction (PMS #03) can ensure up to 10%
difference in the heat input compared to a conventional diesel-powered configuration.
Moreover, it results in a 50% reduction in engine running hours, reducing fuel
consumption and maintenance costs. The PMS #02, which employs (N-1) number of
engines in operation has similar results making a 9% heat input difference compared to
the initial conventional power management system.

Furthermore, as far as battery management and power optimization are
concerned, the battery average reset time made a significant difference in the hybrid
diesel/electric simulation results. Specifically, the 600 seconds (10 minutes) battery
average reset time proved to be the most effective in maintaining a stable State of
Charge (SOC), optimizing power distribution, and reducing heat input. Moreover, the
different EES simulation results indicated that the increased battery capacity, beyond
1424 kWh, revealed minor performance improvements while reducing capacity led to
reduced system stability and inconsistency.

In addition, the Battery Energy Storage System operated in peak-shaving mode,
mitigating peak loads and sudden power demands, reducing engine stress, and
improving system reliability. The hybrid diesel/electric system can also allow zero-
emission operation, aligning with the industry’s sustainability goals.

The cost considerations for investment in Battery Energy Storage Systems are
a significant factor. The initial BESS investment initially increases capital (CapEx) and

operational (OpEx) costs, and long-term savings in fuel, maintenance, and emissions
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reduction make hybrid diesel/electric propulsion an attractive solution for greener
marine transportation. Especially in smaller applications like Offshore support vessels,
the system significantly reduces CO2 and NOx emissions during its operation.

In future research and industry applications, more alternative fuels have to be
considered, such as LNG and/or hydrogen, in order to be integrated into a hybrid system
and further enhance performance and efficiency. In conventional large vessel
applications, these suggestions have to be considered as well, as in some applications
this system’s implementation might have long-term operational performance and cost
benefits. Innovation and investments in hybrid and alternative propulsion solutions will
play a crucial role in shaping the future of sustainable shipping.

In conclusion, this study’s goal was to sufficiently indicate the feasibility and
advantages of hybrid diesel/electric propulsion in offshore support vessels. The results
indicated that by optimizing battery integration and with an improved power

management system, the vessel’s performance can be enhanced.
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